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PREFACE

Tuere exists today no adequato arcount of the exo-erythrocytic stages of the
malaria parasites. These studies represent an attempt to set aut the knowledge of
the subject an it stands today together with some new information which might
otherwise never reach the interested reader. This memoir cannot be treated
ather than as an interim repart on a subject still swiftly growing after the thirty
years 1 the wilderness (1903-1933). The discoveries of Raffaele, James, Huff,
Kikuth, Mudrow, Shortt and Garnham bore abundant fruit and in an amazingly
short time, 1954 ia not an inappropriate year m which to look back on this twenty
yeurs of growth. The broad picture is spparent and the era of consolidation is
now at haad.

The whole of these studies have been pursued in the Department of Para-
sitology of the London School of Hygiene and Trapical Medicine. I owe a debt of
gratitude to the two Directors of this Department in my time which can be px-
pressed sunply by stating that these words and this work could not have been but
for the constant presence of Professor H. E. Shortt and Professor P. €. C, Garn-
ham &t my etbaw.

Many others have rendered me Juabl i and advice, Miss
W. Wall and Mr. W. Cooper guided the stumbling steps of the tyro in the early
stages. Dr. €. A, Hoare, Dr. J. Williamson, Dr. H. B, Felt and Dr, C. Wilcocks
have all given unstintingly of their time and advice. I am greatly indebted to
Mr. C. C. Barnard and his staff for bibliographical assistance, and to Miss B, J.
Luckhurst for reading the proofs and helping with the compilation of the index.

Finally, for the typing of the manusceript and for her patient encouragement,
T owe a deep debt of gratitude to my wife.

R.8.BRA
December, 1954 . ¥

NoTe
This work was completed in Docember 1953, “The only information appearing
in 1954, which has been icluded in this memoir, 1s that concerning P. ovale.
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As burning fevers, agues pale and faint,
Life-poisoning pestilence and frenzies wood*,
The marrow-eating sickness, whose attaint
Disorder breeds by heating of the blood ; . ..
SHARESPEARE, Venus and Adonis

*=mad, 0.E.D.



STUDIES ON THE EXO-ERYTHROCYTIC CYCLE
IN THE GENUS PLASMODIUM

CHAPTER I

DEFINITIONS, GENERAL CLASSIFICATION, TERMINOLOGY

DEFINITIONS
Tag genus Plasmedivm {Morchaiava and Celli, 1885) includes parasitic protozoa
which reproduce sexnally and by sporogony in an insect host and asexually by
sohizogony in two cycles in the vertebrate host, ane in red bleod ecells producing
pigment and the other in cells other than red blood cells.

The exo-erythrocytic eycle in this genus refers to that asexwel schizogony
which takes place in cells of the vertebrate host other than red blood cells. These
cells are usually fixed tissue cells of one type or another, though there are several
notable exceptions to this. In this aycle the parasite does not produce pigment.
The term* exo-erythrocytic 7, first coined by James and Tate (1937h), has gained
general acceptance in reference to this eyele but it 18 not an ideal term as it definea
what the cycle is not rather than what it is.

TERMINOLOGY

The inology here elab d and di d refers only to the exo-
erythroeytic cycle. Various terms are in use in the descriptions of this eycle and
they will be Hsted roughty atong nationsl lines.

The English terminclogy detives from Jawmes and Tate {1937a) and Shortt and
Garmbam (19482},

Exo-erythrocylic or e, (Henceforth this abbreviation “e-6 ” will be used in
this work). This term was used by James snd Tate to denote schizogony or stages
of it in celis other than erythrocytes or reticulocytes. It was later modified by
Shom. and Garnham (o mean that scluzogony in cells other than erythrocytes or

after p 2 was xmtim.ed or was theoretically pos-
sxhle For the schi: ¥ g before ia they nsed the term
ic ar pre-e. {Hencelk Y this abbreviation “ pre-e ” will be used in

thm work } Terms such as tissue pheso or fixed tissue stages are also in use.
The [talion Terminology. Raflaele (19382, 1938b) referred to tho e-» achizo-

gony as the primery monogonic eytle after Grossi. Corradetti {1941Y, 1952),
Corradetti and Gramiceia {1041b) used the terms ;

{a) endo-} blastie for schi; inred el
{6} endo-histiocytic for schizogony in retictlo- and vaseular cndothehal cells
(cj hepatic endo-epithelial for schi: y in fiver p 1) cells,
4
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'HAPTER 2

TRODUCTION

NOTES ON THE PLASMODIA

,bligate parasites and cause the disease of verte-
. 'The persistent geographical distribution of the
apparently confined only by the presence of a
¢ though temperature must p]ay some part. In
. nosb the biological d d, ap-
and toucans, in lizards and in man. Fish are the
1eg in Which plasmodia have not been described.
he various species of plasmeodia into groups. On
specificities divide the plasmodia into two groups,
omplete their sexual cycle exclusively in anopheline
the sexual cycle may take place in anopheline or
ntermediate host specificities also divide the true
The oue group contains those parasitizing vertebrates
{ blopd cells—the avian and saurian plasmodia. The
rarasitizing vertebrates having non-nucleated mature
simian, rodent and chiropteran plasmodia.
speciﬁcity coincide, so that we have two main groups,

smodia which are cyclically Ly

Ltoes-

m p],;smodia, which may be cyclically transmitted by
~ulicine mosquitoes. (This is not proven as yet in the
odia but may be presumed.)

genus are somewhat obscure. Huff (1938) argues
wfined to the present insect hosts, There is mors
«r hand, that it represents the furthest remove in a
dia to which it is undoubtedly related.

<ites cause has gone under many names, but
Tn man it is & disease of the first magnitude,
« the epidemiology or elinical effﬂ;gﬁ of the
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4  DEFINITIONS, GENERAL CLASSIFICATION, TERMINOLOGY
after exo-erythrocytic schizogony are called metacryptozoites. Some of the

metacryptozoites, especially after three or four tions appear to p
erythrocytes. . ..”

It has been felt that such a definition of metacryptozoites is too indefinite as
to the actual duration of metacryptozoi hi y. The actual app of

parasitaemia may be after the first metacryptozoite generation or may be delayed
months involving scores of generations of the e-e cycle. 'Therefore the definition
has been adopted involving the use of the term * theoretically possible parasit-
aemia ” which has the effect of reducing in fact the number of generations of
metacryptozoite schizogony to one at the most in those species of plasmodia ade-
quately studied. The admitted drawback of the definition is that it may be self-

ory in that parasi ia may be th ically possible after cryptozoite
schizogony in all specxes.




CHAPTER 2

INTRODUCTION
INTRODUCTORY NOTES ON THE PLASMODIA
Pl dia are exclusively obligate p ites and cause the disease of verte-
brates loosely known as malaria. The persi hical distribution of the

genus in the vertebrate host is apparently confined only by the presence of a
suitable insect or definitive host though temperature must play some part. In
the vertebrate or intermediate host the biological distribution is widespread, ap-
pearing as it does in penguins and toucans, in lizards and in man. Fish are the
only class among the vertebrates in which plasmodia have not been described.
Host specificities divide the various species of plasmodia into groups. On
the one hand definitive host specificities divide the plasmodia into two groups.
The one where the parasites complete their sexual cycle exclusively in anopheline
mosquitoes, the other where the sexual cycle may take place in anopheline or
culicine qui The i i host ificities also divide the true
plasmodia into two groups. The one group contains those parasitizing vertebrates
having nucleated mature red blood cells—the avian and saurian plasmodia. The
other group contains those itizing v 2, having T d mature
red blood eells—the human, simian, rodent and chiropteran plasmodia.
These groupings by host specificity coincide, so that we have two main groups.
1. The lian pl. dia which are cycli i lusi
by anopheline mosquitoes.
2. The avisn and saurian plasmodia which may be cyclically transmitted by
either anopheline or culicine mosquitoes. (This is not proven as yet in the
case of saurian plasmodia but may be presumed.)

'y Y

The phylogenetics of the genus are somewhat obscure. Huff (1938) argues
that it may once have been confined to the present insect hosts. There is more
convineing evidence, on the other hand, that it represents the furthest remove in 5
gradual drift away from the coccidia to which it is undoubtedly related.

The disease which these parasites cause has gone under many names, but
malaria is now the accepted term. In man it is a disease of the first magnitude,
but it is not intended to discuss either the epidemiology or clinical effects of the
disease here.

The disease in animals varies widely in intensity in unnatural hosts, but of all
natural hosts man is the only one to be constantly and seriously disturbed by the
presence of the parasites. There have been isolated reports of heavy infections in
some wild birds, and death attributed to the plasmodial invasion, but these are

5



6 INTRODUCTION

exceptions (e.g. 1:n blackbirds, Jacobs and Shortt, 1951). On the other hand, there
may well be a high death rate among nestlings with plasmodia as a contributory
cause. In unnatural hosts, however, some plasmodia can achisve an astonishing
virulence.

Domestic animals are remarkably free from plasmodia. The only known out-
break of any importance being that of Plasmodium durae in turkeys (Purchase,
1942) though P. juxtanucleare can oceur in small foci in chickens (Paraense, 1947).
Thus the economic importance of the parasites is confined to their effect upon
man, in which field they amply p for their unimportance elsewhere.

The normal life cycle of a Plasmodium, as far as it is known in nature, is

_ briefly and broadly as follows :

A mosquito having in its salivary glands the sporozoites of the Plasmodium
bites a vertebrate, and the ap ites are injected intrad: lly with the mos-
quito’s saliva, The sporozoites are taken up into the general blood circulation and
are demonstrable there for 30-50 minutes. They then find their way into fixed
tissue cells or cells of the haemopoietic system and reproduce there asexually with-
out the production of pigment. The type of cell parasitized depends on the species
of Plasmodium involved. This is a schizogonic cycle producing ites and
takes place once or twice prior to the invasion of erythrocytes. This e-e cycle
continues to reproduce itself independently of the erythrocytic cycle as merozoites
continue to reinvade the same type of non-erythrocytic cells.

Many of the merozoites from the first or second pre-e generations invade
erythrocytes or reticulocytes. In these cells the parasites reproduce asexually by

h y, producing ites which reinvade red blood cells and in the
species of group 2 (above) also invade non-erythrocytic cells, thus reinforcing the
e-e cycle. This eycle in red blood cells produces pigment.

Some of the plasmodia in the red blood cells differentiate into male and female
gametocytes. These sexual forms can fertilize each other and develop fully only in
the gut of a mosquito, When a suitable species of mosquito bites the vertebrate
having gametocytes in the blood they are taken up into the mid-gut of the insect.
Here the male gametocyte prod the which and fertilize the
female gametes forming zygotes. The zygote elongates to form an odkinete which
makes its way to the outside of the mosquito’s gut wall to come to rest between the
gut wall and the membrane surrounding the gut. Here the odkinete reproduces
by sporogony to become an odcyst which tually ins some tk ds o
spores or sporozoites. These then break out and the majority come to rest in the
salivary glands of the insect. The insect is now infective.

TThis, as can be seen, is no simple life cycle and only the intense rate of repro-
duction can explain the remarkably successful survival of the genus;




CHAPTER 3

HISTORICAL

(e) THE GENUS AND THE DISEASE

THE disease caused by the genus in man has been known from time immemorial.
Tt is referred to in the Orphic peems {c. 1,000 B.0.) and in the philosophizings of an
early Chinese emperor. It was first described and defined as a disease entity by
Hippocrates {c. 400 B.0.). The fevers were described in some detail by the Roman
physicians Celsus and Galen.

In the middle ages the quotidian, tertian and quartan agues were well-recog-
nized fevers and were often referred to in contemporary chronicles. Many great
men are recorded as having suffered from the disease, especially in the Jands around
the Mediterranean.

The disease of itself is one which has truly shaped the courses of history, play-
ing as it did an enormous part in any military or social endeavour in the Middle
and Far East, in Africa and in the Balkans. The victorious Alexander was
turned back from virtual mastery of the land from Hellas to India by the disease.
Such a conquest, if congolidated, would have resulted perhaps in an entirely
different culture in the Mediterranean basin.

Shakespeare provided us with a less gloomy view of the disease by his use of
the fevers as a parallel for that other common disease of man—love: .., for
he seems to have the quotidian of love upon him.” As ¥ou Like It, Act III,
Scene 2.

In the Americas one wonders whether malaria played its part in * selecting *
the Spanish conguistadores as the conquerors of the middle and southern portions
of those continents. It is known, for instance, that a quartan ague terminated tho
clerkly career of Hernén Cortéz and sent him in search of more lucrative adven-
tures, At all events, the Spanish conquest of Peru brought about the first relief
for the civilized world from the chills and fevers of malaria. In the forests of Peru
grew the cinchona tree, whose bark was an efficient febrifuge. About 1630 the
bark is said to have cured the wife of the Governor of Peru, one Count of Chinchen,
of an intermittent fever. This pleasant tale is probably apocryphal. About 1640
it is believed that a Jesuit father, truly ad majorem Dei gloriam, brought the bark
to Europe and thus quinine came into general use in the treatment of malaria. In
1820 Pelletier and Caventou isolated the alkaloid in the purs state from the bark
and the process was quickly commercialized and equally quickly abused.

In the latter part of the nineteenth century the classic researches of Pasteur
and Koch on the aetiology of disease stimulated further studies in malaria with the
intention of finding the actiological agent. This was encompassed by Laveran in

1



8 HISTORICAL

1880, who described amoeba-like bodies in the red cells of patients suffering from
malaria. He noted particularly the pigment and the gamete production of the
male gametocytes.

Laveran’s was not i diately pted by scientists then
obsessed with bacteria identifiable by the carefully laid-down rules of Koch. How-
ever, Danilewsky observed similar parasites in the red blood cells of birds in 1885.
In the late 1850s and early 1890s Laveran’s discovery was confirmed and brilliantly
extended by the work of the great Italian school of malariologists including
Marchiafava, Bignami, Golgi, Celli and Bastianelli. Where Laveran had been
somewhat vague and indecisive, these workers were precise and dogmatic and, all
honour to them, remarkably correct. In only one major detail—the fate of the
gametocytes—were they in any manner wrong.

The advent of the Romanowsky stains in 1890 greatly assisted the study of
the parasites and, by the late 1890s, all three major species infecting man had been
described by Golgi and others. Another plasmodium, P. relicium, of birds, had
also been described by Grassi and Feletti.

In 18971898 an important observation was made by MacCallum, working
with P. faleiparum, when he gnized the true signil of the and
the * exflagellation ” of the male gametocyte. He followed and described the full
fertilization process. In 1898 Ross worked out the full sporogonous cycle of P.
relictum in culicine mosquitoes and gave the world the surprising observation that
‘mosguitoes carried malaria. This observation was confirmed in human malaria by
Bignami, Bastianelli and Grassi also in 1898. They noted that it was the Anopheles
which transmitted the human disease, which was confirmed by Grassi's work at
Albanella and Manson’s experiments in London and the Roman Campagna.

In the early 19208 malaria therapy of general paralysis of the insane was intro-
duced and the study of the human pl dia under lled laboratory con-
ditions was greatly facilitated thereby.

In the realm of antimalarials, 1926 saw the discovery of plasmoquine (pama-,
quine) and, in 1932, atebrin (mepacrine) was introduced. The discovery of these
drugs was facilitated by the use of ‘avian plasmodia, & number of which had been
discovered by this time. Techniques for their use in drug assays had been worked
out by Roehl, Schulemann and Kikuth in Germany.

Tn 1933 Sinton and Mulligan in India attempted to rationalize the muddle
into which the contemporary knowledge of the simian malaria parasites had
fallen.
In the next year Raffacle discovered the existence of the e-e cycle of avifm
malaria parasites and in 1837 James and Tate established the cycle as & definite
and essential part of the life history of the plasmodia, In 1938 Ki.kuth m{d
Mudrow gave the first description of the pre-e forms of avian plasmodia and, in
1943, Reichenow and Mudrow gave the first full description of the pre-e genera-
tions of avian plasmodia.




THE GENUS AND THE DISEASE 9

The e-¢ eycle in mammalian malaria parasites was destined to remain eryptic
until 1948, though Fairley’s work in 1944 put the existence of such a cycle beyond
doubt,

During the war years il and chloroquine were introduced as anti-
malarials.

In 1948 Shortt and Garnham uncovered the pre-e cycle of simian and human
pl dia, thus pleting the broad L ledge of the biology of malaria para-
sites.

(b)) THE EARLY HISTORY (1890-1934) OF THE
EXO-ERYTHROCYTIC CYCLE

Any glance back at the e-e cycle of plasmodia must be cast along one of two
lines. One of these, chiefly involving the avian plasmodia, concerns the direct
microscopic observation of e-e forms. The other, chiefly concerning the human
plasmodia, looks to the various theories advanced to explain the origin of the
malarial relapse and the resistance of certain species to radical cure by quinine
therapy.

The question of who first saw an e-e form of Plasmodium must needs remain
shrouded in time. Certainly Danilewsky (1890} described intracellular parasites
without pigment in erythroblasts, normoblasts, leucocytes and lymphocytes in
the bone marrow of birds. It has been assumed that he was deseribing Leuco-
eytozaon mixed perhaps with Plasmodium, though Danilewsky said they were
malaria parasites. It should be remembered, however, that he used the word
malaria in the loosest possible sense to include most of the Haemosporidiidea.
These parasites may have been L or even but the pos-
sibility that they were e-e forms of P. elongatum developing in the bone marrow
cannot be dismissed.

MacCallum (1898) provided the first description of what can be taken to be a
genuine e-¢ form of Plasmodium. In birds infected with P. relictum he described
cells in the liver containing 12-30 small oval bodies of the size of avian red blood
corpuscle nucle:r and staining deeply with haematoxylin. These bocies were pointed
and frequently they pointed to the centre of the cluster. He described them in
the spleen also but not in the lung or brain. He noted that though they appeared
similar to ing forms of Pl fium in the blood they did not produce
pigment. They occurred only in birds infected with P. relictumn and not in birds
infected with Haemoproteus. MacCallum thought them to be pmtozozm parasites
but desired further evid before iating them with Pl From

this description it can be plainly scen that he was dealing with e-e forms of P,
relictum,

The next relevant event in mi i ination of Pl dium was an
incorrect observation but none the less (me of the greatest importance. Schaudinn
(1903), after sitting at his microscope for hours to observe this phenomenon,
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described in the case of P, vivaz the diréct entry of the sporozoite into anerythro-
cyte.

Grassi (1900) had written: * Certamente questi sporozoiti, come dimostra
il loro nucleo, non sono trasformabili di in sp iti delle jon
monogoniche ordinarie, (cios, delle generazioni entro il corpo dell’ uomo). Deve
avvenire percid una generazione con caratteri particolari” But this correct
theorizing was swept away by the announcement of Schaudinn’s observations,

Schaudinn's reputation as a parasitologist was such as to bring to an abrapt
end any discussion which could provide the theoretical background to such chance
observations of the e-e forms which might be, and in fact were, made. This ob-
servation then shut the door on research on the e-¢ phase for thirty years and thus
Grassi's theory was stillborn.

The first actual description of an e-e form of 2 mammalian plasmodium-like
Pparasite was that of Schingareff (1906). He redescribed the ¢i-devant plasmodiumof
insectivorous bats, P. murinum, first described by Dionisi (1899)as Polychromophilus
murinus, which generic name is now taken to be correct and was used by Schin-
gareff. Schingareff described rare schizonts in leucocytes in the spleen and live‘r.
Some schizonts were noted to contain no pigment. A few forms were also seen in
*“ liver cells ”’, presumably Kupffer cells. He was inclined to look upon them as
phag 1 blood schi As no schizogony of P. murinus oceurs in the
blood, the forms described must have been e-e forms of Polychromophilus. .

An undoubted description of e-¢ forms of Plasmodium was made by Anschiitz
(1909, 1910). He was working with a Haemoproteus, which he had named H
orizivorae, of Java sparrows. In the first paper he described schizogony of H.

orizivorae in lencocytes and parth is of g fm of H . orifiwra.e in:;
schizonts within red cells. He was obviously dealing with a mixed infection
H and Pl di The Pl fium was probably what Brumpt

(1935) described as P. paddae, which, however, is believed to be P. relictum. h’flvl:
schizogony seen in leucocytes may have been e-e schizogony, but equally may e
been phagocytosis of erythrocytic schizonts. In his second paper Ansc] -
described schizogony of H. orizivorae in brain capillaries and again in leucocyf:e 3
In this case he mentioned that P. relictum was also present. The accompar;]yu}l’g
ilustrations of the schizogony show perfect reproductions o_f e-¢ forms of £ ?un;
gallinaceum type in the vascular endothelium of brain capillaries. The I"la&"w'ff e
involved is either P, relictum or P. cathemerium, probably the latter, if in f 4
latter is a true species. Huff (1947) believed the parasite to be P. Mmiim:ribe;‘l
A doubtful record of e-e schizogony is that of Fantham (1910a) who des: o
schizogony of Leucocytozoon in the same host cells that 'the game?ol;y::; i
parasitizing. In a later paper (Fantham, 1910b) he de.scnbed vermicl e o this
zoites in schizonts 14 wide in eells of doubtful nature in the sple;]:ir;. o of P-
is not true schizogony of Leucocytozoon it may have been e-e schizog
1/ in red cell p . *
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Another doubtful description of e-e schizogony iy that of de Beaurepaire
.Aragio (1911) who described six species of Haemogregarina in various birds. In

two of the birds he described schi: of the b ines in the lung and in
leucocytes. The type of schxzcgony descnbed in the lung is not the Haemoproteus
type and it seems that e-e schi: of P or P. cath ium may have

been involved. The possibilty that they were Hepalozoon should not be over-
looked, especially as the type of division was such as to cause Hoare (1924) to
remove the two species to the genus Tozoplasma.

For yet another dubious case we are indebted to Coles {1914) who described
young schizonts of 15-25y in lung, axillary vessels and in heart blood. He thought
them to be schi: ic forms of L The bird in question was infected
with P lium, He L p and a microfilaria.
The Plasmodium infection was heavy It would seem then that Coles saw schizo-
gony of Haemoproteus (Wenyon, 1926), but the possibility that e-e schizogony of
the Plasmodium was also seen cannot be ruled out in the light of the heart-blood
observations.

Carini and Maciel (1916}, describing a number of avian toxoplasmas in Brazil,

removed all of Aragdo’s avian h ines to the genus Toxopl and
added a number of species more. Some at least of their descnpuons probably
refer to e-e forms of F as schi y is described in endothelial cells

in the liver, intestine and particularly in the lung

The question of avian toxoplasmas is even now a somewhat vexed one. As
will be seen later in this memoir, the dufferentiation between avian toxoplasmas
and e-e forms of avian plasmodia was the subject for some discussion. The crea-
tion of the genus Atoroplasma (Garnham, 1950} removed most of the * intraleuco-
eytic inclusions ” from the field of doubt, but some at least of the descriptions of
avian toxoplasmas must be regarded with the suspicion that e-e forms of Plas-
modium are involved. Such records then as Laveran (1900), Mello (1815},
Franchini {1923}, Pessda and Corréa (1929), and Raffacle (1932) give hints that
plasmodia may have been the parasites described in some cases rather than toxo-
plasmas or haemogregarines. I have found that this is flinging too wide a net to
catch but bare suspicions, and the field has proved too barren to pursue.

A clear description of e-e forms of Plasmodium was that of Ben Harel (1923)
who described parasites apy attached to lear cells in the spleen
of canaries infected with P. relictum. The illustrations showed unpigmented
trophozoites in mononuclear cells. The strain of parasites Ben Harel used has
since been shown to be a mixed infection of P. elongatum and P. relictum. Huff
and others have subsequently stated that the e-e forms seen were of P. elongatum,
though I have been unable to find documentary evidence to show that they could
not equally well have been of P. relictum. It may be, however, that Huff has
examined original material.

Another description of e-6 forms is to be found in the original description of
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P. elongatum by Huff (1930). Huff noted unpigmented trophezoites in erythro.
blasts of the bone marrow in canaries following sporozoite infection. He attached
no particular importance to this phenomenon, which is not surprising, 2s the
trophozoites described were probably too young to produce pigment even in
erythrocytes, and avian plasmodia frequently display a preference for immature
red cells (Hegner and Eskridge, 1938).

Also in this year, Uegaki (1930) deseribed among other haematozoa of birds
i y (sic) of Tozxopl in various cells of the lung and liver and chiefly in

lear I ytes. The ill ions show what can reasonably be said to
be e-e forms of a Plagmodium. Somewhat surprisingly, Uegaki, among 51 infected
birds, described 34 as being infected with Toxoplasma sp. and only 2 with Plas-
modium (relictum). Though no doubt some were Atozoplasma one would be left
i of so many t 1 even without the illustration showing e-e

P
forms.

In 1932 there occurred another unequivocal description of e-e forms of what
‘was then idered to be a Pl di Levaditi and Schoen (1932) described

the large merocysts in the liver of African monkeys which are the schizogony stages
of Hepatocystis kocki. Though these authors saw the gametocytes of H. kocki in
the blood, they did not connect their appearance with the merocysts in the liver.
For this reason they created a new genus and species to include the merocystic
forms—Hepatocystes simiae.

In the following year, Schwetz (1933), while studying H. kocki in African
monkeys, described extracellular blue bodies, strongly reminiscent of Koch’s blue
bodies in piroplasmosis, in the bone marrow of infected monkeys. These bodies
were Tound and, when stained with Giemsa, showed as blue studded with red
blocks of chromatin. Schwetz was uncertain of the origin of these forms but men-
tioned that they seemed to represent the hitherto unknown schizogony stages of
P. kochi (i.e. H. kochs). In fact they were broken-off pieces from the merocysts in
the liver.

The time has now come to consider the other line of reasoning which led to
the study of the e-e forms of Plasmodium.

In the late 1920s and early 1930s, malariologists became i ingly dis-
satisfied with the state of the knowledge of the biology of the plasmodia and with
Schaudinn’s description of the direct entry of the sporozoite into the erythrocyte.
A number of factors ibuted to this dissati; ion and it is now proposed to
study the cause and the historical evolution of this state of mind.

Danilewsky (1890) was the first to propose the theory of breakdown of macro-
phagic acitivity of certain cells to allow haematozoa to develop in non-erythrocytic
cells. He postulated the entry by the parasite of a macrophage at a stage of the
macrophage’s development when its phagocytic powers were still in the process of
formation. The entry of the parasite then caused a destruction of the processes
of phagacytic development and powers before the macrophage could grow suffi-
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ciently to acquire such powers. The pamsxte was thereby el to grow at the
expense of the hage and appear in ingly fully develop phag
while suffering none of the usual effects of such a habitat.

Bignarmi (1891) proposed some kind of arrested or even active development of
the malaria parasite in white bleod cells from which the parasites could later break
out to cause the malarial relapses and recr Healso postulated thatsuch
a site conferred upon the parasito a resistance to quinine then noted in relapsing
benign tertian and in some cases of malignant tertian malarias. This view was
also advanced in more detail by Golgi (1893) and again by Marchiafava and
Bignami (1894).

A new factor was to enter into this field in which the Italians were attempting
to explain biologically the relapse and quinine resistance. In the paper already
mentioned Schaudinn (1903} had reported another phenomenom—parthenogene-
sis. Hedeseribed, in some detad but with poor diagrams, the evolntion by partheno-
genesis of a schizont, from an unfertilized macrogametocyte of P. tiiaz 48 hours
prior to a clinical relapse. He postulated that here was the cause of relapses.
The female gametoeyle was resistant to quinine and was able to persist in the
inner organs more or less indefinitely. At s favourable time it undervent a pro-
cess of parthenogenests, thus causing a iom of the asexual schi:
eyele with its consequeny clinical relapse. This theory was to sa engage malariolo-
gists that Schaudinn’s other observation, that of the direct entry of the sporozoite

into an erythrocyte, was allowed to pass unchallenged for nearly 20 years. The
parthenogenesis theory involved the world of parasitology in an extensive contra-
versy for same years to come.

‘There were now two theories in existence to explain the malarial relapse and
quinine resistance. The Italian school had refined their theories into & postulation
that some selected resistant asexual forms retired deep into tho inner argans to
carry on a low-grade multiplication there. These parasites lurked in wait for a
suitable moment to restart full-seale schizogony aud bring about & relapse.

Few authors were able to confirra Schaudinn’s observation of parthenogenesis,
though such men ae Canalis, Maurer and Grassi supported his theory. Harrison
(1909), althongh he admitted that such cases might be donble invasion of a single
erythrocyte by a macrogametacyte and a schizont, nevertheless reported a case of
parthenogenesis m benign tertian malaria.  Mayer (1906) reported parthenogenesis
in & P. cynomalqe infection. Anschiitz (1908) also reported parthenogenesis of
Haemoproteus but this was fairly ob Iy a case of I 7 and Plas-
modium in the same cell. Neeb (1910) reported two cases of parthenogenesis,

To these two theories on the genesls of relapses was added yet another.

(1884 had descri gation between i forms of Plas-
modium occupying the same erythrocyte. Craig (1910} redescribed this
phencmenon and added tlm. the parasitea resulting from this rejuvenation were

g istant and phagocy istant forms whick could lurk indefinitely

A,
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in the viscera until conditions were favourable for their further development and
subsequent breakout.

A number of other theories had also been evolved but were not supported to
any appreciable degree. Such theories were : encystment of the parasite (Mar-
chiafava and Bignami), resistant sexual bodies (Thayer) and arrested latent
schizonts (James).

The theory of low-grade schizogony of selected resistant forms in the inner
organs claimed powerful support. Ross and Thompson (1910) gave their support
and Bignami (1913) restated the case with skill and conviction using the drug-fast
trypanosome strains then emerging as analogies, He further pointed out the
notable lack of microscopic corroboration of parthenogenesis. James (1912), in
an excellent summary, supported Bignami and discounted both the partheno-
genetic and conjugation theories, though he allowed conjugation some contributory
place in the scheme of things. Henson (1912} arrived at similar conclusions.
Gradually Bignami’s theory acguired the bulk of support among malariclogists.
Ziemann (1913) found no parthenogeneis in innumerable Bass and Johns cultures
and accepted Bignami’s p Thomp (1917) delivered the coup de
grdce to the theory of parth is. He ked that parth is was
unknown among the Protozoa and in any event should apply to the exogenous,
not the endogenous, cycle. More significantly he noted that Schaudinn saw the
one or two parthenogenetic forms only 48 hours before a clinical relapse and that
such a time would be i ient for the multiplication of the evolved asexual forms
to & number necessary to precipitate a malarial paroxysm. He concluded thatsuch
forms were a double-invasion phenomenom.

Acton and Knowles (1914) discarded the conjugation theory after studies on
Haemoproteus. At the same time they preferred the lung to the spleen as the site
of low-level multiplication by analogy with their view of Haemoproteus schizo-
gony and the pub 'y plicati i ttendant upon malaria,

Thus Bignami’s theories were left victorious, in command of this field, and_
indeed they are still held as absolute by some Italian malariologists (Corradetti
and Verolini, 1950 ; Ascoli and Alessandro, 1950, 1951).

In 1924, Yorke and MacFie (1924) stated the theory with some modifications,
but added an important rider. They stated that after repeated attempts for years
they had been unable to repeat Schaudinn’s observation of the direct entry of ‘the
sporozoite into an erythrocyte. Also in this paper another observation of prime
importance was recorded. The authors noted that while quinine fafled com-
pletely to cure and prevent sut relapses in sp ite-induced i fe ”
with P, zivaz, it usvally letely cured blood-induced infecti ith this paraflte
and no relapses ensued. They concluded that quinine failed to affect sporozoites

but it was lethal to blood forms, .

This selective action of quinine had been noted in P. relictum infections by
Ed. and Et. Sergent (1921, 1922) but its confirmation in the case of human relaps-
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ing malaria brought it into prominence. In any case, the action of quinine in
avian malaria is not as simple as was set out by the Sergent brothers,

These then were the first two observations which were to throw doubt on
Schaudinn’s direct entry observation. Yorke (1924), also observed that the
relapse rate in sporozoite-induced attacks of P. vivax (57%) was far higher than
that of blood-induced infections (2%).

It is at this point that the two courses of malanal history in relation to the
e-ecycle beginto The theories relapses began to take account
of the possibilities of a third cycle.

Yorke's observations, demonstrated once more by James {1831a), led James
to mention the possibility of a third cyclo in malaria. He suggested that the
sporozoite might invade connective tissue cells and develop there. He drew hm
ideas from the p late that ites were ially tissue
as they did in the odeyst and ‘the cells of the mosquito’s salivary glands. James
‘himself, however, was aceptical of his own theory and wrote that Schaudinn’s clear
and detailed description allowed no doubts in this matter and that a better theory
in the face of the known facts was that the invasive sporozoite penetrated ery-
throcytes, whereas the merozoites merely clung to the outside of the erythrocyte.
This faculty rendered the sporozoite immune to quinine. To explain the relapse
James postulated, as a possible alternative theory, the entry of the sporozoite into
a tissue cell and its subsequent dormancy there until the host cell broke down
months later,

Yorke (1631) d James's that Schaudinn’s de
admitted no question. His repeated failures to reproduce Schaudinn’s observa-
tions led him finally to reject the theory of direct invasion of the erythrocyte in
any of its postulated forms. Thus the words which two hundred years ago Vol-
taire used to castigate Fontenelle became the theme of malariologists’ thoughts
upon the observation of Schaudinn : * But he was deceived by appcarances, an
accident to which we are only too liable, whether wo make use of microscopes or
not.” (Micromegas, Voltaire, 1752.) Later in 1931 James (1931b) appears to
have accepted Yorke's view in this matter and became the first advocato of the
theory of 2 third site of development. James thought that sporozoites probably
developed in reticulo-endothelial (R-E) cells.

Assendelft (1031) also postulated a third site of development. He believed it
possible to d & local multiphcation of the sporozoites at the sito of
inoculation by the mosquito.

The discovery of pamaquin, a drug specific against gametocytes and having
some effect upon relapses when given during the latent period, brought to light

moro interesting facts. Sinton and Bird (1928} noted that while the drug displayed
no action upon the asexual blood stages it definitely lowered tho relapse rate of
sporozoite induced P. trtar infections. Also they demonstrated that while the
drug cleared the blood of crescents of P. falciparum it had no effect upon the
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relapse (recrudescence?) rate. Both the theory of low-grade asexual multiplica.
tion and the parth is theory suffered in these discoveries. James et al.
(1931) showed that pamaquin had a definite prophylactic action in P, tiraz in-
fections but did not attack the asexual blood forms.

As to the difference in the action of quinine upon sporozoite-induced and
blood-induced infections, the results of Yorke and of James were confirmed by
Swellengrebel and de Buck (1931) for P. viraz, by Russell and Nono (1932) and
Kikuth and Giavannola {1933) for P. cathemerium and by Tate and Vincent {1933)
for P, relictum.

All these facts, collected and collated by the Malaria Commission of the
League of Nations, led it to voice in its 1933 report the growing conviction that a
third site of development of malaria parasites had yet to be uncovered. The report
suggested that some sporozoites absorbed into the blood stream found their way
into cells of the R-E gystem and developed there in a manner similar to Haemo-
proteus. The merozoites resulting from thig schizogony then entered erythrocytes.

Tt was further d that o few sp ites entered instead connective tissue
cells and remained quiescent there until the host cell broke down. The sporozoite
then issued forth to i its normal development and to cause the malarial

relapse. 1t is not difficult to detect the hand of Colonel James in this postulation
and in fact it became known as the James hypothesis. Thus the fate of the
sporozoite became the question of the year for malariologists in 1933.

Missiroli (1933) was the first to produce an alternative theory based to any
extent on microscopic evidence. Recalling Grassi’s theory of a third eycle based
upon the chromatin composition of the sporozoite and the erythrocytic tropho-
zoite, Missiroli studied the sporozoite nucleus. He noted that it often consisted of
a number of chromatin pieces, frequently quite pronounced in size and character,
and he concluded that this was due not to fragmentation or nucleoli but to a real
nuclear division. Working with P, relictum sporozoites inoculated subcutaneouS}y
into canaries, he observed that within 2 minutes the nucleus had undergone rapid
division into 4 or 8 chromatin pieces. This form he dubbed the sporocyst. He
found that this organism then entirely disappeared within 10 minutes. He held
that, like certain bacteria, the route of disappearance was the Iymph system. Iﬂ
1934 (Missiroli, 1934) he enlarged upon this theory. He reported numerous fail-
ures to repeat Schaudinn’s observations. He postulated that the Iymphaties were
not only the route by which the sporocyst disappeared from the } hage but
also that its subsequent development was situated there, He was, however,
unable to d such a develop

In support of his theory Missiroli mentioned two interesting results of re-
searches in his laboratories : .

1. That antibodies produced by erythrocytic forms did not affect sporozoites.

2. That the chromatin of the sporozoites was Feulgen positive, whereas that

of the erythrocytic forms was Feulgen negative.
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1934 was to see two dermonstrations which were of paramount importance in
the study of malaria parasites. The first was the discovery by Boyd and Strat-
man-Thomas (1934), of the non-infectivity of the blood during latency after
sporozoite entry in P. vivar infections. This fact was later to be confirmed many
times over for various plasmodia. For P. vivax by Sanctis Monaldi (1935),
Sanctis Monaldi and Raffaele (1953), and Fairley (1947). For P. fakiparum by
Sanctis Monaldi and Raffaele (1953), Ciuca ef al. (1937), Boyd and Matthews
(1939), and Fairley (1947). For P, eynomolgi by Mulligan (1947), Hawking et al.
(1948) and Mulligan et al. (1949). For P. gallinaceum by Henry (1939) and
Coulston et al. (1945). For P. relictum by Raffaele {1936b, 1936c) and Missiroli
(1037). For P. cathemerium by Kikuth (1935}, Warren and Coggeshall (1937),
and Kikuth and Mudrow (1938). For P. berghei by Vincke and Lips (1950} and
Vincke and Peeters (1953).

The second important discovery which will be dealt with in the next chapter
was the description of e-e forms of P. elongatum by Raffacle (1034a), the import-
ance of which was recognized by him.

Thus malariologists were faced in 1934 with this array of circumstantial and
direct evidence in favour of & third and non-erythroeytic cycle in malaria.

1. Schizontocides were unable to produce a radical cure in sporozoite induced

vivar malaria, whereas they cured blood-induced infections.

2. Pamaquin reduced relapse rates in ite-induced P. vivaz infe
‘while having no effect upon asexual blood forms.

The blood was not infective from about 30 minutes after sporozoite inoc-
ulation until 8 days after it in 15vaz malaria.

Sporozoites prior to inoculation inte the vertebrate host had led an
intracellular existence.

5. Schaudinn’s observation on the direct entry of the sporozmte into an

erythrocyte had not been sut iated despite i

The Feulgen reaction of sporozoites and erythroeytic forms dnfered

(This was shown later to possess no significance.)

Specific antibodies to erythrocytic parasites were inactive against sporo-

zoites.

. An unpigmented malaria parasite situated in a cell defined as endothelial
had been described by Raffaele.
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To explain some or all of these facts thero were in existence the hypothesis of
James and the theory of Missiroli,

(¢} THE HISTORY OF THE EXO-ERYTHROCYTIC CYCLE OF THE
AVIAN PLASMODIA 1934-1943
Raffacle (1934a) mentioned }f forms of P. el ini

cells in the bone marrow of sporozoite-infected canaries. These forms were de-
B

M.
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virulence of the e-e forms and their resistance to drugs by virtue of their site of
development. These researches in Europe led the American workers Warren and
Coggeshall (1937) to make a critical experiment on the infectivity of various organs
during the pre-patent period of the blood infection. They found that the bood
of canaries was not infective from 1 to 72 hours after inoculation with sporozoites
of P. cathemerium. During this pre-patent period after intramuscular inoculation
of sporozoites the site of inoculation was consistently infective when emulsified
and inoculated into clean birds. The spleen and liver became infective after 48
hours. After intr 3 lation of sp ites these authors found the liver
and spleen to be continually infective except for one break at 24 hours. The bore
marrow became infective after 48 hours. Histological searches of the tissues
involved were negative.

Sicault and M lin (1937), ing up this ic year, exp
their belief that a third cycle exists in malaria and, further, that the chemothera-
peutic response of this cycle closely reserbles that of the sporogony cyele.

The year 1938 dawned upon a number of conflicting theories and opinions con-
cerning the newly-discovered e-e or X forms. Raffaele had a number of supporters
for his contention that these forms were the direct and madulterated descendants
of the sporozoites. Kikuth had shown that the “intra-leucocytic parasites”™
(Atozoplasma) could confuse the issue and some workers were to believe that the
e-o forms were in fact toxoplasmas. Missiroli and his colleagues in his laboratory
rejected the theory of the intracellular cyclie develop of the sporozoite and
held that the X forms were aberrant, able to grow in unnatural host cells due toa
temporary breakdown of phagocytic powers and immunity. This theory was
later to be refined and fully developed by Corradetti.

Many intermediate positions were taken up by various workers and 193_‘8
became as noted for polemic as for experimental work in this field, especially in
Ttaly where the chief protagonists worked. .

In Ttaly, then, Corradetti (1938a, 1938b) observed that the blood and tissue
cycles ran parallel courses and contended that tissve forms could arise from Dblood
forms. Later in the year he put forward his then tentative theory as to the
genesis of the e-e forms of P. gallinaceum, P, relicturm and P. cathemerium_ ('Co_rrﬂv'
detti, 1938c). He postulated that the development represented an equilibrium
between host immunity and parasite where some parasites wers able to break down
the phagocytic powers of the R-E system and thus develop there. He held that
this was purely fortuitous and therefore these forms should not be trea:tefl as an
essential part of the life cycle of Plasmodium. From these contentions it is obvi-
ous that Corradetti (1938d) believed that e-e forms could and did develop from
erythrocytic forms. )

ytIn lZ:er papers Corradetti (19386, 1938f) strongly advocated the fusion i;f
the two families Plasmodiidae and H: proteidae. His were base
on the fact that the di y of a tissue schi y in Pl

d

dium removed the
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major difference between the families which appeared to contrast with his view of
the importance of this schizogony in Plasmodinm,

1In support of Corradetti, Chortis (1038a, 1938h, 10350) held that ¢-o dovelop-
ment was an accidental phenomenon resulting from loss of phagocytie function
due to intense proliferation of the R-E system which he observed.  On the other
hand, in chronic infections of P. gallis ke abserved no relation in intensity
between e-o forms and erythrocytio forms. Decourt and Schneider (10384, 1038b)
also took this view of e-e forms as at that timo no forms had been deseribed
during the pre-patent period. Missiroli (1938} redescribed his theory of sporo-
zoite development with some refinements. Ho held that the * eporooy: st ”
(=sporozoite} divided into 8 sp ites in the lymphati These sp
then entered red cells or R-E cells and developed there, This last adnvission was
forced on Missiroli by the findings of Kikuth and Mudrow to bo described later,

All these views met with the opposition of Raffacle and Verney. Raffacle
(1938a) held to his views that all e-o forms derived directly from eporozoites and
that all the Plasmodiidae would be found to have an o-0 eyclo. o nlso intro-
duced the following scheme of development :

The pre-e or primary monogonic cyele arising from sporozoites in RT3 celly
gwes nse 1o two types of merozoites, the ono histiotropio, tho other hacmotropic.

e-e inve in tho same manner. In support of his con-
tentions he noted that o-e forms had been seen 72 hours after sporozoite inoculation
when blood forms had not been mncmscnplcully demonstrable and that, wherens
e-e farms were i iably found m P duced infections they were not
found in troph duced infecti

Later Raffacle (1038b) produced the following schemo, taking into account tho
work of Kikuth and Mudrow :

Sporozoites —— R.-Ecells ——— histiotropic merozoltea

R-E cells «——— histiotropic merozoites «—— R-E cells

The e-p cyclo haemotropic merozoites
RBC

i
The blood cyclo and sporogony,
He apportioned the merozoites of the second and successive generatlona thuw ;

Species haemotropic histiatropic
P. elongatum . 0%, 509
P. gallinaceum aporozoite-induced 50%, 604‘:
P, gallinaceum  blood-induced 60% 10%,
P. cathemerium  sporozoite-induced 50%, 80%,
P. cathemerium  blood-induced 807, 209,



22 HISTORICAL

He claimed that the low figures for e-e forms in blood-induced infections
were due to the inoculation of only low numbers of e-e forms in wandering
macrophages.

These views were supported by Verney (1938c, 1938d) whose review (1938d)
is a useful survey. Verney (1938a, 1938b) disagreed with Corradetti on the
clagsification of the Plasmodiidae. He held the view that the schizogony of
Plasmodium in erythrocytes was sufficient in itself to preserve the distinetion from
the Haemoproteidae. At the same time he felt that a new genus was needed to
contain those species in which e-e forms had been described.

Powerful support for Raffaele was to come from Germany where Kikuth and
Mudrow (1938a, 1938b) were to publish the first of many brilliant researches on
the pre-e cycle in avian malaria, They were able to repeat the observations of
Warren and Coggeshall on the infectivity of organs when the blood was not in-
fective after sporozoite infection, They went on to give the first demonstration
of pre-e forms of P, cathemerium from 48 hours onwards after sporozoite infection.
Though they found the blood to be infective at this time interval this was probably
due to cryptozoic merozoites and the forms seen were none the less pre-erythro-
cytic in all that that implies. These metacryptozoites described by the German

workers in 1938 were for the most part ot and intracellular although
some extracellnlar forms were seen and some forms were noted with up to 8
nuclei. Kikuth and Mudrow luded that the sp ites invaded R-E cells

on entering the body and continued their development there. While agreeing
with Raffacle on this point they remained uncommitted on the point of possible
genesis of e-e forms from erythrocytic parasites.

Tt must be stressed that their paper in 1938 stands as the first description
of pre-e forms of malaria parasites. This stress is made necessary by the tendency
among British workers to ascribe the discovery jointly to Mudrow (1940) and
Shortt et al. (1940). Even before 1940 Kikuth and Mudrow (1939) were to
describe pre-e forms of P. cathemerium s early as 16 hours after sporozoite
entry, while the observations of Shortt et al. were made 5 days after sporozoite
invasion.

The central question now became the fate of the sporozoite and the genesis of
e-e forms. Rodhain (1938a) described a natural infection of P. relictum in pen-
guins at the Antwerp Zoo including an intense e-e development in the brain and
elsewhere. He argued that this infection was p: 1y sp ite-produced and
natural, and therefore inclined to the views of Raffacle. In two later papers,
however, Rodhain (1938b, 1939) showed that the e-e forms also appe_ared in
penguins following blood passage of the infection and, quently, withd
his former assertions.

Two attempts were made to find compromise theories involn'ng part or
whole of the positions taken up by Raffaele, Corradetti and Missiroli. Fx.oés

N 1,

(1938) and Sicault and M lin (1938) independently pro d the
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marriage of ideas which, they felt, fitted the observations of Raffacle, Corradetti
and Missiroli, and Kikuth and Mudrow :

Sporozoite — True sp ite — histiozoil histi i
of Missiroli of Raffaelo producing
in R-E cells relapses
¢
Erythrocytic Erythrocyti
schizonts — «— hi y — & tes

producing relapses

This plan is interesting today as it reflects the views on malaria still held by some
French workers (Decourt, 1949a).

This scene shall be returned ta later, but in 1938 yet another stone was hurled
into theso already turbulent waters and it as well to dispose of this new site of
activity now.

Hegner and Wolfson (1938a) reporting forms in P. cathemerium and P.
nucleophilum infections (the latter proved to be a mixed infection) similar to those
seen by James and Tate in P. gallinaceum, gave them the name toxoplasma-like
bodies, and expressed their belief that they were not forms of Plasmodium.
They extended their observations later to include P. relictum (Hegner and Wolf-
son, 1938b),

James and Tate revealed that special precautions had been taken against
accidental infections and that some of their experiments had been carried out on
birds bred by Bishop in such & manner as to be free from protozoa from the time
of hatching. Influenced perhaps by this and the weight of other opinion, Hegner
and Wolfson (1938¢) began to express doubts about the identities of the toxo-
plasma-like forms and to come around to the belief in plasmodial origin.

In the meantime, this view had brought about some discussion and some
misgivings. Raffaele (1938¢) rejected the view pointing out that his observations
were made on laboratory-bred birds infected by quif in which no
development of Toxoplasma was known. In an excellent review of the recognized

intracellular parasitic protozoa of birds Raffacle {1938d) demonstrated that he
was well acquainted with Toxoplosma and the intra-Jeucocytio toxoplasms
(Atoroplasma) and showed that the e-e forms bore no resemblance to such bodies.
Giovannola (1938a, 1938b, 1939) supported Raffacle and differentiated between
the o-e forms of P. galli and other i \! tic protozoa. Taddia
(1938) took the opposite view and p d the forms 7'

Manwell {1939) and Manwell and Goldstein (1939) went into the question of
morphology of the two genera in question with great thoroughness and eventually
dismissed the notion that the forms seen could be Toxoplasma. Manswell pointed
out that the bodies scen were round or oval, parasitized all R-E cells and repro-
duced by schi , whereas Toropl was ie, confined to leucoeytes
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and monocytes and reproduced by binary fission. Though there is some confusion
here (which is not yet cleared up) the views are none the less valid. Wolfson
(1940c) eventually expressed her definite conclusion that the bodies were plas-
modial in origin,

Ed. Sergent (1940) raised the question again when he described e-e forms ina
quail in Algeria which showed neither Plasmodium nor Haemoproteus in the blood
after the most painstaking examination. What was seen, however, were long
vermicular uninucleate parasites free in the lung and liver which he took to be
toxoplasms. Two varieties of typical e-e forms were described in R-E cells and
represented by Sergent to be schizonts with up to 55 nuclei and sexual forms with
hundreds of small chromatin dots. Sergent felt that all these parasites repre-
sented forms of one speci species of Tozopl Tn 1941 he redescribed these
forms and admitted be was unable to make up his mind about the e-e formsin
R-E cells (Sergent, 1941). This case still remains an unsolved problem (Sergent,
1949b). There is considerable flux even now over the question of avian toxo-
plasms, some authors recognizing three different races or species in birds, but, by
1940, all workers had accepted the e-e forms seen in Plasmodium infections of
birds as being forms of the relevant Plasmodium.

The significance of these forms, however, was still hotly debated. The three
main points of contention may be listed thus :

1. The immediate fate of the sporozoite.

2. The genesis of e-e forms, i.e, whether exclusively from descendants of the

Bporozoite.
3. Taxonomic position of the Plasmodiidae and the Haemoproteidae.

It is intended now to follow these points to such conclusions as are available
within the period 19331943 before continuing to describe other discoveries made
in the period.

1, The i diate fate of the sp .

Raffaele ded energetically that the ite, within an hour after
inoculation, entered cells of the R-E system and developed there, Thisofcoursewas
the former hypothesis of James and in this he was supported by James, Brumpt,
Kikuth and Mudrow, and opposed by Missiroli and Corradetti. Raffaele { 1939)
added to his theory the postulation of histiotropic or tissue-invading oites
and haemotropic or erythrocyte-invading merozoites which arose from the txssu;
phase initiated by the sp ite. Later Raffacle (1940b, 1941a, 1942} pcs'tulate -
four cycles of development for Plasmodium, three of which were obligatory-
These three were the cycles of sporogony, pre-e, and e-e schizogony in R-E cells,
and erythrooytic schizogony., The fourth, optional, cycle was that of & hﬂel;l:l;
blastic cycle such as was displayed by P. elongatum. It should be x-exnex:ulwug
that he believed the e-e cycle of P. elongatum to be situated mainly in R-E cells.
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In opposition to these postulations Missiroli (1939, 1940, 1941, 1941, 1943)
had fully developed his own theory of the fate of the sporozoite. He maintained
thac the sporozoite, in reality a sporocyst, dmded within 12 hours at the site of

lation to form 4 t h: P d Further lop of the
P t took place llularly in ‘the lymph system. In 24 hours the sporo-
cyst, contammg up to 8 sporozoites, found its way to the spleen and burst,
i The sp ites then invaded erythrocytes to initiate
the blood cycle Some, however, may have invaded tissue cells to initiate * this
well known cycle to whwh belong the parasitic forms which other authors have
er described as stages of of ites . Endo-erythro-
cytic and endohistiocytic parasites were reported by Missiroli at 2448 hours after
inoculation of sporozoites of P. relictum. The admission that early tissue invasion
does oceur was wrung from Missiroli by the discoveries of Kikuth and Mudrow,
but he refused to accept those forms described prior to 24 hours. Missiroli was
supported by Archetti (1041) who tested the action of drugs wpon the ““sporo-
cystic forms ” and partially by Corradetti (19402, 1940b, 1940c, 1940d, 1040i,
1941a) who joned the signi of the infectivity of blood in the pre-
patent period, asserting that it was merely a question of the amount of sporozoite
inoculum used.

General opinion and experimental evidence were mounting against Missiroli,
James (1939) reasserted his original theory but the experimental evidence was to
come from the painstaking fundamental research of the German workers Kikuth,
Mudrow, Schulemann and Reichenow.

Kikuth and Mudrow (1939s, 1939b) described stages of the pre-erythrocytic
generations of P. cathemerium from 16 hours to 64 hours after intra-muscular
inoculation of sporozoites from up to 100 Culex. These forms were found in the
majority of cases to lie intraceliularly at the site of inoculation and to be under-
going active schizogony in hxstmcytes of the R-E system. The authors accepted
this as final proof of the i 11 of the ap i Mudrow
(1940) reported that the first pigmented erythrocytic parasites to occur wero seen
96 hours after sporozoito inoculation. These findings were supported by the
opinions of Verney (1939), Filippini (1939), Giovannola (1939), Porter and Huff
(1940}, Schulemann (1940) and Porter (1840) and by the experimental work of
Shortt et al. (1940) who showed that the e+ forms ofP gaIlmaccmn appeared
before blood forms were d ble by and of
Schulemann and Spies (1840) who repeated the ob:crvanons of Kikuth and Mud-
row using a special technique to stimulate histiocytic activity at the site of
inoculation

Kikuth and Mudrow (1940) repeated their observations with P. gallinacexm
and extended their observations on the pre-e eycle of P, cathemerium back to 8
hours. They, however, had not yet dxﬂ'emntmtcd between the two pre-o genern-
tions, but they did p late that | i

were not prod
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until after one or two ions of histiocytic devel Kikuth and Mudrow

(1941a) put on record their views upon the whole question of the tissue phase in
the first one of their long, exhaustive and excellent reviews which they have pub-
lished together or separately from time to time ever since. In this review they
uncompromisingly stated that the sporozoite from the mosquito’s glands developed
intracellularly and, later in the year, they detailed their objections to the Missiroli
hypothesis. These objections were chiefly contained in their own precise observa-
tions from 9 hours after inoculation, but they also pointed out that the so-called
division of the sporozoite nucleus does not appear when wet fixation of the bodies
is properly carried out.

Mudrow (1942a, 1942b) extended her previous observations to include forms
seen from 5 hours to 18 hours after i lation of sp ites of P, cath fum,
P. relictum and P. gallinaceum. She found that for up to 5 hours the sporozoite
lies free and then invades R-E cells in all three species. She described multinu-
cleate forms at 18 hours at the site of inoculation (breast muscle) and she was now
coming to believe that two generations were involved in the time observed (up to
65 hours). In the meantime Schul (1942) had idered his previous
findings and, on further experimentation, he decided that he could not fully sup-
port either the views of Missiroli or Mudrow. His doubt was occasioned by the
finding of extracellular quadrinucleate forms 24 hours after inoculation.

Confirmation of the German work came at last from South America where
Paraense (1943) found intracellular schizonts of P. gallinaceum in the scrapings of
the dermis from the site of sporozoite inoculation. These were observed from 18
to 84 hours after inoculation and the first endo-erythrocytic forms were seen ab
84 hours. Huff, Coulston and Cantrell (1943) also gave hints of similar confirma-
tory research (done under conditions of war-time secrecy) by their coining of the
word  cryptozoite * to describe first generation e-e forms. Finally, Reichenow
and Mudrow (1943) published their classical paper on the development of t)Je
sporozoites of P. relictum, which placed the question of the fate of the sporozoite
beyond doubt and established the existence of the two pre-e generations later to
‘be named the cryptozoite and metacryptozoite schizogonies.

2. The genesis of the e-e forms

The second large question mark of the time was whether the e-e cycle rfould
be initiated by the erythrocytic merozoites or whether it must arise exclusively
from the ti inhabiting d dants of the sp ite. The two main protag-
onists in this debate were Raffacle who supported the latter view and Corradetti
who took the former view. Raffacle (1938a, 1939, 1940a, 1940b) took the stand
that all e-e forms were derived from the sporozoite and subsequent e-e forms without
recourse to blood forms, He stated that only the histiotropic merozoites of the
e-e cycle could continue to invade tissue cells and, therefore, the e-e forms ap-
pearing after blood-passage of Plasmodium were derived from the scanty e-e forms
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seen in wandering macrophage cells in the blood. This, he said, would explain the
delay in the appearance of an e-¢ eycle as compared with erythrocytic forms in
Blood-induced infections. James (Raffaele, 1951) bad already wamed against this
view and later he gove it as his opinion that it was too much to expect that a chance
inoculation of an e-e form should oeccur in 70 per cent. of blood-induced infections
and that such & form should be virtually dormant for 10-12 days and then sud-
denly begin & swifs multiplication producing th ds of ites in anch a
short space of time. He concluded that the evidence pointed to the probable
genesis of e-e forms from erythrocytic forms which were in o position to supply
the numerous merozoites necessary to produce the audden appearance of large
numbers of p-e forms characteristic of the bloodinduced infections of P. gelfi-
naceum in older chicks. Some support for Raffaele’s claims came from Kikuth and
Mudrow {1038b, 1930¢) but these authors were to express their nentrality in this
matter in the folfowing two years (Kakuth and Mudrow, 1940, 1941a).

‘The main weight of evidence against Raffucle’s ideas and in favour of the
initiation of the c-e eycle by esythrocytic forms eame from workers at the Istituto
di Sonith Pubblica in Rome, the foremost being Corradetti. Corradetti (1940a,
1040b, 1840¢, 1940d, 1040c, 19040g, 1940f, 194ia, [941b, 1041c, 1041d, 104le,
19425, 1942¢, 1043) dealt with the question at some length. Leaving sside for
the momeny his theory of host-parasite balance, Corradetti postulated the initia-
tion of the e-e cycle from blood forms, basing his assumption upon experimentsl
tata collected on blood-ind a infeeti of P, 11
listed thus:

. His findings can be

{1} The appearance of e-e forms is transitory, lasting from 11 to 25 daya
after infection and only very rarely mors or less.

{2) Ev forms appear in birds infected with & strein repeatediy blood-pas-
sages on the fourth day after infection of the doner, a time when e-e forms
aro not visible. This holds true even in a strain blood-passaged daily.

{3} In serupulous examination of inoculated blood in the abovo cases no e-e
forms have been seen in wandering macrophages, This applied to & setics
of 87 passages.

{4) E-¢ forms are retarded by an equal period of time ss erythrocytic forms
on treatment with chematherapeutic agents,

{5} E-o forms do not appesr until endo-erythrocytic parasites zre being
phagocytosed whole instead of merely pigment, i.e. on or about the 12th
day after infection.

Theso represented a formidable srray of ebservations even if {1} and {5} aro not
strictly true and (4) is completely wrong. One or other of these obaervations and
Corradeiti's view as o whole were supported by the work and opinions of Mosna

{1940} Ritis (3840}, Taddia and Viero (1840), Schulemann (1040) and Porter
{1049).
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Zain (1941a, 1941c) in an attempt to settlo this question, centrifuged infected
blood at high speed and found the supernatent fluid contained erythrocytic
schizonts broken out of red cells. These proved to be infective and the resultant
infection showed e-e as well as erythrocytic forms. This, however, was not a
crucial experiment, but such a one was to come from the United States.

The question was put beyond doubt by Manwell (1940) and Coulston and
Manwell (1941) who were able, by micromanipulation or by serial dilution methods,
to isolate and inoculate a single erythrocytic parasite. The strain thus initiated,
after several passages, produced e-e forms. This was crucial and it was thus
finally proven that e-¢ forms could develop from erythrocytic forms. Hewitt
(1941) thought that such an invasion of tissue by blood-cycle merozoites was
assisted by the clumping of the parasitized red cells around endothelial cells
which he had observed in witro. s

3. Taxonomic positions of the Plasmodiidae and the Haemoproteidae

The third major question of the time, the problem of the revision and redefini-
tion of the families Plasmodiidae and Haemoproteidae, remains unsettled even
today, though much progress has been made. The discovery of an e-e cycle in
Pl Jivm d ded of a review of the whole classification of the
Haemosporidiidea, removing, as it did, the plasmodia from their position of
isolation among the Coccidi pha when conferring upon them a tissue site of
development.

James and Tate (19372, 1937b) were the first to call attention to the need.for
taxonomic review and the necessity for a new definition of the genus Plasm.orln'tm
and consequently of the family Plasmodiidae. They pointed out the similarity
between the newly discovered e-e forms of Plasmodium and the schizogony pha.sa
of Haemoproteus. Missiroli (1937a) suggested the creation of a new genus'Is{w-
cytozoon to include the former plasmodia which were shown then or later to display
e-o forms. It was at the time to include P. gallinaceum and P. elongatum, both of
which had been definitely shown to have a tissue stage in their development.

Corradetti (1938, 1038e, 1938f, 1940g, 1941d, 1942a, 1942¢, 1943) held that
the two families involved should be fused and therefore that Plasmodium, Haemo-
proteus and Leucocytozoon should be considered as member genera of the family
Plasmodiidae. He believed that the e-e cycle in Plasmodium is the last ew:cl'u-
tionary stage of a general shift away from the Eimeriidea withir} the Co‘mdl}?‘
morpha, He felt that the erythrocytic schizogony of Plasmodium, Whlf’h e
describes as merely a degree of adaptation, though sufficient to differentiate &
genus, was not sufficiently signi a pt to_differentiate b.em'ee“
families now that other characteristics had been found to be similar in this case.
This view was shared, at least in its conclusions, by Giovammola (1939) and, with
reservations, by Manwell and Goldstein (1939). 3

The opposfte view was taken by Verney (19382, 1938b) who held to separatist
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views. He believed that the existence of an endo-erythroeytic schizogony in the
Plasmodiidae was sufficient in itself to retain this as a family separate from the
Haemoproteidae. He also rejected Missiroli’s suggestion for a new genus. Porter
and Huff (1940) and Huff (1942) remained noncommittal while noting that the
state of affairs was not satisfactory, Carpano (1942) noted certain points of
similarity between the Pl diidae and the Piroplasmidae but he made no sug-
gestions for taxonomic changes.

Leaving the three points upon which so much recondite polemic was lavished,
it would be well to record the experimental data and new facts about the avian e-e
cycle which accrued in these years, apart from those heretofore mentioned.

In the field of chemotherapy, James and Tate (1937, 1938), Kikuth and Mud-
row (1939¢) and Ritis (1940) showed that quinine, mepacrine and Certuna had
no effect upon e-e forms. Mudrow (1940) found that pamagquine showed some
activity against these stages. Corradetti and Gramiccia (1943) showed that
quinine and mepacrine were ineffective against the non-pigmented stages of P,

{/ irculating in the peripheral blood.

About the site of development of the e-o stages of P, elongatum some argu-
ment had arisen. Raffaele (1936a, 1937a, 1938a, 1938b) held to his view that these
stages were to be found in R-E cells, whereas Huff and Bloom (1935) had described
them as largely inhabiting cells of the erythrocyte-forming series. Raffaele was
supported by Verney (1938a, 1938b, 1938¢, 1939) but came under heavy fire from
Corradetti (1038¢, 1938d, 1038f, 1940d, 19406, 1941e) and Corradetti and Gram-
iccia (1941a, 1941c) who went further than Huff and Bloom to assert that all ee
stages of P. elongatum were to be found in cells of the haemopoietic system. Porter
and Huff (1940} repeated the results of Huff and Bloom in that though the forms
were to bo found largely in erythrocyte-forming cells, a amall proportion none the
less appeared in fixed tissue and wandering macrophages ; there the matter stands
as Raffaele (1040b) allowed that such a site of development did exist.

The knowledge concerning the e-e cycle of P. gallinaceum was increased by
many discoveries. Jacobi (1939) found that the e-e forms appeared from the 25th
to the 30th days after intramuscular inoculation of infected blood. These times
were modified to 11-30 days after intravenous inoculation by the work of Ungo-
Mugdan (1939), James (1939), Corradetti (1040a, 1940¢, 19404, 1940e, 1940g, 1940j,
1041n, 1941b, 1941c, 1941d, 1942b, 1942¢, 1943), Ritis {1940), Moena (1940),
Launoy (1940) and Zain (1941b). Many of these authors also showed that, on
sporozoite infection, the e-e forms appeared much earlier.

‘The infection by emulsions of tissues containing e-e forms was carried out by
Villalobos (1040a, 1940b), Mosna (1840), Zain (1941b) and Adler and Tcherno-
moretz (1941) and was shown to produce & pattern of infection similar to that of
sporozoite inoculation. Adler and Tehernomoretz (1941) carried the infection by
e-¢ forms through 5 passages without the appearance of blood forms. Corradetti
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(1942b) confirmed these results, using turkey poults as well as chickens. Mosna
(1940) and Corradetti (1942b) d ated that blood taken at the time of e
development produced an infection akin to that produced by sporozoites or e-6
forms. James (1939) showed that while 95 per cent. of sporozoite-inoeulated
chicks produced e-e forms, only 54 per cent. of blood-inoculated birds produced
e-e forms if able to survive the primary acute parasitaemia.

The actual number of e-e forms developing was found by Schulemann and
Knoche (1941) and Knoche (1941) to be greater if R-E proliferation was induced by
intravenous inoculation of dyes. A similar result was supposed by Zain and
‘Wolf (1943) to ensue after X-irradiation.

Corradetti (1940c, 1940e, 1940g) claimed to be able to delay the appearance

of e-e forms after blood i lation by temporarily eradicating the blood forms
with quinine. Adler and Tchernomoretz {1941), however, found that e-e forms
btained by bined blood i lation and quinine ppeared earlier

1

and in greater than in unt) d blood-induced infecti Although
Adler and Tchernomoretz undoubtedly used heavy inocula and young birds
whereas Corradetti, producing as he was chronic infections, must have been
employing older birds and light inocula, it must be said that Corradetti’s results
are not the general rule and that the use of quinine does not normally delay the
advent of e-e forms.

The distribution of e-e forms of P. gallinaceum on intravenous blood or sporo-
zoite inoculation was investigated by Brumpt {1937) and James and Tate (19.’.38),
and of pre-e forms on intr and i lar inoculation of sporozoites
by Kikuth and Mudrow (1941b) and Schulemann and Spies (1940). Brumpt foufld
e-e stages in the reticulo-endothelium and vascular endothelium of the .bram,
kidney, lung, myocardium, spleen, bone marrow and liver and rarely in the
Jeucocytes. Kikuth and Mudrow found pre-e forms in liver, spleent n.nd lung.on
intravenous inoculation of sporozoites and in histiocytes at the site of inoculation
after i lar injection of sy ites. .

Tissue culture of e-e forms of P. gallinaceum was attempted by Gavrilov ¢
al. (1938) and Rodhain ef al. (1940), without complete success. .

The e-e forms of P. relictum first deseribed by Raffaele (1936b) were seen it
nature by Rodhain (19382) and Taddia and Viero (1940), and in the laboratory IZY
Kikuth (19372), James and Tate (1938), Hegner and Wolfson (1938b), Rod{lrﬂ;‘n
(1938b, 1939), Corradetti (1938d, 1941g), Manwell (1940) and Dobler (1941). 439
pre-e forms were described by Mudrow (1942a) and Reichenow and Mudrow (19 H)
The distribution of e-e forms of P. relictum was described by Kikuth (1937a). Ho
found them in R-E cells of the brain, liver, spleen, kidney, heart zﬁnd hone ‘qutr:ﬂW~

1940} observed that P. relictum e-e schi are usually
Mam’;‘ixl(le (e-e fz))rms of P. cathemerium, first described by Kikuth and B{U?fl;o:
(1937), were noted also by Corradetti (1938a, 1938b, 1941h), Hegner am’lr:-w “;
(1938a, 1938b), Wolfson (1940a), Hewits (1940b) and Porter (1942). Thep
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forms of P. cathemerium were demonstrated by Kikuth and Mudrow (1938b,
193%a, 1939b, 1939¢c, 1941a, 1041b), Mudrow (19423) and Schulemann (1942).
The distribution of e-e forms of P. cathemerium was studied by Porter (1942) who
found them early in the infection in R-E cells of the liver, spleen and bone marrow
and Iater in vascular endothelium throughout the entire vertebrate host body.

E-e forms of P. circumflerum were described by Manwell and Goldstein
(1939) and were found (in order of distribution frequency) in the hung, brain,
spleen, liver, bone marrow, heart musclo and ovaries. The host cells were de-
scribed as lymphoid-macrophage cells. This work was confirmed by Coulston
and Manwell (1941) in their single parasite infecti experiments p
described.

The e-e forms of P. durae were demonstrated by Purchase (1942} in the lung,
spleen and brain of turkeys.

The e-c forms of P. juxtanucleare were described by Barretto (1943) in the
brain of chickens.

These six plasmodia referred to sbove all showed a similar type of e-e develop-
ment.

Some failures in the search for e-e forms were reported. Hegner and Wolfson
(1938b) had searched in vain for the e-e forms of P. ofi (=P, polare), P. rouxi and
P. vaughani. Curd (1943) noted that P. nm.n seemed to be the only avian plas-
modial infection which could be pl d by schi: idal drugs
following blood infection. This gave the impression that in blood-induced infec-
tions the e-e cycle of this parasite may not develop. Hegner and Wolfson (1938a,
1938b) had reported positive findings of e-e forms in blood infections with P.
nucleophilum. These descriptions appear to have been the result of mixed in-
fections of P. nucleophilum and P. relictum and it is generally accepted that e-e
forms of P. relictum were in fact described. Goldstein (1939) and Manwell and
Voter (1939) reported failure to uncover the c-e forms of . nucleophilum, Terzian
(1941) reported sinular failure in the case of P. lophurae.

Porter and Huff (1940) pointed out that one of the avian plasmodia stood out
by itself when the e-o cycle was considered. P, elongatum, as had been shown by
Huff and Bloom (1935) largely parasitized cells of haemopoietic origin, and the
number of merozoites produced by the e-e cycle of this species was considerably
less than those produced by the other six species in which the e-e cycle was known,
Wolfson (1940b) succeeded in producing e- forms of P. elongatum in duck em-
bryos. Corradetti and Gramiccia (1841, 1941c) pointed out that while e-e infec-
tions of P. gallinaceurn are often transitory after blood inoculation, the e-e
infections of P. elongatum not only persisted but represented the main life and
growth of the parasite.

During this period, 1934-1943, some general summaries concerning the e-o
cycle were published.  Such were: Verney (1938), Giovannola (1939), Porter and
Huff (1940), Hewitt, (1940a), Mudrow (1940), Raffacle (1040b), Sergent (1040),

ly
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Schulemann (1940), Kikuth and Mudrow ( 1941a), Sergent (1941) and Corradetti
(1843).

() THE HISTORY OF THE EXO-ERYTHROCYTIC CYCLE OF THE
MAMMALIAN PLASMODIA, 1934-1947

Much of the theoretical discussion concerning e-e forms in malaria reported
in the last section embraced, in the minds of the theoreticians involved, both the
avian and lian malaria i Thus, Missiroli’s theory of sporozoite
development was held by him to be true for all species of Plasmodium, as were the
postulations of Raffaele and of Kikuth and Mudrow, based as they wers upon the
James hypothesis first brought into being to explain anomalies in the knowledge of
human malaria. However, as the e-e forms of ma lian pl di: ined
cryptic during the period to be discussed, the theoretical ground covered in con-
sideration of e-e forms was largely directed towards the explanation of relapses,
the action of drugs and the inevitable comparisons with the discoveries in the
avian parasites. This is not to say that reports of demonstrations of the eryptic
forms were not made. Indeed they were, but in no case were they sufficient to
allow the building around and upen them of a coherent scheme of e-e schizogony.
Thus, though many workers believed, upon theoretical grounds and by analogy,
that an e-e cycle existed in mammalian malaria (James, Nicel and Shute, 1936;
Ruge, 1936a, 1936b; James, 1937 ; Raffacle, 1937b, 1939, 1940b, 1941, 1942,
1044a, 1944b, 1946a; Kikuth, 1938, 1939, 1943; Reichenow, 1939; Davey,
1944, 1946b; Taliaferro, 1944, 1947; Fairley, 1946a, 1946b, 1947; Shute,
1946; v. Haller, 1947; Boyd, 1947) no definite microscopical proof of sucha eyele
was forthcoming in these years.

The theoretical grounds for this belief may be restated.

1. The period of pre-patency.

2. The differential action of

induced P. vivax malatia. .
3. The relapses after complete inactivity in P. vivaz and P. malariae malaria.
4, The existence of an e-e cycle in avian malaria.

. it

- and troph

in sp

The period of pre-patency had been shown to exist and its limits defined by
blood subi lation following sp ite infecti (Chap. 3, Section (6))

The differential action of the schizontocides was confirmed for P iz
by Ciuca et al. (1937b) and by Fairley (1946) under controlled experimental
conditions. .

The relapse phenomenon was studied in various strains of P. vivax and con-~
sidered by many to be caused by a eryptic schizogony cycle of the type demon-
strated in avian malaria. (Ruge, 1936a, 1936b; James, 1937; Verney, 19382
1938d ; Kikuth, 1938, 1943 ; Vich and Rey, 1939 ; Casini, 1939 ; Tmlt&fw and
Lucrezi, 1939; Raffacle, 1939, 1941a, 1041b, 1944a, 1944b, 1946a; Bianchi,
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1910; Davey, 1944, 1946; 3ludrow and Reichenow, 1944 Teliaferro, 1944,
1047 ; Fairley, 10462, 1946, 1947; Shute, 1948 ; Huff, 1947; v. Haller, 1947.)
Some of the Jtalian school of malariclogists, headed by Corradetii and Ascoli,
held to the opinion of Bignami {1913} in the matter of relapses {Corradetti, 1943).

Actual deseriptions of the cryptic forms, Ieaning beavily upon the knowledge
of avian e-e forms, were forthcoming, but, as 2 whale, thesn fell short of the
desiderata of the more eminent of the malariologists,

There were three groups of parasites involved at the time: (1) the chirop-
teran, {2) the simian, and (3} the human. The two former groups contained s
number of species thought at that time to belong ta the genus Plasmodium which
later were shown to have their true position elsewhere; none the less these
parasites will be dealt with in order to give a complete perspective.

Schingareff (1908) kad described e-e stages of Polychromopkilus murinus {in
the 1940s thought to be Plasmodium murinum) of the fruit bat. Nothing further
was heard of chiropteran malaris untit Manwell {1946} redescribed the so.called
Plasmodium pteropi of fruit bats in I\ew Gumm {the exact ge'nus of thu parasite
isatill 3. Manwell describ g forms
in the peripheral blood whero the only endocellular forms known were the, game-
tocytes. These forms were rare snd resembled the e-e stages in avian malaria.
He nlso nated that the number of nuelei varied greatly. The significance of this
observation will be referred to fater.

In the following year Mer and Goldblum {1047} discovered P. murinus in
Talestinian bats and, in addition to the well known circulating gametocytes, they
observed mtense achizogony in reticulum cells and in cells of the granulacyte
series in the bone marrow. Schizonts were found nlso in lesser numbers in the
fized and wandering macrophages in the h\ er, lung and kidney. This provided
the fiest, full description of e-e sehi malaria but this pamx{e
Toncomuuttedly deseribed by Mer and Goldblum aa 3 Haemosporidian is not o
true Plasmodivm.

On tho subject of the simian malarias Schwetz (1038) in a Jetter noting the
discoveries of James and Tate, recalied his description of “blue bodies™ in
infoctions of Hepatocystis kochi thought then te be a Playmodium. He vecorded
his belief that thess boiies represented the e schizogany forms of £, Focki.
Qoldstein (1039} recorded Cogpeahail's fruitless search for e-o forms in an un-
named simian malarin, Corradetti (I93le) reported an equally unsuccessful
search for the e-c forms of P. dnowlesi.

Yokogawa (19423, 1942, 1042¢) reported the finding of e-¢ forms of P.
knowlesi and P} taiwanensis {this latter may be a axnouym for P.J7 semnopitheci ;
at all events, nether is a true Plasmodium).  They were found in the brain snd
epinal cord.  The number of nucle was small and the site of development was in
endothelial eells  These observations were corroborated by Kamachi and Oh
(ml:h, 1843b). Al these observations should be Quscounted. P.# tatvanensiz ja

.
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probably of the family Haemoproteidae. P. knowlesi has been shown to undergo
schizogony in the liver. Lastly, the state of the knowledge of simian malaria
parasites in Japan was in such confusion as to foree any observer to regard such
findings as the above with the utmost suspicion.

A valuable contribution to the knowledge of the development of the simian
malarias came in 1946 when Colonel Mulligan’s team, working under the Indian

Research Fund Association, made a preliminary report on their progress (Mulligan,
1947). They found that the blood of rhesus monkeys inoculated with the sporo-
zoites of up to 100 quitoes infected with P. lgi was i 1y negative

from about 40 minutes to 9 days after infection, as shown by blood transfusion
into clean monkeys, During this time it was found that both the skin at the site
of inoculation and the spleen were also not infective. No sporozoites were demon-
strable in the area of inoculation after one hour. They reported failure to grow
aporozoites of P. cynomolgi in spleen, brain or liver whether inoculated into cul-
tures or when explants were taken during pre-patency, They concluded that
there was no reason to suppose that the mammalian e-e cycle was comparable
with the e-e cycle of either the avian or saurian malaria parasites.

Huff (1947), summarizing the situation on tissue forms of malaria parasites,
doubted the validiby of Schwetz’s claim to have found the schizogonic stages of
H. kochi, as well he might, for later in the same year Garnham (1947) described
the true schizogonic stages of H. kochi. It was he who changed the genus of the
parasite from Plasmodium to Hepalocystes and later corrected this to Hepafo-
cystis. These schizogonic stages occurred as large merocysts of up to 2 mm. in
diameter in parenchymal cells of the liver, easily visible there as white or trans-
lucent spots occurring on the liver surface. These merocysts had been seen by
Levaditi and Schoen in 1932, as has been described. Garnhar’s observations were
confirmed by Hawking and Hunt (1947). It is now believed that the * blue
bodies ” of Schwetz represented segments of the cytomeres which occur in the
merocysts. These segments break loose and circulate in the peripheral system,
coming to rest on occasion in the bone-marrow. Such an explanation may BIS?
hold true for the observation of similar bodies by Manwell (1946) in P.? pteropt,
although no merocysts have been found in this species. 3

The greater proportion of the work devoted to the e-e cycle of the mammalian
plasmodia concerned the human malarias and it is in this field that so many
speculations and so many claims were made. Firstly it is necessary to deal vi_’l!h
the numerous demonstrations of so-called e-6 forms of human malaria parasites
and the counter arguments raised by these claims.

Raffaele {1937¢) was the first to describe unpigmented schizonts of human
malaria parasites, which he claimed to represent the e-e cycle. He found' two
unpigmented schizonts in the bone marrow taken from the sternum of pahex{is
infected with sporozoites of P. viraz. One of the schizonts was extracellular w.hl e
the other lay in a R-E cell, and they were found only after long and patient
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search. Raffacle also described two uninucleate forms in R-E cells. In the fo!-
Jowing years Raffacle {19984, 1040b) described simifar findings in sporozeite-
induced P, faleiparum infections, Hesummarized his findings later and postulated
an 66 cyele of human malaria parasites similer to that which he had postlﬂatgd
for the fate and subseq development of the sp ite of avian malaria
parasites (Raffacle, 1939), while streasing the comparative rarity of the human
forms. e also described a similar form in a P, malariaeinfection (Raffaele, 1040b).

Raffacle’s findings were confirmed by Tarsitano and Lucrezi {1039}, Jerace
{1939}, Casini (1936}, Bianchi (1940}, Brug (1940), Pazaense and Da Silva (1941},
Coudert and Eyquem (1944), Gasela {1045), Oberlé (1945) and Spanedds and
Floris {1945).

Taken together, these reports represented descriptions of unpigmented

and hozoites both ex liular and within endothelial cells, They
were found in the bone marrow, brain capiliaries and in the lung of patients with
pre-patent acute and chronio infections with P, virer, P. falciparum and P.
malariae. Never more than a few wers found and then only efter long search.
In no case were consecutive growing forms discerned, nor did the number of
merozoites ever exceed that of the erythrocytic forms, Generally, the number of
ouclel wos between I and 4. These authors all agreed that these forms repre-
sented etages of the e-e cytle and they were supported in this view by Piccioli
(1941) and Coudert (2245). The latter author noted the appearance of monocytes
and normoblasts in the peripheral blood three days after sporozoite infection. He
claimed that this was ihe result of proliferation of the bone marrow vetls sensitized
by the pre-o development of the parasite in the R-E system,

Other authors were moro cautions in their estimation of the significance of
these forms.  Matills and Aparitio {1843} described stages similsr to thoss de-
seribed by Raffaele but reached no fusions as te their signil Lanza
{1944) also deseribed 11 iy d stages in P, falciparum, but stated
hie belief that they did not represent part of an obligatory tyele of the parasite
and that their app was purely accid L. Dubin {1047} described forms
which he smd * suggested e-e forms of P, vivax ™ grown in tissue cultures of ex-
plants from the hone werrow of spororcite-infected patients taken during pre-
patency. Ho himself was dubious about the signifieance of these forms,

Stitl ather authors discounted these findings altogether. Many eminent pro
tozoologista expressed the belief that, in the words of Angelini: " As yot, =
reliable morphologienl documentation of an endohistioeytie development of
Plasmodium in human malaria does not exist ™ (Angelini, 1947). Such opinions
were echiaed by Reichenow (3930}, Corradetti {1940k, 1941h, 1943), Davey {1946}
and Huff (1047}, even Kikuth snd Mudrow {19418) who supported Raffaele in
0 much else were unable to da other than doubt his findings in human malarin.

Many negative scarehes for the eryptic forms were alo recarded  Boyd andd
Kitchen {1038) searched biopsied skin from the site of inoculation of P. tirar

1
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sporozoites and found no d T in those af still to be seen in the
area after several hours. They concluded that cells of the skin did not Tepresent
the destination of the sporozoite.

The search covering 177 bone marrow smears represented by the reports of
Quattrin {1941), Parise and Lucrezi (1941), Nucciotti (1942) and Lioia (1942) was
consistently negative. These records cover 70 patients infected with P, vituz,
P, faleiparum and P. malariqe, the marrow being taken at the time of pre-patent
acute and chronic infection. Fonseca et al. (1946) found no e-e forms at any time
in the infection in spleen, liver, lung, brain or bone marrow from sporozoite- or
blood-induced P. falciparum or P. vivar malaria cases, nor in bone marrow in
sporozoite- or blood-induced P. malarine infections, though Fonseca (1944} had
earlier reported some e-e-like parasites.

Apart from microscopic data a certain amount of information relevant to
the human e-e cycle had accrued. In the field of chemotherapy it had been shown
that quinine and mepacrine were to some degree prophylactic if treatment was
maintained for 11 days after bite in P. faleiparum malaria. On the other hand,
they afforded no protection in P. vivaxr malaria (Ciuca ef al,, 1937b). Pamaquine
was reported to prevent relapses in P. falciparum but not in P. vivaz or P. mal-
arige malaria (Peter, 1941}, Pamaquine had also been showrr to affect the relapse
rate of P. vizaz malaria (Most ef al., 1946). All this appeared to indicate some
difference between the developmental patterns of P, falciparum on the one hand
and P, vivaz and P. malariae on the other.

A significant observation had been made by James, Nicol and Shute (1936}
on the relapse patterns of P. falciparum and P. vivaz strains used in therapeutie
malaria. They noted that whereas untreated P, vivaz infections always relapsed
when sporozoite-induced, this was not necessarily the case in blood-induced P.
vivax infections. This led them to differentiate between true relapses and recrnd-
escences of the blood forms, They defined relapses as being parasitological
outbreaks at least 8 weeks after the ion of previous itaemia, Recrud-
escences were such rises or apparent outbreaks within this time. Thus, with t.he
Madagascar strain of P, vivaz they were able to distinguish a comparatively strict
synchronicity of events in sporozoite-induced infections :

12 days 30-50 days
Sporozoites ———-  Primary paragitaemia ——————>
25-32 weeks
Recerud Relapse.

In blood-induced infections no such true relapse ocourred. . ’
As important was their finding that no such pattern existed in spomzont?-
induced P. falciparum malaria, The pattern of events in P. falciparum malaria

followed that of blood-induced P. tivaz malaria in some characteristics, and only
from a 1 low-grade infection occurred.

reerud of 1
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RELAPSES IN MALIGNANT TERTIAN MALARIA
WEEKS AFTER RECOVERY FROM PRIMARY ATIAU
i {VEefa(s (P2 e (] {n

mpafata fwln fofar il ainimfofofujmlnlsfnfe

REAPSIS N SERiGN TERTIAN HALARIA
WLINS AFTIA SECOVIRY $ROM PRIMARY ATTACK
FTI R T U RMTd R d e A AN R EEL T BEYy:

Al s+ ¢ o

RECOVERY FROM PREARY ATTAK

F1o, 1. The two charte dueplay the teerudeacencs and relapso patterns of P,
Jaltiparum on the one hans and those of the lang terra relaps: Madagascar stram of
P, vivar on the other. (From James, §, I Nicol, W. D, and Bhute, P, G., 1838,

' Koy, Sot. Med,, 29, 879}

‘Thus the plot of itacmia in sporozoite-induced P, fuleiparum malaria fol-
lowed Pattern 1 tsee fig. 1), whercas sporozoite-induced P, virar malssia showed
Pattern 2 (Madagasear strain).

These observations s in a direct line with the observations of Fairley
{10462, 1946b, 1047) with which it is now intended to deal at some length as their
importance at the time and today cannot bo overestimated,

The development of proguanit (4333, Paludrine) by the brilliant researches
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of the Imperial Chemical Industries workers, Curd, Davey, Rose, Lindquist and
others, placed a powerful new tool in the hands of malariologists, and its usefulness
in the laboratory was matched by its service in the field. No more capable hands
could have been found to wield this new tool than those of Brigadier (now Sir
Neil) Hamilton Fairley and, as war would have it, no more ideal conditions could
have been found for its use than those existing in Cairns, Australia, in [944,
Fairley (1946a) carried out controlled trials, using large numbers of Australian
Army volunteers to test the efficacy of the new drug and at the same time {Faitley,
1947) to gain more knowledge of the fate of the sporozoite of human malaria. His
observations might be briefly summarized here. He found that while proguanit
was causally prophylactic in mosquito-borne P. falciparum malaria it was only
partially prophylactic in similar P. tévaz infections, merely delaying the onset of
fever by 20 days or so. In both cases proguanil was administered at such 2 time
and in such a manner that it could have acted only upon the cryptic pre-e forms
and apparently would not be still in effective concentrations in the body at the
onset of parasitaemia [i.e. more than 4-5 days prior to parasitaemia (Spinks,
1046)].
Fairley found, by inoculation of massive amounts of blood {250 ml.)into
non-immune volunteers from heavily sporozoite-infected volunteers, that the
negative phase of the blood was from 1 hour to 144 hours after infection in P
Jfalciparum malaria, and from 1 hour to 8 days after infection in P. tivax malax.-m.
There was no break in this period, as occurs after 36 hours in some of the avian
malarias, From the t of parasi ia in P. falciparum malaria
until radical cure or recovery, the blood is positive, as shown by inaculation. In
P. vivax malaria, the blood is negative, as shown by inoculation, after apparent
cure or recovery but becomes positive again just before clinical relapse. From
these results Fairley concluded that a eryptic pre-e cycle existed in bot.h P
falciparum and P, vivaz malaria, but a subsequent e-e cycle existed o_nly'm P.
vivar malaria. He also postulated 3 generations of 36-40 hours’ duration in the
pre-e phase of P. rivaz. . - .
Fairley was able to show that mepacrine and proguanil, like quinine, dis-
played complete efficacy in blood-induced infections of P. rivax malaria an(} t.bfare-
fore concluded that in human malaria the erythrocytic parasites could not initiate
the e-e infection. . .
Sinton (1946) added the comment that the difference in the ac,:hon of proguanil
upon avian malaria from that shown by Fairley on human malux.w. l:.uus(': be taken
as a werning that work npon avian infections gave no certain indication ofrthe
activity of the mammalian infections, a warning which was to be all too otte;l
ignored in the following years. This warning was reinf:orced l?y Coatney ef al.
(1947) when they showed that sulphadiazine was effective agams.t ee formglm
avion malaria infections but ineffective as a causal prophylactic in P. titaz

malaria.
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Rafinele {1946b), commenting on Fairley's experiments, gave the negative
bloed phase of Italian strains of P. virax and P. falciparum as 4 days for both,
comprising, he claimed, two pre-e generations each of 48 hours’ duration,

Raffacle (1946b), Davey (1946a) and Huff (1947} all agreed with Fairley that
the evidence seemed to point to the lack of any e-e cycle of P. falciparum after the
pre-c generation. Huff (1947), however, doubted if drug action was a sufficiently
constant function to allow conclusions regarding modes of growth of parasites.

A further observation relevant to the existence of e-e forms and their relation
to relapses in P. tivax malaria was made by Boyd (1947) who showed that the
immune responses to P. vitaz malaria were directed purely against the blood forms
and not against sporozoites or such cryptic tissue forms as might exist. Thus he
concluded that persistence of an e-e cycle could occur without danger of interfer-
ence from specific immune reactions.

There remained two phenomena which were difficult to explain by any of the
existing theories. These were the twin cases of the long-term relapse and the
lonp-term latency with delayed primary parasiteemis which occurred in the so-
called *temperate zone ” strains of sporozoite-induced P. tivaz malaria.* Shute
{1046) ized his experi with the Mad strain of P. tizaz which
displays both of the above phenomena. He laid down 6 conditions under which
long-term latency could occur.

1. Natural eircumstances.

2. Drug treatment, e.g. proguanil.

3. Mixed infections, e.g. P. falciparum and P. vivaz malaria,
4. Host immunity to another strain of P. vivaz.

5. Attenuated sporozoites.

6. Too few sporozoites.

Shute found that the delay in primary parasitaemia in such cases generally coin-
cided with the time of long-term relapse in other cases infected at the same time
and proceeding normally.

The various explanations put forward for these phenomena will be dealt with
later,

* Stetina of P. vivaz showing similar relapeo and latency patterns have been doscribed from
Madagasear, Indin and tho French Cameracns, thus the torm " temperate zone ™ is muleading, con-
Venient 85 1t may be in providing an of the 1n the terms of kil of
mosquitoes  However, it 18 my personal opmion that P. tivar is fundamentslly s paraalte of terper.
ats climates and that 1ts appearance in tropical Tones represents & comparatively recent invasion of
thess areas. The sppearance of the distinct Bouth.\Weat Pacific straina can bo expl-m«l by the same
genetical reasoming as hay been used in the cam of tho of
the welection of the long-term relapse atrains in x.m;"m areas sometims alter tha anhxu]
#eparation of A and that the South. W .t il
Bature of P, virax development.




CHAPTER 4

THE PRESENT STATE OF THE KNOWLEDGE
OF THE EXO-ERYTHROCYTIC CYCLE OF THE
AVIAN AND SAURIAN PLASMODIA

(a) SPECIES : MORPHOLOGY AND CHARACTERISTICS

WE have, at the present time, some knowledge of the e-6 cycle of 12 of the avian
plasmodia and of 4 of the saurian plasmodia.

These are :

AviaN P, gallinaceum P, jurtanucleare
P, relictum P, durae
P, cathemerium P. hezamerium
P_ lophurae P. elongatum
P, fallax P. vaughani )
P, circumflexum P, huffi

SAURIAN  P. mexicanum P. agamae
P, pitmani P, lacertiliae

Only in the first 5 plasmodia of this list is our morphological knowledge in
any sense complete in that only of these 5 is the pre-e development known. Itis

intended to give a detailed t of the develop of P. gallinaceum in the
fixed tissue cells of the young domestic chick from the sporozoite and erythrocytic
hozoite to the ph: if Descriptions of other species will be discussed

Iater in relation to this account and therefore less fully.

Morphology and characteristics
Plasmodium gallinaceum Brumpt, 1935
1. Pre-erythrocyticeycle. The pre-o eycle of P. gallinaceum was fully detailed by
the classic work of Huff and Coulston (1944) and Coulston, Cantrell and Huff (1945).
These workers found that the sporozoite, when injected into the skin of a chick
either by syringe or by bite of an infected Aédes aegypti, is no longer demonstrable
in the blood after 25 minutes. They were able to show that one or more sporozoites
enter a cell of the lymphoid-macrophage system after some time spent in the
intercellular spaces. After 6 hours those sporozoites which have not gained
harbourage in a cell disapp Those sp ites in I phil granulocyt
appear to have been actively ingested and are apparently dead or dying as &
. result of phagoeytic action. It is not known whether those which survive in cells
40
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take any active part in entering the cell. Six hours after inoculation the intra.
eellular sporozoite commences to lose its spindle shape and becomes & rounded
eryptozoic trophozeite of sbout 2p in dlameter. There is little change after the
spherical shape has been schisved until about 18 hours afier inoculation. Some
vaeoles oceasionally appear. From I8 to 24 hours after inoculation division of
the single nucleus begine and binucleate cryptozaic echizonts appear. Thereisa
concomitant inerease in size. From 24 to 38 hours growth is rapid and noclear
division active. The organism is still spherical or slightly oveid und contains up
to 32 nuclei by 38 hours, From this time onwards, np to about 48 hours, mature
schizonts appear and their host cells rupture. The mature schizont measures soma
810 and may contain from 32 up to 200 nucled, & ding on the time of dovelop
ment and the number of nuclear divisions thereby allowed,

The mature schizont consists of elongate merozoites about 2x in fength,
frequently arranged zegularly about & central core with one end appearing to rest
upon the core. Some suspicion of pseudo-cytomers formation may be seen and
the schizont may bear in wmini Bowe fieial bt to one of its
furcbears—the odoyet at the sporozoite formation stage. Al merozoites of this
first cryptozaie generation have been reloased by 48 hours.

Thes merozoites relensed from this first generation apparently sll ro-enter
Iymphoid-macrophage celfs, largely as the site of inoculation. Some merozoites
sre horne by the blood stream all aver the body and arc demonstrable in the
blood stream by inoculation into clean birds. Ones more multiple invasion of
cells oceurs. Theoretieally it cannot be said that erythroeytes are not invaded at
this atage. Tnoculation experi ste nat tuaive on this point. P cathes
merium hag been shown to infect the peripheral blood fror 24 hours onwards
alter spororoite inoculation (Kikuth snd Mudrow, 1838a), It can be argued,
however, that, in this parasite especially, this effect may be the result of invasion
of the wandering macrophage cells of the blood. i the case of P. galinaceurn,
Coulston, Cantrelt and Huff {1045) and Curd, Darey and Rose [3035) have shown
that though the blood becomes infeetice 35 houra after sporozoite inotulation, it
ceases o bo ko by 48 hours and remains non-infective until 79 hours after spore-
2oite inoculation, Tt womld appear then in practice that the circulating crypto-
kofc merozoites enuse the blood to becoms infective from 36 to 48 hours nfter
aporezoite inoeulation, but after this period alf merozoites invade fixed tissueo
cetls or die, thus b ing Hable for bloed i f

The eryptozoic merozoites, on entering the Iymphoid-macrophage cells,
Tepeat exactly the eryptozoie generation except in so far as the resultant merozoitea
&re hetd by some to be of twa types, one typo larger, the other smaller. This new
brood is known s the metacryptozoic generstion, The distribution of meta-
Sryptozoitea is moro general than that of the sporozoite-induced cryptozoites
The cryplozoie merozoites may be cacritdt by tho blood to &l argans of the host.

which contain the typo of cell neerssary to the growth of the paraite. This
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type of cell appears to be the reticulum cells, particularly of the spleen. Some
organs are unsuitable for the growth of the parasite owing either to lack of suitable
cells or to relative inaccessibility (e.g. brain or bone marrow). The metacrypto-
zoic schizonts, which resemble their cryptozoic forebears, in turn produce and
release elongate merozoites, some of which re-invade fixed tissue cells of perhaps a
slightly wider range than previously. Other metacryptozoic merozoites invade
the circulating erythrocytes and reticulocytes, thus initiating the blood cycle.
From this time (72-80 hours) onwards the blood is consistently infective.

This sequence of events has been confirmed wholly or partially by Huff and
Coulston {1946), Shortt and Malamos (1947), Gordon and Hancox (1947) and
Huff (1951). It has been found to hold true in the chorio-allantois of chick em-
bryos by Fonesca et al. (1946) and McGhee (1949b).

The German workers Reichenow and Mudrow-Reichenow believed that the
destination of the merozoites of the metacryptozoic and subsequent generations
can be determined by the study of their shape and size (Reichenow and Mudrow,
1943 ; Mudrow and Reich , 1944 ; Reich , 1947 ; Mud Reich
and Reichenow, 1949 ; Mudrow-Reichenow, 1952). They, in common with other
workers (Huff and Coulston, 1944 ; Hawking, 1945, 1951; Coulston and Huff,
1947 ; Tonkin and Hawking, 1647 ; McGhee, 1949b; Huff ef al,, 1950 ; Inoki,
1951 ; Herbig-Sandrenter, 1953) distinguish between two different types of
merozoites produced by the e-e schizogony in birds. One type is larger, elongate

with al cytopl and some 1-5-2-5u. These large merozoites
have been desi, d ites and their pr itor the macroschizont.
The other type is smaller, spherical and measures 1-1:5z in diameter. These
have been desi d mi ites formed by microschi and consist
largely of chromatin. Some 100-200 ites form a hizont
whereas 500-1000 mior ites form a microschi: The German workers

lated that mas ozoites are destined to invade tissue cells whereas

;‘Aieromerozoites find harbour in red blood cells.

This theory of dimorphic schizogony has recently been seriously ch:fllenged
by one of its former advocates. Despite the occurrence of dimorphic schlzogun?'
in Leucocylozoon and some of the haemogregarines, Huff (1952) decided that this
problem required further study. He full, d the diamet .of meta-
cryptozoic merozoites and found that they represented a steady gfadxent. frfm
1-0u to 2-5p with no appreciable break in between to warrant a differentiation
into two sizes. This study would appear to remove the morphological bases from
the theory of dimorphism and, convenient as it was, the present author feels .thae
it should be discarded in its present form unless new information comes tc: light.
Its theoretical basis, however, should be retained. This basis is Raffaele’s ?‘nn-
tention that e-e schizogony results in h pic and histiotropi
and that they arise fmu% sciizont,s also so predestined rather than that both types
arise from & single heterotrophic schizont (Raffaele, 1938a, 1938b).
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The above results have been obtained by means of exceptionally heavy
sporozoite dosages {100-200 heavily infected Aédes), and in this lies the secret of
success in the work dealing with the pre-e cycle. At the same time this technique
has obtained results not entirely consistent with the events as they occur in
nature where infection is usually the result of a relatively small number of sporo-
zoites from the single bite of a mosquito. Insuch a case it would bo expected that
the majority of eryptozoic and metacryptozoic schizonts would be localized at the
site of bite and that only a very few metacryptozoites would appear elsewhere.
Under these circumstances the erythrocytic forms would not become micro-
scopically demonstrable until after some 4, 5 or 6 generations of a seemingly pre-e»
cycle and representing a time lapse of 7 to 11 days rather than the theoretical 3
days. At all events, the end of the metacryptozoic generation ends what is
accepted as the true pre-e generations.

2. Ezo-erythrocytic cycle. The e-e generations, known as phanerozoites, may
arise from the metacryptozoic merozoites in the same manner as has been de-
scribed above after sporozoite infection. They may arise also from erythrocytic
forms after blood infection. It is presumed that they may be reinforced also from
the blood phase which follows from sporozoite infection. This last point has not
been conclusively proved but it may be taken without serious demur. Lastly,

h ites may arise from infection by pl without the interpolation
of erythrocytic forms. Thus, phanerozoites will anse no matter what is the mode
of infection, provided that the host animal has no immurty to this form of the
parasite.

Four features distinguish to a greater or lesser degreo the phanerozoite from
the cryptozoite or metacryptozoite :

(2} Owing to their relative ubiquity, the phancrozoites spread all over the
body of the host whereas eryptozoites and, to a lesser degree, metacryptozoites
tend £ bo confined to the site of inoculation of sporozoites. Further, the type of
cell parasitized by phanerozoites displays a wider range of choice. There is o
Progressive tendency to invade vascular endothelium in pref to reticul
cells, The Tung and the brain tend to becomo the favourite sites for invasion of
vascular endothelium. In such eells the phanerozoites take up more elongate
shapes as dictated by the shape and width of the capillary involved. Some phan.
erozoites may be twisted and branching owing to these outside influences (¢f
Haemoproteus, p. 82).

() The phanerozoites tend to show the ro-called microschizogony to a
marked degreo. The majority of phanerozoic schizonts contain 500-1000 mero-
20ites of & smaller mean size when found in vascular endothelium, particularly in
the brain. Cryptozoic end metacryptozoic schizonts normally contain some

100200 merozoites of a larger mean size (Huff, 1052). The reason for this pheno-
menon, which Jed the German workers to postulate the theory of dimorphism,
remains obscure, Huff (1052) suggests that it is dictated by the shift from reticu-
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F1e.2, Fia. 3.

F16. 2. Phanerozoites of P. gallinaceum in section, Stained with Giemsa.colophoniura.
1. Immature schizont in & R-E cell of the liver. 2. Mature schizont in a
R-E cell of the liver.
Note the circular hollow nuclei and the tendency to elongation of the rero-
zoites and meroblastic formation. 3. Mature schizont in a R-E cell of the liver.
4. Mature schizont in & vascular endothelial cell of the brain in longitudinal section.
5. Mature schizont in a vascular endothelial cell of the brain in transverss section,

Fia. 3. Phanerozoites of P. gallinaceum in brain smenre, Stained with Giernsa.
L. Znucteste schizont. Z. 2-ucteato schirotf acleate schizont. 4.

8-nucleato schizont with vacuole. 5. Immaty=¢ * . TImmature

7. Immature schizont branching along two ct -
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lum host cells to vascular endothelial host cells, the latter allowing a more profuse

develop detti (1938a, 1938b) d that the quality and quantity
of availabl i may be ¢ d in the size of e-0 forms and that this may
slso play its part. The present author would like to add that, in his opinion,
immunity may play its part as well. It may be that immune reactions cause the
shift and at the same time dictate the productien of larger numbers of smaller
merozoites,

{£) Under these ci the if b {ves tend to lose their
pronounced elongate appearance when found in vascular endothelial cells. They
become smaller and spherical. In the early generations cireular merozoites are
taken by Huff (1952) to be a sign of degeneration, whereas later they may be taken
83 » sign of progressive infection.

(2} Finally, although the size of a phanerozoite found in the reticulo-endo-
thelium may roughly correspond to the size of pre-e schizont, i.e. up to 12y, the
phanerozoites may grow to far grenter sizes in vascular endothelium. (See figs. 2
end 3.}

The phanerozoites can be found all over the body of the host regardless of the
mode of infection. They have been demonstrated in the fixed endothelial cells in
the brain, lung, liver and splecn (James and Tate, 1938) in the muscle and thymus
(Coulston, Cantrell and Huff, 1947} in the heart, intestine, panereas, fat, bone
marrow, striated muscle and kidneys (Tullis, 1947) in the pia mater (Lowart,
1948a) in the spinal cord, supra-renals, testis, ovary and lymph glands {Incki,
1851b). Further, thoy have been found in all erythracyte precursors {Zuckerman,
1946}, in wandering monocytes and endothelial cells (Mosna, 1947) and in lympho-
cytes, basophil and polych phil erythrobl and phils in particular
{eGhee, 1949a). Phanerozaites can arise in a strain of P. gallinaceym derived
from a single erythrocytio parasite (Downs, 1947).

The patterns of e-e schizogony of P. gallinaceums which may arise from
various 1 modes of i are i ing and will be detailed here.
Four main types of e-e schizogony can be distinguished when various hosts or

inoculati; hniques aro employed. They are .

Type A. Normal natural e-e schizogony.

Type B. Ently acuto e-o schizogony in the absence of erythrocytic schizogony.

Type C. Lato ncute ovo schizogony following acute erythrocytic schizogony.

Type D. P, clongatam typo of e-6 schizogony in erythrocyte precursors as well as
normal e-0 schizogony.

Tyrr A

. This is the normal sub lop of e-owchi asseenin
Vive chick-mosquito passage of P. gallinaceum or presumsbly in nature. The
phi ites appear in mod only. The incidence of e-¢ achizogony
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is concomitfmt .wi'ih erythroeytic schizogony and the apparent pre-patency of
both forms i3 coincident at 4-14 days, the time being in inverse proportion to the
number of sporozoites inoculated (Coatney, Cooper and Miles, 1945; Coatney,
Cooper and Trembley, 19452, 1945b ; Haasetal., 1948). Bothe-eand erythrocytic
forms appear in only relatively low numbers and both disappear after about 15 or
16 days. (Haas et al., 1048 ; Greenberg ef al., 1950a.) This type of development
remains largely unaltered by passage via Isions of brain ing ph
zoites but is altered to Type C by continuous blood passage. However, this latter
characteristic is not “ fixed ** as a brain emulsion transfer will cause a reversion to
Type A after as many as 53 blood transfers (Greenberg ef al., 1950a). Greenberg
and his co-workers considered therefore that the genetic mutation to the * fixed
Type C was a rare phenomenon. The rarity of the phenomenon would be en-
hanced by the relatively low numbers of parasites available for the first sub-pas-
sage from Type A, such a low inoculum obviously containing few, if any, mutants.

Type A e-e schizogony can app ly be produced by the inoculation of
cryptozoites and metacryptozoites from tissue cultures (Laird et al, 1950;
Dubin, 1952). Dubin considered that this argued some weakening in the virulence
of the pre-e forms through tissue culture as phanerozoites from tissue culture
produce Type B schizogony. In fact a special explanation is probably unnecessary
to cover this point. It should be remembered that Type B schizogony is produced
by inoculated phanerozoites from tissue culture when such phanerozoites were
produced from a “fixed ”” Type C e-e schizogony (Lewert, 1950). Should the
p! ites have been produced from a Type A schizogony then they in turn
would produce a Type A schizogony as above despite the intervention of cultiva-
tion. It may be assumed therefore that the sporozoites used by Dubin were pro-
duced by & strain showing Type A characteristics whether obvious or suppressed

as in the exp of Greenberg and his coll and therefore Dubin’s
pre-e forms carried with them the characteristies of Type A. This then amounts to
the same ph as was d d by Greenberg et al. (1950a) and tissue

culture as such is irrelevant.

Tyee B

This type of e-s schizogony is characterized by an early acutely pathogenic
proliferation of e-¢ forms in the absence of erythrocytic schizogony until day‘ol:
two before death due to the e-e forms. It can be achieved by the sporozoite
passage of a strain previously blood-passaged for some time and presufnably
“fixed " ag a Type C infection. The Type B infection has been reported thhotxt
particular note being taken of it by Ungo-Mugdan (1939), James (1939), Zain
(1941b), Fonesca et al. (1946) and Paraense (1946, 1947a}. T}fe type was first
noted in detail by Haas and his colleagues when controlled expe.x'xmems were l.lsed
to ine the various p of e-e develop t in P. gallinaceum infections
(Haas et al., 1946 ; Haas et al., 1048). Trembley, Greenberg and Coatney { 1951a)
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have also noted this type of e-6 schizogony after sporozoite transfer of 8 Type C
infection, as has the present author,

The Type B infection can also be obtained by infection with ph i
derived from Type B or “fixed " Type C infections though not from Type
infections or “unfixed” Type C infections derived from Type A infections,
Such phanerozoites are usually contained in emulsions of brain as being
the organ containing and carrying over the i number of pl i
and the minimum number of erythrocytic forms (Mosna, 1940; Adler and
Tehernomoretz, 1941; Zain, 1941b; Corradetti, 1942b; Haas e al., 1945;
Haas ef al., 1946 ; Zu'ckerm;m, 1946 ; Fonesca et al., 19046 ; Haas ef al., 1948;
Verolini, 1949; Greenberg et af, 1950a; Inoki, 1951b; Cavaceppi, 1951;
Corradetti and Cavaceppi, 1952 ; Richeson et al., 1953 and personal observation).
Such phanerozoites may also be derived from the cultivation in titro of the above
types of e-e schizogony and when inoculated usually produce Type B infections
{Lewert, 1948b, 1050a, 1950b; Meyer 1949a). However, phanerozoites produced
in tissue cultures of spleen from chicks infected by sporozoites of an unidentified
strain are known not to produce Type B infections. This is the case at the labora-
tories of the Wellcome Foundation, London, where phanerozoites produced in
titro are producing on inoculation into chicks what appears to be a Type A e-e
schizogony pattern. The strain of P. gallinaceum has been passaged so variously

that it is impossible to desi it ding to any of the types and it seems
probable that it has retained the basic Type A ch ics as its d. 1
pattern through it y vicissitudes. Thus, on ph ite passage it o}

s Type A e-e pattern (Vincent, private communication). Somewhat similar
results have been recorded by Lewert (1950D),

Cavaceppi (1951) maintains that Type B e-e schizogony ceases after 23 or so
days. Splenectomy has no effect upon the Type B pattern when induced by
Phanerozoites (Verolini, 1949 ; Corradetti and Cavaceppi, 1952). Inoki (1951b)
has claimed that continuons brain emulsion passage of Type B results in a local-
ization of e-e schizogony in the brain. Other workers have not confirmed this
observation. Type B infections are also produced by the blood passage of Type
C infections at the chronic stage, that is, during the late e-e schizogony stage
characteristic of the Typo C infection (Mosna, 1040; Zain, 1941c; Corradetti,
1042b). The erythrocytic infection is usually latent at this stage, which makes
this last observation the more interesting as it would appear to denote cither a
number of e-¢ forms cireulating in deri ph oran ive histio-
tropism in the merozoites of the few erythroeytic forms carried over.

Occasionally a chick or chick embryo in a Type A infection series will display
 Type B infection (Haas el al., 1048),

Type B pattern is not a * fixed ™ characteristic of the strain displaying it.
Continuous blood passages in chicks (>15) or even brain emulsion passages
through fowls will cause it to revert to Type C (Lewert, 1948b).  Continuous
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sporozoite passage will cause it to revert to Type A (Haas ef al., 1948; Lewert,
1950b). ' '

Tyee C

This type has received more attention than other types and is the subject of
a host of observations, It s typified by an early appearance of an acutely virulent
blood phase which frequently kills the chick host in 5 to 10 days, If the animal
survives, as do older birds or turkey poults or if sehizontocides are used, the e-e
forms appear late in the infection, from about 11 to 25 days after inoculation.
This late e-e phase frequently kills the animal, icularly shen schi id
have been nsed. Type C pattern is produced by continuous blood passage of any
type of P. gallinaceum infection in chicks or turkey poults so long as the primary
parasitaemia is survived. (Corradetti, 1938b, 1938¢c, 1940a, 1940c, 1940d, 1940g,
1040e, 1940f, 1941b, 1941c, 1941d, 1942a, 1942b, 1942¢,1943; Ungo-Mugdan, 1939;
James, 1939; Jacobi, 1939; Ritis, 1940; Mosna, 1940; Launoy, 1940;
Zain, 1941b; Adler and Tchernomoretz, 1941 ; Parsense, 1946, 1947a; Gram-
iccia and Sacca, 1947 ; Tullis, 1947 ; Haas et al., 1948 ; Verolini, 1949 ; Lewert,
1948a, 1950b; Greenberg et al., 1950a; Trembley, Greenberg and Coatney,
1951c; Corradetti and Cavaceppi, 1952; Richeson e? al., 1953, and personal
observation,) The e-e forms have been found as early as 4 days after blood
inoculation (Tullis, 1947) and I have seen them after 7 days but they are not found
in any numbers until about 11 days after infection. Much of the observation has
been conducted upon the brain which is not the most suitable organ in which to
search for early e-e forms owing to the late switch from R-E to vascular endo-
thelium referred to above. Thus, as late as 1952 Corradetti and Cavaceppi insist
that no e-e forms are found in blood-induced infections until at least 8 days after
inoenlation when the brain is used as the site for research. Tullis {1947) on the
other hand was able to demonstrate reasonable numbers of e-e forms in the spleen,
heart and Iung on the 6th and 7th days after blood inoculation, the infection being
Type C. However, Type Cis characterized by a large increase of e-6 forms at about
the 11th or 12th day after infection for reasons which remain obscure despite the
work of Corradetti. .

Gramiceia and Sacch (1947) have suggested that the 11 days represent the time
taken for the parasite to regain its normal characteristics (Le. Type A} after the
unnatural method of transfer. This does not explain the npparent. curtai{ment 0{
this time when schi: ides are used to 'supp the erythrocytic d P
and when the size of the inoculum is probably of some importance (Adler a-!{d
Tchernomoretz, 1941). As the genesis of these late e-e stages will be ta]fen up in
the section dealing with immunity, the views of Corradetti and others will fmt be
discussed here. Corradetti has frequently stated that the e-e schizogony in this
(pattern ceases from 25 to 30 days after inoculation. This, und.(lubted]y, is gem;r-
ally true, despite a report of e-e forms 37 days after inoculation (Jacobi, 1939)-
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It should be stressed at this point that these figures apply only to the Type C
infections and that such infections are the most artificial possible as no mosquito
transfers are involved.

Paracnse (1946, 1947a) has shown that the Type C e- forms are highly
virulent and cause death when erythrocytic schizogony has been suppressed by
quinine, Death is by blockage of the brain capillaries. Haas ef al. {1948) and
Lewert (1948b and 1950b) have shown the blood passage of Type B results in
Type C. Trembley, Greenberg and Coatney (1951¢) have shown that blood-pas-
sage of a strain displaying no e-e schi y results in o Type Ci jon with late
e-e schizogony. Haas et al. (1948) have shown that blood-passage of Type D
results in Type C infections. Greenberg, Trembley and Coatney (1950a) have
shown that their Type C pattern strain is “ fixed " and will not regain its parent
Type A pattern on sporozoite passage which merely results in the “unfixed*
Type B pattern. They conclude that this argues fixed characteristics, one of
which is the inability of phanerozoites of Type C to produce merozoites capable of
infecting erythrocytes on passnge Thls conclusxon supports the theory of haemo-
tropism and histi of p Verolini (1049) has shown
that splenectomy fails to affect the courso of the Type C e-¢ schizogony.

Tyee D

This type is somewhat obscure as yet and has been brought into being by the
present author to cover certain variablo phenomena. However, these phenomena
are of such systematic importance that it has been felt they deserve special group-
ing. P. gallinaceum is well known to parasitize lymphoid-macrophage cells as it
does in the above three types of infection. It is not known normally to infect
erythrocyto precursors as does P. elongatum.,

Zuckerman (1946) infected chick embryos by placing e-e forms in macerated
brain on the chorio-allantois. She noted that in one embryo the resultant e-o
forms appeared in wandering leucocytes, lymphocytes, thrombocytes and all of
the erythrocyte precursors. Only in erythrocytes and mature polychromatophil
erythrot was pigment pi d. The number of merozoites produced was
only 15 orso. At the same time normal P. gallinaceum c-e forms were scen in the
brain of the same embryo. Haas and his coll had described
Parasites in the circulating blood of cluck embryos infected with phanemzoncs but
had assumed that ph d ites had ily lost the
Power to produce pigment (Haas and Ewing, 1945; Haas, Feldman and Ewing,
1045 ; Haas, Wilcox and Ewing, 1845).

BIcGhu\ (19494, 1049b) infected chick and duck embryos with sporozoites of
P, gallinaceum and noted in both hosts that somo of the younger embryos dis-
Pplayed e-¢ infections in the heterophils, lymphoeytes, basophil and polyehromato-
Pphil erythroblasts as well as in more normal sites. Some pre-e forma were scen in
hou\mpluh McGhee's (1949¢) observations on P. lophurae were even more con-

(XN
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clusive. These will be referred to later. From these results it would appear that
Type D is characterized by the app of pha; ites in the circulating
blood, particularly in erythrocyte precursors as well as in normal sites. It can be
produced by the inoculation of sporozoites or phanerozoites into young (>9 days
old) embryos.

Various hosts besides the domestic fowl have been shown to harbour e+
forms of P. gallinaceum. Huff and Coulston (1946) have demonstrated pre-e
forms in geese and ducks, and Huff {1951) has demonstrated pre-e forms in turkey
poults, pheasants and canaries. The pre-e development in ducks was somewhat
abnormal. The phanerozoites have been shown to oceur in turkey poults after
blood inoculation and duck embryos after sp ite inoculation (Corradetti,
1942b; BMcGhee, 1949a).

Gramiccia and Sacchd (1947) showed that the younger the chick host the
larger the number of e-e forms which appeared but, on the other hand, o altera-
tion of time of appearance was noted. Herbig-Sandreuter (1953) d ted
that high altitudes (10,500 feet) retarded the time of app of e-e formsin
birds infected at ground level. Varied reports have been made upon the com-
parative density of e-e forms in the various organs or cells. When the available
material is collated, it seems that the organs most consistently and heavily iI_X-
fected are the lung, spleen and liver and possibly the heart and kidney. The brain
has long been the favourite site for search but this is due more to the ease of
d ation of e-e schi: y for technical reasons than to any greater pro-
liferation at this site. Among the less frequently invaded organs are the bone
marrow, pancreas, intestine, suprarenals, testis, etc. Least often invaded are .tbe
circulating leucocytes, lymphocytes, plasma cells. My own findings, with im-
pression smears of organs from a phanerozoite-induced infection in an 8-day-old
chick 7 days after infection, show the followi bers of schi per 100
fields, with 5x ocular and § objective ¢

Lung 61 schizonts Brain 17 schizonts
Spleen 42 Intestine 7
Liver 40 Pancreas 6
Heart 27 Bone marrow 1

Kidney 25

and one form seen in a monocytic leucocyte after considerable search, ) Thes}:a
figures must be regarded with caution ns the amount of .tissue sfearched in ;asn
case probably varied considerably owing to variations ix} impression smears n')th
organ to organ and slide to slide. No doubt the numbers in the brain increase W‘; d
the duration of the infection owing to the progressive switch to vascular endo
thelium,
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Plagmodium relictum® (Grassi and Feletti, 1891}

The pre-e generations of P. relictum were the first of the pre-e cycles of plas-
modia to be fully described. The full cycle was demonstrated in canaries by
Reichenow and 3Mudrow (1943) and Mudrow and Reichenow (1944). Pre-e forms
had been noted previously by Mudrow (1942a, 1942b). This work was confirmed
by Huff and Coulston {1946), Coulston and Huff (1947) and Huff (1948d, 1951),
The timing of the cryptozoic and metacryptozmc generations, and the nature of
the host cells, were found to coincide with P. gall despite the exceptionall
short pre-patent period of 65 haurs demonstrated by Raffacle (1936b, 1936e} and
Missiroli {1937). There is one major difference between P. relictum and P. gal-
linaceum pre-e forms. The P. relictum cryptozoic and metacryptozoic merozoites
are spherical and number some 20 to 40 as compared with the 100 or so elongate
merozoites of P. gallinaceum. The German workers noted some late developing
forms of P, relictum containing 100 or more merozoites, but these aro presumably
equivalent to the same forms in P, gallinaceum wnfections producing 200 or more
merozoites. Owing to this difference, the overall size of the P. relictum pre-e
schizonts is a little smaller than the equivalent forms of P. gallinaceum. No
workers have confirmed the contentions of Missiroli concerning the development of
the sporozoite of this species. All workers observed the so-called macro- and
microschizogony.

The German workers have shown in their illustrations of the pre-c forms a
rather unusual form of nuclear structure. This structure, so {ar described only for
P. relictum, shows the nucleus to be mado up of a group of 4 or more nucleoli,

8 ions of ch or ¢} thus: @ ) No comment is

made as to the significance of this structure and speculatton a9 to its nature is at
present useless. The present author has been unable to detect similar nuclear
atructures in phanerozoites of P. relictum, although structures somewhat similar
have been seen in growing Haemoproteus schizonts and growing Nycteria schizonts:
‘This observation was not confirmed by Coulston and Huff (1047) using Maximow
stain, which, however, they admit is & poor stain for the nuclei of maluria para-
sites. The present author is inclined to reject this duscrete particle structure for
¥arious reasons :

L. The method of dry fixation and Giemsa stain used by Mudrow and Reiche-
now is not conducive to fine nuclear staining or even the retention of
original nuclear structure,

2. Thero is no indication of such structures in the illustrations of Coulston
and Huff, who have used wet fixation methods.

* Further reading of the oninal papers of Grami and Feletti has recently convinoed me that the
':lﬂr fiamae of this parasite shoukl be praecar, not rrlctum. This question will be taken up el
where,
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clusive, These will be referred to later. From these results it would appear that

Type D is. h ized by the app of phanerozoites in the circulating
blood, particularly in erythrocyte precursors as well as in normal sites. It can be
produced by the i lation of sp ites or ph ites into young (9 days
old) embryos.

Various hosts besides the domestic fowl have been shown to harbour e
forms of P. gallinaceum. Huff and Coulston (1946) have demonstrated pre-e
forms in geese and ducks, and Huff (1951) has demonstrated pre-e forms in turkey

poults, pk and i The pre-e devel in ducks was somewhat
ab 1. The ph ites have been shown to oceur in turkey pounlts after
blood inoculation and duck embryos after sp ite inoculation (Corradetti

1942b; McGhee, 1949a).

Gramiceia and Saccd (1947) showed that the younger the chick host the
larger the number of e-e forms which appeared but, on the other hand, no altera-
tion of time of appearance was noted. Herbig-Sand {1953) d ted
that high altitedes (10,600 feet) retarded the time of appearance of e-e formsin
birds infected at ground level. Varied reports have been made upon the com-
parative density of e-o forms in the various organs or cells. When the available
material is collated, it seems that the organs most consistently and heavily in-
fected are the lung, spleen and liver and possibly the heart and kidney. The brain
has long been the favourite site for search but this is due more to the ease of
demc ion of e-e schizogony for technical reasons than to any greater pro-
liferation at this site. Among the less frequently invaded organs are the bone
marrow, pancreas, intestine, suprarenals, testis, etc. Least often invaded are the

irculating leucocytes, lymphacytes, plasma cells. My own findings, with im-
pression smears of organs from a phanerozoite-induced infection in an 8-day-old
chick 7 days after infection, show the following numbers of schizonts per 100
fields, with 5x ocular and ¥ objective :

Lung 61 schizonts Brain 17 schizonts
Spleen 42 Intestine 7
Liver 40 Pancreas 6
Heart 27 Bone marrow 1

Kidney 25

erable search. These

and one form seen in & monocytic leucocyte after consid .
acl

figures must be regarded with caution as the amount of tissue searched in e
case probably varied considerably owing to variations in impressi'on.!meam fr(.nn
organ to organ and slide to slide. No doubt the numbers in the brain increase with
the duration of the infection owing to the progressive switch to vascular endo-
thelium.
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Plasmodium relictum* (Grassi and Feletti, 1891)

The pre-e generations of P. relicium were the first of the pre-e cycles of plas-
modia to be fully described. The full cycle was demonstrated in canaries by
Reichenow and Mudrow (1943) and Mudrow and Reichenow (1944). Pre-e forms
had been noted previously by Mudrow (1942a, 1942b). This work was confirmed
by Huff and Coulston (1946), Coulston and Huff (1947) and Huff (1948d, 1951).
The timing of the cryptozoic and metacryptozoic generations, and the nature of
the host cells, were found to coincide with . i despite the ptionall;
short pre-patent period of 65 hours demonstrated by Raffaele (1936b, 1936¢) and
Missiroli (1937). There is one major difference between P. relictum and P, gal-
Einaceum pre-e forms. The P. relictum cryptozoic and metacryptozoic merozoites
are spherical and number some 30 to 40 as compared with the 100 or so elongate
merozoites of P. gallinaceum. The German workers noted some late developing
forms of P, relictum containing 100 or more merozoites, but these are presumably
equivalent to the same forms in P. gallinaceum infections producing 200 or more
merozoites. Owing to this difference, the overall size of the 2. relictum pre-e

schizonts is a little smaller than the equivalent forms of P. galli No
workers have confirmed the ions of Missiroh ing the lop of
the sporozoite of this species. All workers observed the so-called macro- and
microschizogony.

The German workers have shown in their illustrations of the pre-e forms a
rather unusual form of nuclear structure. This structure, so far described only for
P, relictum, shows the nucleus to be made up of a group of 4 or more nucleoli,

ions of ch in or ck thus: @ &3 No comment is

made as to the significance of this structure and speculation as to its nature is at
present useless. The present author has been unable to detect similar nuclear
structures in phanerozoites of P. relictum, although structures somewhat similar
have been seen in growing Haemoproteus schizonts and growing Nycteria schizonts,
This observation was not confirmed by Coulston and Huff (1947) using Maximow
stain, which, however, they admit is a poor stain for the nuclei of malaria para-
sites. The present author is inclined to reject this discrete particle structure for
various reasons :

1. The method of dry fixation and Giemsa stain used by Mudrow and Reiche-
now is not conducive to fine nuclear staining or even the retention of
original nuclear structure.

2. There is no indication of such structures in the illustrations of Coulston
and Huff, who have used wet fixation methods.

* Further reading of the origmal papers of Grase: and Felotta bas recently tonvinced me that the
'P;cxﬁc- fams of this parasite should be praecoz, not reficturn. This question will be taken up elses
where,
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3. The present author’s experience with wet fixation and Giemsa or Feulgen
staining of P. relictum and P. gallinaceum phanerozoites has revealed in
general only a typical spherical nucleus as is illustrated in fig. 2, although,
admittedly, at some stages the nucleus may be more square,

The phanerozoic generations of P. relictum follow largely the same pattern
and distribution as those of P. gallinaceum although they have not been so ex-
haustively studied. Phanerozoites were first seent by Raffacle (1936b) and Kikuth
(1937a). Kikuth described forms appearing 72 hours after sporozoite inoculation
and it may be that these were metacryptozoites. Type C pattern has been
demonstrated (Bishop et al., 1947; Sergent, 1949a). Type B pattern may be
assumed to oceur from the work of Rodhain (1938a). Type D pattern occurs in
chronie infections in adult canaries on blood inoculation (Sergent, 1949a).

The phanerozoites are a little more vacuolated than those of P. gallinaceum
(Manwell, 1940). The phanerozoic generations persist much longer (up to 2} years)
in blood-induced infections than do those of P. gallinaceum {Sergent, 1949a). In
the laboratory phanerozoites have been d d, after sp ite infecti
of canaries, by Rodhain (1938a, 1938b), Manwell (1940), Reichenow and Mudrow
(1943), Mudrow and Reichenow (1944), Huff and Coulston (1946), Coulston and
Huff (1947) and Huff (1948d). They have been demonstrated in blood-induced
infections by Hegner and Wolfson (19382), Rodhain (1938a, 1939), Manwell
(1940), Dobler (1941), Corradetti (1941g), Bishop et al. (1947), Huff (1948d),
Redmond and Fincher (1949), Sergent (1949a), and Inoki (1951b). Some straing
of P. relictum have been shown by Hegner and Wolfson (1938b) to produce no
phanerozoites on blood inoculation. Later, Dobler (1941} showed that one of these
strains produced phanerozoites in a more suitable host.

In hosts other than canaries Huff and Coulston (1946), Coulston and Huff
(1947) and Huff (19484, 1951) have demonstrated pre-e forms in pigeons, two
species of doves, turkey poults and pheasants, Huff and Coulston (1846) and
Fincher and Red d (1949} have d d ph: ites in pigeons.. In
nature, phanerozoites have been described in various wild-caught passerines
(Taddia, 1938 ; Taddia and Viero, 1940 ; Beltran, 1944; Jacobs and Shortt,
1951, and personal experience). Penguins in the Antwerp Zoological gardens and
in nature have been d ted to harbour pt ites by Rodhain (1938a,
1939) and Fantham and Porter (1944). Wenyon (1948) thought that this Plos-
modium of penguins might be a new species but it has been generally accepted as
a variation of P. relictum. One feature noted by Redmond and Fincher ( 19-:19) is
i ing. They d d that a p il-resistant strain of P. relictum
produced a greater number of phanerozoites than the parent sensitive strain.

Plasmodium cathemerium Hartman, 1927
The pre-e forms of P. cath tum were first dt ted by K;k.uth and
Mudrow (1938b, 1939a) and the entire pre-e cycle was demonstrated by Reichenow




SPECIES : MORPHOLOGY AND CHARACTERISTICS 53

(1947), Mudrovw-Reict and Reict (1949) and Huff (1951). The pre-e
generations closely resemble those of P. reltctum TIn their earlier work the German
workers believed that only one d between ites and the

first erythrocytic forms (Kikuth and Mudrow, 1939a; Mudmw 1940; Mudrow,
1042a, 1942b), but they were to correct this view later. The pre-patent period
has been shown to be 72 hours by Warren and Coggeshall (1937).

Phanerozoites were demonstrated in canaries after sporozoite inoculation by
Kikuth (1937b), Kikuth and Mudrow (1937, 1938a, 1938b, 1939b, 1939¢, 1941b),
1\Iudmw (1940), Porter (1942), Schuleman (1942), Re\chenow (1947) ﬂnd Mudrow-

and Reich (1949). Pt Wwere d in canaries
after blood inoculation by Kikuth and Mudrow {1937, 1939¢), Kikuth (1937a),
Hegner and Wolfson (1938a, 1938b, 1939), Corradetti (1938a, 1938b, 1941h), Hew-
itt {1940a), Wolfson (1940a) and Inoki (1951b).

Phanerozoites have also been d after 1
by Kikuth and Mudrow (1939¢) who nuted also that Type B and Type C patterns
oceur in this parasite. The ph closely ble those of
P. relictum.

There is one major difference in distribution reported by Kikuth (1937b),
Kikuth and Mudrow (1938b, 19390) and Corradem (1938a, 1938b) These authors
have descnbed e forms in hils and

d hages of the peripheral blood to a degree considerably more
prunounccd than in the two previous parasites. This phenomenon was not noted
in a special study by Porter (1942). It is unlikely that these workers were study-
ing Atoxoplasma, which Hewitt (1940a) has shown to be associated with P.
mlhemmum in some mfectlons. a3 ]ukuth himself drew attention to intra-

dial y 4 in his own infected
b)l‘ds The present author beheves, on the available evidence, that this pheno-
menon does in fact oceur but that too much significance should not be attached to
it as a specific characteristic in the light of the similar development in embryos
with P. gallinaceum or in chronic infections of P. relictum.

Hegner and Wolfson (1938b) have reported a strain of P. cathemerium which
did not produce ph ites on blood il lation, but Porter (1942) showed that
the same strain produced e-e forms on sporozoite inoculation, Wolfson {1940a)
showed that o strain of P. cathemerium temporarily lost its ability to produce e-e

forms on blood inoculation into canaries after passago through ducks and pigeons.
ites have been d sively in canaries, but erypto-
zmtcs and metacryptozoites have been demonstrated in ducks by Huff
(1951},

Plasmodium lophurae Coggeshall, 1038

The pre-cyele of P. lophurae has been demonstrated by Huff, Coulston, Laird
and Porter {1947) in turkeys, chickens, ducks and guinea-fowl. The eryptozoites
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and metacryptozoites more closely resemble P, gallinaceum than P. relictum or
P. cathemerium. Only immature forms were seen in heterophils and the general
cellular distribution is similar to that of P. gallinaceum. The duration of pre-e
schizogony was shown to be 60 hours by blood inoculation, other than this the
authors were unwilling to commit theraselves upon the timing of the generations
on the morphological evidence available, However, there seems no reason to
doubt that two generations are involved as for the previous parasites. Turkeys
proved to be the most satisfactory host to the pre-e forms.

Although Terzian (1941) failed to demonstrate phanerozoites in chicks,
Tonkin and Hawking (1947) were successful in obtaining phanerozoites in sporo-
zoite-infected turkey poults. Pk ites closely bling those of P.
gallinaceum were described as numerous in brain, heart, kidney glomeruli and
adrenal cortex, and scanty in spleen, lung, kidney tubule capillaries and sym-
pathetic ganglia. None were reported in the liver or bone marrow. Becker and
Manresa (1950) and Manresa (1953) have described phanerozoites in the brain of
blood-infected turkey poults. -

Wolfson (1940b) failed to find phanerozoites in blood-infected duck embryos
but MeGhee (1949¢) demonstrated e-e forms in blood-inoculated chick embryos,
McGhee found e-e forms in all forms of erythrocyte precursors. He noted that
primitive red blood cells form ¢ per cent. of the circulating blood elements and
92 per cent. of these were infected at the height of parasitaemia, This then is 2
Type D pattern.

Plasmodium fallax Schwetz, 1930

P. fallax of the Uganda tufted guinea-fowl was redescribed by Huff et al.
(1950) and its pre-e generations demonstrated in pigeons. The eryptozoites and
metacryptozoites resemble those of P. relictum. The metacryptozoites in the
pigeon appeared to be degenerate and, despite the existence of an erythrocytic
cycle, after heavy sp ite i lation no pt ites were seen. Huff, in a
letter to Colonel Afridi, read to the Fifth Congress of Tropical Medicine and

tod bk ;

Malaria, has since d that be has d >

Plasmodium circumflerum  Kikuth, 1931
No pre-e development of this parasite has been demonstrated. o
Although Hegner and Wolfson (1938b) failed to find phanerozoites in blood-
induced infections in canaries, they have been described by Manwell_ and Gol'd-
stein (1939), Coulston and Manwell (1941) after single erythrocytic parasite

i i that
infection, and Paraense (1952a). The type of development closely resem!)]es

of blood-induced P. galli: i i pt that Manwelland Goldstein (1939)
described el it ites in the ph i This observation was not

* = .
confirmed by Paraenso (1952a) as is shown by his beautiful illustrations.
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Plasmodium jurtanucleare Versiani and Gomez, 1941

No pre-¢ development of this parasite has been demonstrated.

Phanerozoic development of the P. gallinaceum type has been demonstrated
in blood-induced infections of chicks by Barreto (1943) and Paraense (1947c).
Natural infections in chickens showing P. gallinaceum type s-e schizogony has also
been noted by Paraense (1947c).

Plasmodium durge Herman, 1941
No pre-¢ development of this parasite has been demonstrated.
Phanerozoites of the P, gallinaceum type have been noted by Purchase (1942)
and Simpson (1944) in natural and bleod-induced infections of turkeys.

Plasmodium hexamerium (=P. oti) Huff, 1935

No pre-e development of this parasite has been demonstrated.

Hegner and Wolfson (1938b) failed to find e-e forms in canaries, but phanero-
zoites of the P. galli type were d by Manwell (1951a) in blood-
induced infections of the orange crowned warbler.

Plasmodium nucleophalum Manwell, 1935

No pre-e development of this parasite has been demonstrated.

Hegner and Wolfson (1938a, 1938b) reported phanerozoites of this species,
but there seems to be some doubt if the infection used by these workers was a pure
one. Manwell and Voter (1939), Goldstein (1939} and Manwell (19512} have con-
sistently failed to find e-e forms in blood-induced infections, probably owing to
the lack of a suitable host for development of e-e schizogony.

Plasmodium elongatum Huff, 1930

No pre-e development of this parasite has been demonstrated.

The phanerozoic development of this patasite represents a considerable
departuru from the P. galli typoe 8o far descrik This parasite and its

dia are usually ded a place of their own in any considera-
tions of the ©-6 cycle. To what extent such a differentiation is justified will be
discussed later.

The e-e forms of P. elongatum were the first e-e forms to be deseribed (Raf-
faele, 1934a, 1934b). The controversy which arose from various descriptions
of their site of de\elopment has already been discussed. Phanerozoites have
been d in and blood-induced infecti by Raffaele
{19362, 10372, 1937h, 10.']83., 1938b, 1939, 1940), Huff and Bloom (1835}, Porter
and Huff (1040), Corradetti {1940, 1840, 1943), Corradetti and Gramiceia (1941a,
1941b, 1843), Wolfson {1940b), Tokura and Kawahata (1951}, Garnham (1951a,
1951b), and personal observation (see fig. 4).
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The cellular distribution of the ph i 2 the great difference
between P. elongatum and P. gallinaceum. The cells parasitized by all forms of
the parasite have been noted by Huff and Bloom (1935) and the pereentage of
parasites occupying them tabulated thus :

41% i polych phil eryth
29% in basophil erythroblasts
20-6% in haemocytoblasts

4% in macrophages
2:5% in normoblasts

1% in monocytes

1% in plasma cells

1% in thrombocytes.

Fia. 4. Phanerozoites of P. elongatum in bone marrow smears, Stained with Giemsa.

1. Eleven immature e-e forms in an erythrocyte precursor. 2, 4-nucleate schi-
zont. 3. Immature schizont. 4. Mature schizont having 15 elongate merozoites.

Scattered parasites are found in lymphocytes, erythrocytes, g locytes and myelo-
R i )t d poly-
The parasites produce pigment in erythrocytes, normoblasts and poly-

il erythroblasts but not in basophil erythrobl: Tt can be seen then

that P, e;:mgutum is essentially a parasite of unfized cells and that the non-

i i i h of the I poi
pigmented e-e cycle is largely in the ery yte precur 3
system, although 1 per cent. of the total parasites exist in fixed monocyz,es in the

oy ; s
P. gallinaceum manner. The are found in P cells

in the P. cathemerium manner. The ratio of erythrocytic an.d other s.cyizogony——
> 1: < 99, is not constant and erythrocytes may be heavily parasitized (Garn-
ham, 1951a). ) )

:l‘he production of pigment and the attack by sch{zontocxdes upon onlty; tb:!};:
parasites producing pigment (Corradetti and Gramiccia, 1943} appear to offer
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only criteria for di iating erythrocytic from e-e achi: . Thus, typical
erythrocytic schi y occurs in erythrocytes, normobl and poly
phils, whereas e-e schi: y oceurs in b thils, hae: blasts and various

white blood cells and monocytes. Preclsely why the para.sne should produce
pigment in normoblasts and not in basophils seems obscure. Much or most of this
development takes place in the bone marrow (see fig. 4)-

The morphology of the e-e forms closely bles that of the erythrocyti
forms and they contain therefore at maturity some 4 to 30 elongate merozoites in
a relatively small schizont (6x). No micro- or macroschizogony has been noted.

The separate identity of P. elongatum e-e schizogony has been noted by many
authors but doubt as to the real extent of difference from other types has been
expressed by Mudrow-Reichenow (1949). Further to this, Garnham (1951a) has
recognized two grades of development within the e-e phase of the species, one in
more and the other in less primitive cells with all gradations between. Just be-
cause of these gradations, I incline to the view that not only can two grades not be
distinguished within the species but that the existence of Type D P. gallinaceum
e-e schi and P, i type e-e schi: ¥y (to be described) denies to
P.elongatum any real separate identity. Far this reason any classification granting
P. elongatum a separate generic identity is deprecated. This, however, ignores the
description of P. gallinaceum-type e-e schizonts in the brain vascular endothelium
by Tokura and Kawahata (1951) in Japanese wild birds infected with P. elon-
gatum. This description would confirm the above postulations if it wero accepted,
but I feel it is more likely that the Jap: authors were ing an infec-
tion by two species. This statement is modified by the belief that one of the
most important lacunae in the knowledge of the e-e schizogony is the lack of

knowledge of the pre-e cycle of P. elongatum ; a belief which isshared with Garnham
(1948b) and Mudrow-Reichenow {1943).

Plasmodium vaughani Novy and MacNeal, 1904

No pre-e development of this parasite has been demonstrated.

Manwell {1947) reported e-e forms in & mixed mfecnon of P. relictum and P,
vaughant at a time when the blood d P. hani forms,
He felt at the time that these e-e forms were pmbably P. vaughani. Later,
Manwell (1951a} reversed this opinion, presumably in the light of Sergent's ob-
servations of the persistence of e-e infections of P. relictum. Recently, Laird
(1953) has descnbed e-e forms of thls pnras\te in a natural infection. The develop-
ment is of the P, type g fow ites and oceurring mostly in
basophil and poly chmmntophﬂ erytllmblusts They occur to a lesser degree in
normoblasts, macrophages and lymphocytes. This discovery destroys the
groupings made by Manwell of the * small " avian plasmodia, P. kexamerium, P.
nucleophclum P vaughani and P. rouzi as P. hexamerium displays a typical P,

type of e-e devel
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Plasmodium rouxi Sergent, Sergent and Catanei, 1928

Neither pre-e nor e-o development of this parasite has been demonstrated,
despite considerable study of it by Manwell (1051a).

The silence of the Sergent brothers on this subject would lead an observer to
believe that e-e forms of this parasite cannot develop in bload-inoculated canaries
a3 a strain of this parasite has been maintained by this means for years at the
Pasteur Institute, Algiers. It is also worthy of note that P. rouzi blood-induced
infections in eanaries can be sterilized with ease by quinine and other schizonto-
cides which indi that no e-e develop takes place {Curd, 1943 ; Manwell,
1951a). Such a development then awaits a suitable host and one might well
hazard a guess that the development will be similar to that of P. vaughani,

Plasmodium huffi  Muniz, Soares and Batista, 1950

No pre-e development of this parasite has been demonstrated.

Muniz et al. (1950, 1951} have described e-e schizogony in this species but the
description of the type, though not the fact of development, is open to doubt, These
authors described e-e forms of 6 to 30 merozoites dwelling in polychromatophils
and other erythrocyte precursors in the bone marrow and in thrombocytes, lympho-
cytes and ytes of the cireulating blood. In addition, they deseribed forms
having up to 100 merozoites in the macrophage cells of the kidney, liver, spleen and
Iung. These observations led the authors to conclude that both P. gallinaceum-type
and P. el ty hi ies were p ding side by side in the manner of P.
mexicanum, As far as could be judged it seemed that some 20 per cent. of the
forms appeared in R-E cells and myelocyte series cells, while some 80 per cent. of
the forms appeared in h: poietic cells. If polyct phils are pted as
hosts to the erythrocytic d then their sub jon from the above
figures resulted in an approximately 50-50 per cent. distribution in the .above host
cell groups. It must be admitted that, at the time, I entertained the idea that a
double infection was being studied. .

Very recently Huff (1953a) has studied preparations of this parasl.te sent
to him by the Brazilian workers. He raised the issue of double invaslon‘and
reported Manwell as stating that the parasite in some of its forms bore a consider-
able blance to P. nucleophil Huff noted that many of the R-E host. cells
named by the Brazilian workers were not in fact parasitized and this led him to
incline to the view that P. huffi is of the P. elongatum type rather than t'he P,
gallinaceum or P, i type. He luded that the parasite found in the
bone marrow and spleen was indeed a new species, P. huffi rather than P, nu'cleO-
phitum. This view was based to some degree upon the belief thiat P. nucleaphtlum
il display a P. gallinaceum type of e-e schizogony by analogy mth P. hezfa'nertlum~
Unfortunately, Laird’s work upon P. raughani destroys the validity of this ana oa’
by the dismemberment of the “ small ” avian group. Should P. huffi prove to
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a true species, then it apparently displays the P. elongatum type of e-e schizogony.
Should it prove to be P. nucleophilum then the same applies to this species. No
more can be said at this stage.
As no information is available concerning the e-e development of P. polare
this brings to a conclusion the study of the morphology of e-e stages of avien
* plasmodia.

Tt is now necessary to study the e-e development of those saurian plasmodia
about which information is forthcoming. The types of development, as far as
they are known, appear to parallel types or combinations of types of avian plas-
modia and will therefore be related to the patterns already described.

DI, i

); i Thompson and Huff, 1944

No pre-e development of this parasite has been demonstrated.

Phanerozoites have been observed in both naturally occurring and blood-
induced infections of lizards by Thompson and Huff (1944), Thompson (1946), and
Pelaez, Peres Reyes and Barrera (1948a, 1948b). The e-e schizonts are scanty in
the natural hosts whether naturally or experimentally infected (Pelaez et al.,
1948b). In experimental hosts it was found that on blood inoculation both P,
gallinaceum and P, elongatum types of e-e development occur {Thompson and
Huff, 1944). Al cells of the erythrocyte series may be infected with schizonts
less than 30 ites when mature. Like P. elongatum only the
pig produeing parasites are attacked by schi idal drugs (Th
1946). Phanerozoites are also found in granulocytes, myelocytes, lymphocytes,
2 t b and ci f h

t

ytes, P

At the same time phanerozoites, having up to 200 merozoites, can be found
in R-E cells of the liver and spleen and in fixed macrophage and vascular endo-
thelial cells (Thompson and Huff, 1944). The predominance of one pattern of
development or the other changes from host to host. Thompson and Huff (1944)
found that 1n Sceloporus sp. the predomil pattern of d was the P,
elongatum type, whereas in Crolaphytus and Phrynosome the pattern was the P.
gallinaceum type. Thompson {1946) found abundant e-e forms of both types in
blood-induced infections in Sceloporus while Pelaez ef al. (1948a, 1948b) found enly
scanty ¢-e forms in natural infections of the same genus  Palaez and his colleagues
concluded that the parasite produced abundant e-e forms on experimental blood
infection, especially in species other than 8. ferrariperezi ferrariperezi and 8,
microleprdotus microlepidotus the natural host species. This probably indicates
Type A and temporary Type C patterns of development.

The insect vector of the Plasmodium is unknowm, and little more can be
snid of this pattern of 1 until the sp ite-induced infections can be
studied extensively in the Jaboratory. It might also be noted that nobody has
ever questioned whether the above observations have been made upon a single
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pure infection, as nobody has yet ventured to distinguish species on the basis of
e-e development. .

Plasmodium lacertiliae (synonym P. lygosomae) Thompson and Hart, 1946

No pre-e development of this parasite has been demonstrated.

I have been unable to ascertain sufficient points of difference between P.'
lacertilize and P. lygosomae from the published works to warrant the differentiation
of two species. As the natural hosts are closely allied the latter has been named
here as a synonym of P. lacertilize (Thompson and Hart, 1946).

Laird (1951) has reported e-e forms of this parasite in natural infections of
skinks. The forms are found in thromboeytes and lymphocytes in the heart blood.
Extracellular i d forms ining 20 ch in pieces were also
described by Laird. The pattern of this development is at present obscure, al-
though Laird noted some similarities to P. mezicanum.

Plasmodium pitmani Hoare, 1932

No pre-e development of this parasite has been demonstrated.

Garnham (1950a) described phanerozoites of this parasite in Mabuia. They
are found in fixed monocytes in the spleen and heart and contain, when mature,
up to 100 merozoites. No e-e forms were found in erythrocyte precursors or other
blood elements, Thus it seems that the development is of the P. gallinaceum type.
The belief has already been expressed that two distinet grades do not exist in P.

I e-e infecti and therefore I am disinclined to accept Garnham’s
(1951a) tentative proposal that P. pitmani may belong to the grade of P, elongatum
pattern in which macrophage cells are affected.

Plasmodium agamae Wenyon, 1908

No pre-e development of this parasite has been demonstrated.

Garnham and Lyndhurst Duke (1953} have recently exhibited blood slides
of this parasite showing e-e forms in monocytes of the peripheral blood. Tke
schizonts would appear to produce not more than 30 or so merozoites. As yet
nothing can be guessed as to this parasite’s position in the still tangled skein of e-e

hi but parison with P. lacertiliae is interesting, if hazardous.

Y P 0
This brings to an end the account of our scanty kmowledge of the e-e schizo-
gony of the saurian plasmodia.

() CHEMOTHERAPY, BIOCHEMISTRY

Chemotherapy
As has been stated, chemotherapeutic considerations were one of the most
powerful progenitors of the postulation of an e-6 cycle in Plasmod.mm. .
The Sergent brothers had reported that quinine, though clearing blood infec-
tions of P. relictum, exerted no prophylactic activity. Russell and Nono, and
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Tate and Vincent, had reported similar effects with pamaquine in P. cathemerium
snd P. relictum infections.

With the demonstration of the e-e oycle in 1937 the eficacy of antimalarials
sgainst the e-e forms became visibly demonstrable and, as the e-e stages were
Imown to be virulent, frequently causing death, so the survival periods and death
rates of hosts alse became criteria in the assessment of antimalarial activity against
the e-¢ cycle.

By these means workers were able to demonstrate that quinine had no ap-
preciable activity against the course of the e-e cycle, induced by sporozoites,
trophozoites or ph ites, of P. galli (James and Tate, 1037a, 1038;
Brumpt, Bovet and Brumpt, 1937; Ritis, 1040} Adler and Tchernomoretz,
1841, 1943 ; Missiroli, 1941b ; Coggeshall et al., 1944, Curd et al., 1945; Par-
sense, 1946, 1947a, 1947b ; Tullis, 1847 ; Lewert, 1048 Coulston and Haff, 1948;
Greenberg ef al., 1950b ; Baranger and Filer, 1951); of P, relictum (Missiroli,
1937, 1941b; Curd ef ol 1045 ; Bishop, Birkett and Gilchrist, 1947); of 7.
cathemerium (Kikuth and Mudrow, 1939¢ ; Mudrow, 1940; Scheng, 1043) 5 of
P el (Corradetti and Gramiceia, 1943); of P. jurtanucleare (Paraense,
1947c); of P. mexicanum (Thompson, 1946).

The same inefficacy was shown by mepacrine on the e-e cycle of P. galli-
naceum (Brumpt ef af., 1937; Coggeshall e al., 1044, Curd e al., 1945 ; Tonkin,
1947; Coulston and Huff, 1948; and Greenberg ef al, 1950b); of P. relictum
(Archetti, 1931 ; Curd ef al,, 1945 ; and Bishop et al., 1947} of P. cathemierium
(Kikuth and Mudrow, 1939; Mudrow, 1940 ; Scheng, 1943); of P. dongatum
(Corradetti and Gramiceia, 1943) and by various other schizontocides in various
infections : Certuna on P, cathemerium (Kikuth and Mudrow, 1939), Italachina
0u P, relictum {Archetti, 1941), » aulphone derivative on P. gallinaceum {Cogges-
baudul., 1944}, chl . galli {G: berg et al., 1950b),and panto-
thenic acid competitors on P. gallinaceum (Bracket, Waletsky and Baker, 1946).

A large number of drugs have been shown to exert some effect upon the e-o
forms of avian plasmodia. Theso drugs ¥ary considerably in ?lﬁcncy and no one
of them has been shown to be completely curative of sporozoite-induced attacks
of all species of avian pl dia if the sp ite i i efcecds the contents of
one mosquite's glands. (Very recent reports, however, indicate th‘nt pyrimetha-
mine may be an exception to this.} The following chemotherapeutic agents have
been demonstrated to have some appreciable effect upon the e-e cycle, either by
direct microscopie observation or aualysis of death rates and survival times of
bost animals. A useful summary of information up to 1948 is a paper of Coatney
2nd Cooper (1048a).

A. Poor activity
1. Sami, oo sdluding T
. 7 !
brimaquine. Activity at above toxic |

ine, pentaqui ine and
evels, however, is considerable {Kikuth and
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Mudrow, 1939 ; Mudrow, 1940 ; Coggeshall et al,, 1944 ; Gingrich, 1946; Cogges-
hall and Porter, 1946 ; Bishop et al., 1947; and Greenberg ef al., 1950b). Com-
bination with quinine i the efficiency of the 8-aminoquinolines (Greenb 2
et al., 1950b). This indicates that the activity of this series upon e-¢ forms may
in fact be quite high and death rate analysis is deceptive since the seriesis relatively
inactive against the equally pathogenic blood cycle.

B. Medium activity (No true radical cure)

5. Sulph i Yohathiazol Toh idine, sulphadi
- Sulf p phap )

1pl wzine, sulphanilamid Iph idine, sulphapyrazine, sulphametha-

zine, sulph thine, sulph line, p i tachloridine and the

metanilamide series (Coggeshall et al., 1944; Americano Freire and Paraense,
1944 ; Coatney and Cooper, 1944 ; Thompson, 1945 ; Curd efal., 1045 ; Brackett,
Waletsky and Baker, 1945; Brackett, 1948 ; Brackett and Waletsky, 1946a,
1946b ; Paraense, 1946; Coatney and Sebrell, 1946; Coggeshall and Porter,
1946 ; Geiling and Taliaferro, 1946 ; Americano Freire, 1946; Davey, 1946;
Gingrich, 1946 ; Hughes and Brackett, 1946 ; Maier, 1946b; Gingrich, Schoch
and Taylor, 1946 ; Zuckerman, 1946 ; Tonkin, 1947 ; Coulston and Huff, 1948
and Greenberg ef al., 1950b).

3. Biguanides, including proguanil and }M4430 the paludrine precursor (Curd
et al., 1945; Davey, 1946b; Coatney and Cooper 1948a; Hawking, 1947;
Hawking and Perry, 1948 ; and Greenberg et al., 1950b).

4. A mixed group, includi ptothricin and p- yl-guanide (Tonkin,
1946) and aureomycin (Coatney, Cooper, Greenberg and Trembley, 1949).

C. Medium activity (True causal prophylaxis in some species and not in others)
5. Acridones, including endochin (Stephen, Tonkin and Walker, 1945, 1047;
Coatney and Sebrell, 19¢6; Gingrich, 1946; Coggeshall and Porter, 1946;

Kikuth and Mudrow-Reichenow, 1947). 3
6. Naphth including hydrolapichol. This series appears to owe its

prophylactic act‘ivity to sterilization of sporozoites rather than e-e forms ((?oatfley
and Sebrell, 1946; Gingrich, 1946; Coggeshall and Porter, 1046; Gingrich,
Schoch, Schwab and Shepherd, 1947; Coulston and Huff, 1948; Clarke and
Theiler, 1948). )

7. Triazines, including the metabolic breakdown product of pmguax:uL
Work is in progress upon these compounds but they are known to be active
(Brackett and Waletsky, 1946 ; Carrington ef al., 1951).

D. Apparent full activity (True causal prophylasis of light-sporozoite-dosage
infections)

8. 2-1-di imidi luding pyré (Faleo, Goodwin,
Hitchings, Rollo ar;d Russell, 1051 ; Rollo, 1952 ; and Greenberg, Coatney and

Trembley, 1953).
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One further series might be mentioned which could be called the ethno-
graphic group. Baranger and Filer {1953) have claimed to demonstrate partial
prophylaxis in sporozoite-induced P. gallinaceum infections by means of collars of
gold, copper and iron.

While perusing the wealth of published material on the chemotherapy of
avian and saurian malaria a student might manage to extract some fruitful data
pertaining to the e-e cycle. With reluctance, the question of schizontocides and
pigment production is merely noted, as this phenomenon would appear to have in
it the elements of a useful line of research.

No clear-cut indication is given as to the best mode of interference with the
development of e-e forms. One manner of attack 13 obviously favoured. The

inhibition of schi: y by with the enzyme system involving para-
aminobenzoic acid (PABA), fohu and fohmc acids offers a certain route. Theaction
of the sulpk id: des (triazines?) and the 2-4-diamino-

pyrimidines all point this way. But we are left with the puzzle of the mode of
action of the 8-aminoquinofines which seem to have some mysterious manner of
entry into the parasite complex all of their own. The attack upon schizogony as
such allowed by PABA, ete. inhibitors is not a mode much favoured by clinicians
who have thereby to wait some 3 to 4 days before a clearance of blood parasites
can be expected, although combination with an efficient schizontocide should

Timi this difficulty. Another objection should be added to the over-emphasis
on nttack of the PABA folinic acid system. A% present three lines of chemo-
jon are being vig: ly pursued : (a) Triazines, {$) 2-4-

dmmmopynmldmes {c) pteridines. Already cross-resistance has been demon-
strated between () and (4} and it is possible that (¢} too will prove to be of the
same genre. There is at present s danger that over-emphasis upon a favoured
mode of attack and lack of research along new lines will result in a series of drugs
all effective against normal strains of malaria but all ineffective against the already
numerous strains resistant to the first of the drug series. Such is the case now
with the cross-resistance of P faleiparum il-fast strains to pyri
This leaves the world with only one effective drug for such strains—primaquine.
One step ahead is insufficient lee-way in the fight between man and his parasites.

In all of the work detailed above there has been only one direct study upon
tho effect of drugs vpon the pre-e stages of avian malaria. Coulston and Huff
(1948) observed that the pre-e forms react to drugs much as do the phanerozoites,
They noted some diffc between cry ites and metacryptozoites, but as
the former were confined to the wing skin while the latter were observed all over
the body, particularly in organs richly supplied with drug-carrying plasma, such
differences may not be surprising.

Two interesting questions which arise out of quinine therapy of blood-induced
P, gallinaceum infections ehould be discussed. The first arises from the reports
that quinine treatment increases the number of e-e forms and, to a lesser degree,
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causes them to appear earlier in the infection (James and Tate, 1938, Paraense,
1946). Paraense noted that in untreated birds surviving the primary parasi-
taemia, death ensued after some 20-21 days, whereas it occurred in 12-15 days in
quinine-treated birds having no erythrocytic infection.

The only possible explanation seems to be that if the parasite divides its
forces between tissue and blood then it takes longer to kill its host. If forced by
quinine to take refuge in tissue, the parasite multiplies rapidly there, unaffected
by quinine, to the same parasitic level as it would have had it been unattacked.
Such a level in one site or the otber is sufficient to kill the bird, but not if divided
between the two sites. The lag of say & days between death times for an erythro-
cytic site (7 days} and a histiocytio site (12 days) would be explicable in that &
days are necessary for the parasite to “learn ” to multiply exclusively in fixed
tissue, i.e, to produce predominately histiocyti i

The other question must be taken in conjunction, It has been amply demon-
strated that quinine, no matter when or how it is administered, is unable to
prevent the growth of an e-e cycle in blood-indnced infection of P. gallinaceum,
P. relictum or P, cathemerium. This remaing true, despite the fact that the inocu-
lated parasites are under immediate attack by quinine, in some experiments
already circulating in the new host. Thus, an e-e cycle is able to establish itself
despite quinine attack upon its erythrocytic progenitors. There can be a variety
of explanations of this problem.

{1) A natural resistance of some of the inoculated parasites has been postu-

lated by Brumpt et al. (1937) and Bishop ¢ al. (1947).

(2) Ani diate invasion by circul ites of fixed tissue has been
suggested by Bishop ef al. (1947).
(3) The Iy i lation of e-e ites in wandering macrophages

P
has been suggested also by Bishop et al, (1947). i .
(4) Some erythroeytic forms retire to the inner organs, there to resist quinine
and invade tissue cells at their Jeisure.

(1) seems improbable, as such forms have not been noted in the .bloo_d 48
hours after inoculation. (3) in general has been discredited by the work with single
erythrocytic parasite infecti Ithough such infections have not been tested
chemotherapeutically. . )

(4), or some variant of it, is obviously favoured by Corradetti and his co-
workers with their contention that e- forms appear more or less suddenly on or
about the 11th day and their obvious preference for the Bignami theory of the
genesis of relapse. On the other hand, Tullis (1947 )has observed e-e forms on :he
4th day after blood inoculation. Further, it should be remembered tha? only a few
with some inclination to tissue invasion will initiate the tissue phase
diately, it will then take some time for such for'ms to
heir energies in the production of

survivors
il diately or later. Ifi
grow and multiply and waste a proportion of t
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haemotropic merozoites to be sacrificed to the quinine until nt “learns” better
and produces largely histi ites. Such 1d well accupysome
Tor 8 days. The parasite adapted to histiotropic develapment would then become
quickly visible on or about the 11th day. There is ng reason to suppose that &
careful search of the organs of a chick receiving a heavy blood inoculation and
quinine treatment would not reveal e-e forms from the 4th day onwards.

If this problem is observed from another angle, the hypothesis of Corradetti
and his colleagues demands that n very few retiring erythrocytic parasites should
burst into sudden activity and produce very large numbers of e-e parasites in a
short space of time without any prior ** training ** in such activity. I feel bound
to accept the proposition (2) with its expansion as expressed above.

Biochemistry

In any i ion of the bi istry and physiology of the e-o forma of
avian malaria there is no want of apparently promising leads to follow, which no
doubt contain in their number a high proportion of blind alleys. A student in
this field might well feel dazzled by the number of loose ends and odd pieces of
information demanding synthesis into some rational system. Unfortunately it is
often the case that such unﬁnishcd work and untrimmed data are the result of a

fund. lack of basic biochemical k ledgo : & ledge which will be more
easily obtained from more munageable cell systems In general it has pmved less
difficult to obtain biochemi from isms other than Pl di

especially systems grown tn nlm and subsequently to apply the general principle
to the study of PIasﬂwdtum When a fact is discovered about Plasmodium which
is ahead of general biock ledge, it is th left ded, as it were,
until biochemical principles eatch up with it and finally absorb it. Thus, ven-
tures into this particular terrain require firm ground underfoot for a wary investi-
gator.

Some deﬁmte facts and a rew Anmcmre hypotbeses are available, culled
from ct P laxis and its inhibition, from 4 ical observation and
from various dietary experiments. As has been shown above, drugs of one group
active against ee forms display an essenhauy similar mode of action. It is found
that sulph il and p ine all act on the parasite through
inhibition of the later stages of schizogony and nuclear division (Black, 19463,
1946b, 1949 ; Hawking ond Perry, 1948 ; Thurston, 1851 ; MacFadzean, 1951 ;
Goodwin, 1952; Schmidt and Genther, 1953) It 1; known that stmns of

Plasmodium app. resistant to sulphadi are i to {Bishop
and McConnachie, 1048), and those resistant to proguanil are to some extent, or
wholly, insensitive to pyrimethamine and vice rersa (Schmidt and Genther, 1953 ;

Thurston, 1953). Mon-arcr it is known that the activity of sulphonamides is
reversed by equimolar or lesser amounts of para-aminobenzoic acid, that of pro-
gunml by folic acid and purines, and that of pyrimethamine by folie and folinic
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acids and by liver extract (presumably purines and vitamin B,,) (Marshall ef al.,
1942; Falco ef al., 1949 ; Hitchings, 1952).

From the chemical and biochemical side of the problem it can be shown that
there are certain distinct structural relations between the drugs and between the
antagonists and between the two groups. Further, it is known in a general sense
that the enzyme complex catalysing the duction of purines, nucleosides and
eventually nucleic acids and the exchanges between and within these groups can

d thus : p-aminch ic acid—>pteroylgh ic acid {folic acid)—
folinic acid ; this last substance is then involved in the catalysis of reactions
forming thymine and probably other purines {(Lampen and Jones, 1946 ; Hitchings,
1952 ; Jacobsen, 1952). This system is obviously vital to the parasite and may
be interfered with at various levels by the above drugs. The actual interference
appears to be concerned with the exchange relations existing between ribonucleic
acid (RNA} and deoxyribonucleic acid (DNA) which come into play at the time
of nuclear division which requires a transfer of nucleic acid to the chromatin in
the form of DNA in increasing amounts.

This complex is undoubtedly at work in the e-e parasite and the extent to
‘which the parasite may be affected or ked by experimental p d while
in this state will be largely determined by ph d ic and physiological
considerations involving both qualities of the agent and the host tissue. Thus, the
inefficacy of sulphadiazine in certain e-e infections is more Iikely to be bound up
with availability of drug in the parasitized area and the biochemical peculiariti
of the host tissue than with any modification of the above enzymatic complex in
the e-e stages.

Tt is at this point where conjecture can be given greater foundation by means
of direct histochemical and biochemical observation on the parasites themselve.s.
Lewert, (1952a) has shown that the DNA content of the e-e parasite chromatin
reaches by gradual stages its full amount at the merozoite stage as measured by
the i ity of Feulgen staining and toluidine-blue staining of schizont u-eateq
with ribonuclease, Further, Lewert (1952b) has shown that host-cell nuclei
rapidly lose RNA to the parasite and he assumed that this RNA was absorbed
into the parasite cytoplasm. However, Clarke (1952) has shown that labelled
phosphorus taken up by normal celly as RNA is taken up by parasitizec.l cells as
parasite DNA. Further, this DNA uptake can be directly correlated with para-
sitic growth, presumably with progressive nuclear division. Clarke assumefl that
the uptake of labelled DNA was direct. On the other hand, from the evidence
available, it would seem more reasonable to assume that phosphoras taken vp
runs the whole, or at least most, of the gamut of exchange thus : -

Phosphorus ~——  host-cell nuclens ———  parasite cytoplasm

parasite nucleus

the last step involving production of generative DNA.
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Lewert (1952a) has shown that active division in the e-e schizont of P.
gallinaceum i3 accompanied by some alkaline phosphatnse activity, as would be

d. Healso d d by alcoholic diff i of schi stained
with toluidine blue that h ti granules appear in the cytoplasm in the
position of of hili probably RNA and removed by

alcoholic differentiation. He (ound that the number of granules inereased in time
with nuclear divisions, which indicated a cyclical change in RNA cytoplasmic
concentration equivalent to that of nuclear DNA. The foci of alkaline phosphatase
activity were iated with these ic granules,
Both Lewert (1952a) and Chen (1944) have descnbed Feu]gen-stamed DNA
formations in the nucleus which might be interpreted as ch
My personal observations have been in general accordance with those of Lewert
except in two particulars. Firstly it is not believed that toluidine-blue staining of
nucleus represents staining of DNA exlusively after eradication of RNA with

Nuclei of i hi; stain well by this method when the
Feulgen reaction is almost negative. Toluidine blue is obviously staining con-
i of the nucleus flected by rib T other than just DNA. Sec-

ondly, metachromatic granules have not been demonstrated in toluidine-blue-
stained aleohol-differentiated sections of liver infected with e-e forms of P. gallin-
aceum. It is probable, however, that the less compact forms seen in brain smears
and used by Lewert may be more suitable to this technique,

Apart from this particular nucleoprotein system with its associated enzyme
complexes (e g. vitamin By,) very little biochemical information is available
relating to e-o forms. Bracketh e al. (1946) havo shown that pantothenic acid is
unnecessary for e-e parasitic growth, although essential to erythrocytic forms,
Various observations lead one to believe that pyridoxine, biotin, vitamin C and
nicotinic acid are not essential to the e-e forms, but it is not always wise to infer
conclusions from experiments designed to observe the effect of dietary factors on
esythroeytic forms. It would be useful to know precizely why the proguanil-fast
strain of I”. relictum produced more e-¢ forms than did the parent strain (Redmond
and Fincher, 1949),

(¢} RELAPSES, IMMUNOLOGY, PATHOGEXNICITY
Relapses:

That & persisting e-e cycle is the true cause of relapse in malaria has been
postulated many times, and that it represents, as long as it persists, a potential
source of erythrocytic parasites in avian malaria cannot be doubted.

Most of the work done on this and the related subject of immunclogy has been
carried out with P. gallinaceum infections often blood-induced and in chicks, which
cannot be accepted as providing results always applicable in a general sense.
Firstly, P. gallinaceum is n highly virulent infection in the young chick, killing on
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blood inoculation as a rule, thus the consideration of relapse, a phenomenon best
studied in milder infecti of less ptible hosts, is T d by heavy
death rates and a highly active erythrocytic parasite. Secondly, blood-induced
infections of this parasite do not follow a normal course of development and the
e-e development is distorted.
These qualifieations should be borne in mind in the ensuing discussion.
Many authors have postulated that the e-e forms are the cause of relapses
both in the particular avian sense and more generally, ab a time when only the
avian e-e forms had been demonstrated (James, Kikuth and Mudrow, etc.), This
tendency to argue from the particular to the general, usually invelving the con-
sideration of relapsing P. vivaz malaria of man, has resulted in a somewhat con-
fused picture, leaving a general conclusion in a student’s mind that relapse js a
ly observed pk in avian malaria. This cannot be accepted as
generally true and the relapse phenomenon in avian malaria in the strict P, vivaz
sense, involving a negative blood phase, is probably not such a common laboratory
phenomenon as one would be led to believe. A relapse istaken to be areappearance
of blood parasites after an apparently negative blood phase, such a reappearance
taking place after an appreciable time since the former parasitaemia. Any more
closely argued definition of a relapse in avian malaria will lead into ili-recon-
noitred fields and it is unfortunate that such a loose term as * apparently nega-
tive ” must be adopted to allow further discussion. During this apparently
negative blood phase the possibility of a low-level erythrocytic schizogony is mot
ruled out. The problem of genesis of relapse therefore becomes a question of
whether the reapp of blood p ites is initiated largely by ites from
the tissue phase or largely by those of the blood phase. In this work the pheno-
menon will be termed a relapse if largely initiated by e-e merozoites despite the
P of erythrocytic schi: Yy jtantly. It will be termed a recrudes-
cence if largely initiated by erythrocytiec merozoites. I am painfully aware that
this adds yet another definition of what constitutes a relapse, but it seems the
only convenient theoretical stand that can be taken in the avian malarias, ac-
cording to the present store of knowledge. It should be stressed, however, that
this definition is theoretical and biological and confined to the avian malarias.
Tt is not intended to replace other convenient definitions in other spheres of
malariology such as the clinical field, or indeed to cover human malarias, which
will be dealt with elsewhere.
1In the light of this theoretical standpoint, the * relapse * phenomenan of P,
gallinaceum can be discussed. That such a phenomenon oceurs in the laboratory
infection of the fowl is well known to any worker who has had to deal with this
parasite, Investigation has been directed inevitably at one of two theories of
causation. The one, the theory which holds that relapses are caused by an under-
lying e-e schizogony, has always been held with one eye, as it were, upon human
malaria, and has therefore never been adequately studied in avian malaria. The




RELAPSES 69

other is the original postulation of Bngnnlm (1913) that the phenomenon is the
result of & reactivation of & level erythrocytic schi y. The
main advocate of this theory has been Corradetti, who has b\ult up atheory of the
genesis of e-e forms in blood-induced P. gallinaceum infe igned largely to
show that e-e forms are o ient and even acci 1 ph and, as such,
are not the cause of *“ relapses ”’.

The contentions of Corradetti may be summarized thus {Corradetti, 1938¢,
1940¢, 1940e, 1940f, 1940g. 1940j, 19141a, 1941b, 1942a, 194"‘0. 1943, 1849, 1952 ;
Corradetti and C: ppi, 1052) : in blood-induced or p ite-induced P.
gallinaceum infections the c-e forms do not appear until 811 days after infection,
On appearance they exist only until the 25th-30th day after infection, During
theso first 11 days in blood-induced infections the R-E system engulfs pigment but
not whole parasites or parasitized erythrocytes. At about the 11th day the R-E
eystem becomes activated to engulf parasites and whole parasitized erythroeytes.
An equilibrium between pnrasite and R-E system is then set up in which the R-E
system loses somo of its “ parasitolytic activity * and reaches an accommodation
with the parusnto which allows the appearance of the e-e cycle. Such a loss of
Iytic powers of phagocytes was first p d by Danilewsky {1890}, Bignami
(1891) and Golgl (1893). This stato of equilibrium is only transitory. When im-
mune responses catch up with the rate of parasite development * parasitolytic
activity " begins to eradicate the tissue phase parasites. This eradication is com-
pleto by 25-30 days after infection even by sporozoites. Erythrocytic parasites
may linger after this time but at no time after this will e-6 forms be scen in the
absenco of erythrocytic forms, The tissue phase of the infection is not seen again
as the immuno response to them now stimulated, persists and it is impossible to

i tissuo by pl lation (C: Ppi, 1051).

Other Italian workers (Oddo and Bruno-Smiraglia, 1951; Al dro, Oddo
and Smiraglia, 1948) have shown that pigment persists in certain organs during
latency of P. gallinaceum infections, and thereforo consider that latent erythro-
cytic forms exist and could account for all clinical phenomena at this stage, in-
cluding * relapses .

The bearing which the sequenco of events postulated above has upon relapse
isobvious. Ifa * relapse " occurs under the conditions mentioned, it is due not to
any persistence of an e cycle and therefore must be due to a persistent
erythroeytic cycle. Thus the ph becomes a recrud and not a
relapse.

Corradetti's theory must not go by without challenge. No less than six ob-
Jections might be listed.

Firstly, it is a compound of observations carried out with every type and
mode of inoculation, of which by far the most often used are the blood and phanero-
z0ite inocula.  Not only are these methods unnatural, but also the chick host used
cannot be accepted as an ideal host, It must be added that it nppears, from much
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of Corradetti’s work, that fowls must have been used to some extent. The present:
author holds it unwise to assume that phenomena observed in such infections will
oceur in a similar manner in natural infecti and this tially is Corradetti's
thesis. This is emphasized by the definite knowledge that much of the foregoing
is incorrect for sporozoite infections where e-e forms are visible continuously.

Secondly, e-e parasites do appear in the R-E system prior to 8 days, particu-
larly if the blood inoculum is heavy and quinine is used to suppress parasitaemia
(Tullis, 1947 ; Refaat, 1953).

Thirdly, if it is assumed that e-e forms do not appear for about 11 days and
then in large bers, what are the p ites doing during those days in quinine-
treated infections when no erythrocytic parasites are visible in the peripheral
system? A low-grade erythrocytic schizogony ) ly d by quinine
could hardly account for the flooding effect on the 11th day.

Fourthly, too much store should not be set upon the observation of the per-
sistence of malarial pigment. This substance is notoriously persistent at any
time and may be seen up to a year after radical cure of malarial infections. That
recently laid-down pigment can be distinguished seems to be a dubious point.

Fifthly, it should not be forgotten that much of Corradetti’s observation has
been on brain material where the parasites lie in vascular endothelium. As has
already been stated, the change-over from R-E cells to vascular endothelium
occurs late in the infection and thus prolific parasitic development in the brain may
be expected late in the e-e development of the parasite.

Sixthly, there is a point which is puzzling and to which some answer is
desirable. That an endothelial cell may easily engnlf pigment and not whole para-
sitized red cells containing trophozoites or schizonts is readily und dabl
On the other hand, presumably only a merozoite or a mature schizont may initiate
an e-e infection on engulfment. Under such conditions it is not thought thata
pigment-engulfing and possibly residual-body-engulfing phagocyte would refuse s
merozoite. VWhether or not it phagocytoses whole parasite-containing red cells s
thought to be irrelevant, as it is assumed that an engulfed trophozoite already
metabolizing haemoglobin would die in the new haemoglobin-free environment.

None the less, this theory of the genesis and significance of e-e forms has re-
ceived the support of Chortis (1938a, 1938b, 1938¢,) Taddia and Viero (1949},
Knoche (1941), Verolini (1949), Ascoli and Alessandro (1950, 1951) and Grig-

naschi (1052). .
In quinine-treated blood-induced infections of P, gallinaceum an alternative

theory might be that e-e infection is immediately established but produces largely
haemotropic merozoites which are killed by the quinine. (In the case of untreated
birds, immune responses at the stage of declining parasitaemia would t;?ke the
place, to a lesser degree, of quinine.) After some delay, this state of a&fazts, un-
satisfactory to the parasite, forces upon it a histi i i tion, with
the consequent 11th day flooding effect. Such a ch:

yi P
angeover in development would
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take place after 4, 5 or 6 generations of futile, largely haemotropic merozoite pro-
duction, being the original ch of the inoculated ites. After this period
the parasite “learns its lesson” in survival and produces largely histiocytic
merozoites. Such a theory would go some way towards explaining why a quinine-
treated bird may die from an e-e infection on blood inoculation but survive both
erythrocytic and sub: patent e-e infection when d. The effect of
earlier production of e-e forms in quinine-treated birds is also explaind by the more
rigorons “lesson ” being administered. Such an explanation suffers besides
Corradetti’s theory in being less precise and largely theoretical and it must be said
that an addition can be made to Corradetti’s postulation which seems to improve
it, thongh it is doubtful if it would be accepted by that author.

Meyer (1949a) has shown that sub-patent e-e infections of the circulating blood
definitely occur and, as such, are infective. Thus it may be that e-e forms seen
before 8 days are the result of infection by i lated sub-patent e-e forms in

wandering macrophages and the 11th day flooding effect is none the less due to an
activation of the R-E system as postulated by Corradetti. This goes some way
towards removing a number of the objections to the postulation, but other ob-
jections still exist.

In summary it can be said, rather despairingly, that in P. gallinaceum in-
fections as they are at present examined the twin phenomena of relapse and
recrudescence are 8o intimately bound up that differentiation is impossible. It
will be necessary to make a systematic study of the relapse phenomenon in Type
A P. gallinaceum infections in partially immune hosts before this problem can be
clarified.

The situation with regard to P. relictum is rather clearer although this may
bo due to the relative paucity of information available. It is known that long~
term and apparently true relapses oceur in the Italian strain (Draper, 1853) and
the matutinal strain of P. relictum (personal observation) and that e-e forms have
been described in the Algerian strain 2} years after infection and a period of no
parasitsemia (Sergent, 1949b). It seems therefore that P. relictum displays a true
relapse phenomenon initiated by e-e forms (Reichenow and Mudrow, 1944;
Sergent, 1940a, 1040b). Sergent (1949b) takes this thesis further into a general
conclusion concerning the whole of the Plasmodiidae. He assumed a continuous
histioeytic development of e-e forms until death of the host, or eradication of the
parasite, thus ensuring the conservation of the strain in the host and the produc-
tion of relapses designed to perpetuato the species.

The typo of e-e devel displayed by P. el ically places
any renewed parasitacmia which may occur in the recrudescence class, owing to
the close cellular relation existing between the two sites of parasite development.
Indeed infections are more prone to chronicity than any real interruption of
erythroeytic development, although some infections may become almost ex-
clusively confined to eells of the haemopoictic system.
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Immunity
Acqutred Immunity

There is some disagreement about the degree of immunity excited by avian
e-e forms. Paraense (1946, 1947, 1952b) holds the view that the e-e forms of P.
gallinaceum do not excite any i T and that antibodies produced by
an infection relate to and affect only the blood phase. On the other hand, Corra-
detti (1942a, 1943, 1949, 1952) has shown that phanerozoites or sporozoites are
unable to set up an e-e infection in birds in the latent phase of P. gallinaceum
infections after the eradication of both e-e and erythrocytic forms by immune
reactions, Corradetti (1949, 1952) and Corradetti and Cavaceppi (1952) have also
shown that it is impossible to superinfect tissue of birds recovered from a Type B
infection while erythrocytic forms appear as normal, and that splenectony has no
effect upon such an immunity.

On theoretical grounds it would be logical to assume a considerable develop-
ment of immune response. Intense e-e parasitization activates a considerable
proliferation of the R-Esystem andsuch an activation and “ parasitolyticactivity
might well be expected to last for some time. Furthermore, should the e-e de-
velopment continue at a low level, premunition would account for a continued
i y. Such a resi to subsequent heavy endothelial superinfection is
displayed by P. relictum (Draper, 1953). It would also be logical to assume that the
immune responses to e-e forms are different from the immune responses to erythro-
cytic forms, and that immunity to the erythrocytic forms may be inactive against
tissue forms of P. gallinaceum.

Such, however, may not be the case in P. elongatum where such immune
responses as exist affect both phases, though to different degrees, depending upon
the site of development and availability to immunity action. The immunologi-
cally sluggish bone marrow, “the stagnant backwater * as Garnham has called it,
protects to some degree the e-e forms of P. elongatum and chronic bone marrow
infections are common. This would be emphasized by depression of leucopoieti
activity resulting from hyperplasia of the haemopoietic system. The special
position of P. elongatum in this regard has been noted by Corradetti (1949).

Somewhat surprisingly the i ity seb up by ph: £ P. gallinacenm
does not affect the pre-e forms. Huff and Coulston (1946) were able to observe
normal developing pre-e forms of P. gallinaceum in wing skin of chickens and duclfs
previously infected by ted inoculation of gp ites and trophozoites. This
is inexplicable if one accepts that metacryptozoites are to all intents and purposes
similar to phanerozoites, particularly with regard to sites of development. Rus.sell.
Mulligan and Mohan (1941) have shown that inactivated sporozoite inoculations
conferred some agglutinogenic protection against sporozoite inoculation in P.
gallinaceum infecti It seems therefore that the sp ites i lated by g“ﬁ
and Coulston should have encountered some specific sporozoite agglutination
factor and that the surviving eryptozoic ites should have d an
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endothelial immunity conferred by previous metacryptozoites and ph it
Several assumaptions must be made if Corradetti's postulation of spccxﬁc immunity
1o ¢-0 development is to be retained, which indeed is intended. It is certain that
the enormous numbers of sporozoites routinely used by Huff and Coulston would
survive in reduced numbers the weak apecific sporozoite agglutinin and also to
an unknown degreo any residual 1mmumty to eryptozoic merozcites. It conld be
argued that by accident Corradetti’s involved a p ition due to
existent, e-e forms whereas Huff and Coulston's work did nab but euch an argu-
ment is not felt to be necessary and, in view of Corradetti’s careful search for such
{forms, the argument is discounted.

The point most worthy of note is that the observation of metacryptozoites by
Huff and Coulston was made on wing skin and not in other organs. In wing skin
antibody supply may be low but, 22 Huff and Coulston have pointed out, Taliaferro
and Bloom (1945} failed to infect immune monkeys with intradermal inoculations
of P. knotles: blood forms. More important is the objection that immune response
10 o-e forms is likely in such tissue to be to some degres local and, as immunity
response was never tested by repeated sporozoite inoculation into the same site, it
seems that humoral and cellufar immunity wonld be at a minimum in this par-
ticular area unless previous inflammatory reaction wos provoked. Eventually the
P. knorrlesi blood forms must infect the whole biood system to “ take ” butin the
case of pro-e forms of P, gallinaceum only the local tissue is affected.

Much of the abave theorctical discussion is based upon the acceptance of
Corradetti’s “* parasitolytic activity ™ as an immune response to an established e-¢
infection. Another view might be taken that in fact thcre is o such activity nx\d
all immune reactions are directed against the ext il
stage of the e-0 cycle. No definite information is available on this point.

Natural Immunity

Thero are, no doubt, many cases of natural immunity to phanerozeite infece
tion, if all reported accounts of failures to infect various hosts with avian and
saurian ¢-¢ forms are taken into sccount. Included among these are probably P,
rowri and P. floridense which it is folt await only a suitable host for the demonstra.
tion of their e forms (1ide P. hexamerium end P. vaughani).

Natural immunity to pre-o forma has been studied by HufT and his co-workers
(Huff and Coulston, 1946 ; Huff, Coulston, Laird and Porter, 1947 ; Huff, 1948d;
Coulston and Huff, 1048; Huff, 1051.) They have found a natural i immunity to
sporozoite infections which can be tabulated as shown in table ).

1t will bo scen from this tabulation that netaral immunity seems to bear no
rlation to host elassification. For instance, P. gallinaceum thrives in the chicken
but not in the guinea-fow), another gallinaceous bird, and yet lives in the turkey
snd even in the canary, P. relictum shows all gracles between full infeetivity and
non-infectivity in pigeons of various epecies within the same genus.
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TABLE 1 R
— complete immunity + partial immunity
+ + slight immunity + + + no immunity
Parasirz
Host P. gallinaceum P. relictum P. cathemerium { P. lophurae
Tissue | Blood | Tissus | Blood | Tissus ] Blood | Tissus | Blood

Chicken +h ]+t - - ‘ + 4 +
Guinea

fow] - - - - 4| o+
Tuarkey + 4+ + | ok - ‘ +4 | F++
Pheasant | + + + 1 +++ - f L B
Quail - - f
Duck ++ + ++ - ++ ¥+ z - + +
Goose ++| —or+
Canary + 4+ - +H+ [ FAE +++;+++ +
Pigeons of + 4+ ++ -

Various 11 v

Species - + - - - +
Doves of +++ ++

Various v ¢

Species - - - - - -
Pigeon-

Dove

hybrid - -

MOST RESULTS REFER TO YOUNG BIRDS.

Huff and Coulston (1946) and Coulston and Hufl (1948) bave postulated a
tissue-blood barrier to explain those cases where pre-e development is normal aufl
no parasitaemia or only a low-grade parasitaemia has ensued. Whe.ther Buc]
a barrier is similar to that which p the establisk of p ? }l’n
many of the same hosts on blood inoculation is doubtful, as, in the case of
relictum, Huff (194Sd) has shcwn that itis possxble to induce by blood inoculation
but not by ia in doves. This presents an
interesting an;logy to P. berghei, where blood infection of mice is notoriously easy
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whereas sporozoite infection is diffieult (Vincke and Lips, 1950) though not im-
pomsible {Vincke and Peeters, 1953).

Some aspecta of these general immunological problems have recently been
summarized by Navck {£953).

Pathogenitity
There can be no doubt that the e-e forms of avian and ssurian malaria are

virnlent to their respective hosts as far as we kmow them, and if allowed to pro-
liferate they may cause death. An uneasy accommodation no doubt can be
achieved between host and e-6 parasite in chronic infections, particularly in P.

2 { The pathogenicity of these forms is amply illustrated by the
Type B infections of P. gallinaceum whero the host dies of an everwhelming e-o
development without the mntervention of the erythrocytic stages. Histologieally,
in guch cases, the ¢-e parasites esn be seen to bo completely blocking the brain,
cansing B consequent fata) cerebral anoxta with all the wsval symptoms. No
Qdoubt blackage clsewhere, particnlarly in the lung capillaries, causes a general
anoxaemia and tissue anoxis which will reinforce the decisive cerebral anexia.

Daraenso (1946, 1947n, 1947b) has shown experimentally that the e-e cyele of
. gall 1 quinine-treated blood-induced and ite.induced infecti

in chicks 1s the cause of death by the 10th to 17th day. In cases of untreated

p ite-induced infections of P, gallis in young chicks when one mosquite-
equivalent inoculum iz nsed the e-6 cycle is the dicect cause of death thongh aided
indirectly by the bload phase (Coatney, Cooper and Trembley, 1945b), In this
type of infection death follows enly 3-4 days after the appeatance of parasitaemia
at 8 time when e-o forms are numerous in the cerebral eapillaries.

{d) TISSUE CULTURE

Two excellent aummaries by Porter (1948) and Hawking (1951) exist upon tho
subjeet of tissue culture of avian e-e forms. Another shorter review has been
published by Meyer (19495}

The first attempta to grow e-c forms in tissue cultisre were made by Huff and
Bloam (1935). They attempted to culture bone marrosw infected with P, elongatum
in plasma. They found that the culture including plasmodia survived for 48
hours without development. The first major attempt to cultivate in tissue the
P.gallingecnms type of e-e phase was that of Gavnilov et al. {1938) who necd methods
previowsly sucerssful in Lesshmania studjes, Theat workers made various rssays
involving adult spleen, mesentery and muscle and embryonic bone marrow which
they attempted to ynfect by bathing the explants in blood parasitired by P, galli-
nacrum  ‘They alsa tried to grow infected bone masrow invitro,  All these attempta
sere histologieally negative, but the infected bone marrow was infective 10 days

after esplanation.  The methods involved alide eulturing with plasmacmbrro-
extract clots. -
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I.iawking (1951) believes that the comparative lack of suceess in this series of
expenmeX}ts was due to the use of slide cultures, but at least two further imponder-
ables are involved and may be of some importance. Firstly, if bone marrow was
explanted early in the donor’s infection it is possible that e-e forms were not
present, or were in insufficient numbers. Secondly, the success on infection at the
10th day may have been due to persisting erythrocytic forms which survived longer
than normal in a medium containing actively growing haemopoietic tissue. Thus
it may be worth while, when considering growth of erythrocytic forms én vitro, to
test the efficacy of a two-cell system containing growing bone marrow in con-
junction with erythrocytes.

Hegner and Wolfson (1939) were partially successful in producing demon-
strable parasites of P. cathemerium in tissue culture. They used hanging drop and
roller-tube cultures of infected brain, lung and spleen. Although no parasites were
demonstrated in explants at 8 days, infection of birds was successful. On the 15th
day, however, very scanty e-e forms were seen in an explant of lung macrophages
cultivated by the hanging drop method.

Rodhain et al. (1940) and Paraense et al. (1942) tried to infect embryonic
tissue ¢n witro with sporozoites of P. gallinaceum but all results were uniformly
negative. Coulston (1940) devised a novel method of cultivating erythrocytic
forms by means of a semi-permeable sac in the abdominal cavity of the bird.
During studies on these cultured forms one e-e parasite was seen.

The first uniformly successful results were those of Hawking (1944, 1945,
1946), Tonkin (1946) and Hawking and Tonkin (1947). These workers success-
fully cultivated e-e forms of P. gallinaceum, P. relictum and P. lophurae in vitro.
The growth in all cases was luxuriant and was displayed to the best advantage in
infected spleen explants. Brain, liver, bone marrow and buffy coat were also used
with varying success. The techniques involved the use of Carrel-flagk cultures
with cover-slip bases for the explant. Cover slips were cemented with plasma and
the explant was fixed to the slip with h 1 plasme and chick-embryo-
extract clots. The fluid phase consisted of 80 per cent. Tyrode solution and
20 per cent. homologous serum with small amounts of pheno] red and penicilﬁn.
The optimum concentration for penicillin was thought to be 5u./ml. The addition
of I to 6 per cent., embryo extract was found to assist growth but larger amounts
P ially encouraged ted fibroblasts. The fluid medium was changed
every 5 days. The pH was maintained at 7-6 to 7-8 and adjusted by carbon
dioxide. Successful cultures of P. gallinaceum were made from spleen taken one
hour after sporozoite inoeulation of the donor bird., Infective cultures of P.
gallinaceum were maintained up to 89 days.

The e- forms themselves appeared much the same as i rivo, though p?rhaps
& little more vacuolated. They were found in macrophages rather than in un-
differentiated fibroblasts. Hawking noted both dimorphic merozoites and cyto-
mere formation in cultures of P, gallinaceum but both these observations should be
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treated with reserve. No sansage-shaped forms such as are seen in brain vascular
endothelium were seen, which indicates that the nature of the host cell controls the
dimensions of the parasite to a considerable degree, Hawking also reported the
presence of prominent inclusion bodies in assoctation with the nuclei and generally
of the game number. Lewert (1952) has also noted such granules iz vizo and shown
them probably to be aggregations of RNA. It has been noted that these granules
are more prominent in tissue culture than in vivo (personal observation).

Zuckerman (1946) found that infected embryonic tissues gave better results
than adult tissues. She used bottomless Carrel flasks and large cover slips comen-
ted to the flasks, the technique later to be used with eonspicuous success by Dubin
and his coll Porter (1948} rep d success also with this and other methods,
but recorded his failure to infect clean explants with either sporozoites or blood
forms.

Meyer (1047), 1 a note, gave a rather equivocal description of infection of
clean embryonic brain explants with blood forms of P. gallinaceum. However,
she has since decided that these e-e forms were initiated not by erythrocytic forms
but by e-e forms present in the wandering monocytes of the blood (Meyer, 1949a,
1953, Xavier de Oliveira, 1950}, These two workers have shown that it i3 im-
possible to infect cultures with infected blood until late in the blood infection
when e-e forms can be demonstrated after long search in the monocytes.

Lewert (1950a) has shown that the fluid medium as well as the tissue itself
is continuously infective in cultures of e-e formas of P. gallinaceum. It is assumed
that this is due to circulating merozoites. Lewert was unsuccessful in attempts to
infect blood in vitro with such merozoites. Thus there seems to be some definite
biological dif i between the blood-i ive and ti i ive forms,
which provides & barrier to change of tropism except under certsin conditions
prevailing 1z vivo.

Success with in vitro growth of e-e forms of P, gallinaceum in previously
infected tissues has been reported for brain up to 134 days by Meyer and de
Qlivers (1947}, for heart, choroid plexus snd pia mater up to 105 days by Lewert
(1948b and 1950a) in both Carrel flasks and roller tubes. Gramiccia and Black
(1948) have cultivated e-e forms from spleen from blood-infected birds. Dubin
(1947, 1950, 1952) and Dubin and Yen (1950) have investigated the various factors
influencing growth of e-¢ forms in spleen and buffy coat explants, They found the
followis itions to bo opti :

g

Osmotio pressure  7-11 atmospheres
Fluid Phase 509, serum, pH 7-6
Antibiotics 100 u./ml. penicillin
100 pgm./ml. streptomycin
Xavier de Oliveira (1950) was able to maintain e-¢ forms of P. gallinaceum in
blood macrophages from an infected bird for 5 months. e was also able to show
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Iliawking (1951) believes that the comparative lack of success in this series of
experiments was due to the use of slide cultures, but at least two further imponder-
ables are involved and may be of some importance. Firstly, if bone marrow was
explanted early in the donor’s infection it is possible that -6 forms were not
present, or were in insufficient numbers. Secondly, the success on infection 2t the
10th day may have been due to persisting erythrocytic forms which survived longer
than normal in & medium containing actively growing haemopoietic tissue. Thus
it may be worth while, when considering growth of erythrocytic forms i vitro, to
test the efficacy of a two-cell system containing growing bone marrow in con-
junction with erythrocytes.

Hegner and Wolfson (1939) were partially successful in producing deman-
strable parasites of P. cathemerium in tissue culture. They used hanging drop and
roller-tube cultures of infected brain, lung and spleen. Although no parasites were
demonstrated in explants at 8 days, infection of birds was successful. On the 15th
day, however, very scanty e-e forms were seen in an explant of lung macrophages
cultivated by the hanging drop method.

Rodhain ef al. (1940) and Paraense et al. (1942) tried to infect embryonic
tissue in witro with sporozoites of P. gallinaceum but all results were uniformly
negative. Coulston (1940) devised a novel method of cultivating erythrocytic
forms by means of a semi-permeable sac in the abdominal cavity of the bird,
During studies on these cultured forms one e-e parasite was seen.

The first uniformly successful results were those of Hawking (1944, 1945,
1946), Tonkin (1946) and Hawking and Tonkin (1947). These workers success-
fully cultivated e-e forms of P. gallinacewum, P. relictum and P. lophurae in vitro.
The growth in all cases was luxuriant and was displayed to the best advantage in
infected spleen explants. Brain, liver, bone marrow and buffy coat were also used
with varying success. The techniques involved the use of Carrel-flask cultures
with cover-slip bases for the explant. Cover slips were cemented with plasma and
the explant was fixed to the slip with b it plasma and chick-embryo-
extract clots. The fluid phase consisted of 80 per cent. Tyrode solution and
20 per cent. homologous serum with small amounts of phenol red and penic'iﬂ_l'n.
The optimum concentration for penicillin was thought to be 5u./ml. The addition
of 1 to 5 per cent. embryo extract was found to assist growth but larger amounts
preferentially encouraged unwanted fibroblasts. The fluid medium was changed
every 5 days. The pH was maintained at 7-6 to 7-8 and adjusted by carbon
dioxide. Successful cultures of P, gallinaceum were made from spleen taken one
hour after sporozoite inoculation of the donor bird. Infective cultures of P.
gallinaceum were maintained up to 89 days. .

The e-e forms themselves appeared much the same as in 1ivo, though pe:rhaps
s little more vacuolated, They were found in macrophages rather than in un-
differentiated fibroblasts, Hawking noted both dimorphic merozoites and cyto-
mere formation in cultures of P. gallinaceum but both these observations should be
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treated with reserve. No sausage-shaped forms such as are seen in brain vascular

ium were seen, which indi that the nature of the host cell controls the
dimensions of the parasite to a considerable degree. Hawking also reported the
presence of prominent inclusion bodies in association with the nuclei and generaily
of the same number, Lewert (1952) has also noted such granules in vézo and shown
them probably to be aggregations of RNA. It has been noted that these granules
are more prominent in tissue culture than in vivo (personal observation).

Zuckerman {1946) found that infected embryonic tissues gave better results
than adult tissues. She used bottomless Carrel flasks and large cover slips cemen-
ted to the flasks, the technique later to be used with conspicuous success by Dubin
and his colleagues. Porter (1948) reported success also with this and other methods,
but recorded his failure to infect clean explants with either sporozoites or blood
forms.

Meyer (1947), in a note, gave a rather equivocal description of infection of
clean embryonic brain explants with blood forms of P. gallinaceum. However,
she has since decided that these e-¢ forras were initiated not by erythrocytic forms
but by e-e forms present in the wandering monocytes of the blood (Meyer, 1949a,
1953, Xavier de Oliveira, 1950). These two workers have shown that it is im-
possible to infect cultures with infected blood until late in the blood infection
when e-e forms can be demonstrated after long search in the monocytes.

Lewert (1950a) has shown that the fluid medium as well as the tissue itself
is continuously infective in cultures of e-e forms of P. gallinaceum. It is assumed
that this is due to circulating merozoites. Lewert was unsuccessful in attempts to
infect blood i vifro with such merozoites. Thus thers seems to be some definite
biological di iation between the blood-invasive and ti: invasive forms,
which provides a barrier to change of tropism except under certain conditions
prevailing in vivo.

Success with in vitro growth of e-e forms of P. gallinaceum in previously
infected tissues has been reported for brain up to 134 days by Meyer and de
Oliveira (1947), for heart, choroid plexus and pia mater up to 105 days by Lewert
(1948b and 1950a) in both Carrel flasks and roller tubes. Gramiccia and Black
(1948) have cultivated e-e forms from spleen from blood-infected birds. Dubin
(1947, 1950, 1952) and Dubin and Yen {1950) have investigated the various factors
influencing growth of e-e forms in spleen and buffy coat explants. They found the

g to be opti :

Osmotic pressure 7-11 atmospheres
Fluid Phase 50% serum, pH 7-6
Antibiotics 100 u./ml. penicillin

100 pgm.fral. streptomycin

Xavier de Oliveira (1950) was able to maintain e-e forms of P. gallinaceum in
blaod macrophages from an infected bird for 5 months. He was also able to show
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t}mt. e-e forms are definitely present in the circulating blood late in the blood in-
fect{on and th.at. these forms, not the erythrocytic forms, were initiating the
cultivated e-¢ infection. Meyer (1953) has reported cultures infective up to one
year.

Numerous authors up to 1949 had reported failure to infect cultures with
sporozoites. This was achieved by Dubin, Laird and Drinnon (1949, 1950), using
sporozoites of P, gallinaceum. They grew clean embryo spleen explants for 4 days
before sporozoite inoculation, thus allowing full macrophagic activity to develop
in growing macrophage cells. On inoculation with sporozoites they were able to
d cryp ites and metacryptozoites in itro after 48 and 72 hours.
For this work Carrel flasks were used after the methods of Zuckerman {1946),
Antibiotics were used to ensure sterility and the sporozoites were obtained without
sterile precautions. The morphology of these forms was similar to that of equiva-
lent forms seen in vivo except for the oceasional appearance of cytoplasmie spurs.
The inoculation of these forms into chicks gave rise to s Type A e-e schizogony.

The tissue cultivation of avian e-e forms has been used to investigate the
effect of drugs upon the e-e cycle, Tonkin (1846] investigated the efficacy of
various drugs upen n titro e-e forms of P. gallinacewm, Hawking (1947) and
Hawking and Hunt (1948) used tissue cult tod ate that p il itself
is inactive and the active factor is a metabolite of proguanil. Scheng (1943) and
Zuckerman (1946) incubated tissue slices and tissue emulsions containing e-e
forms with various drugs for short periods to test their effect. Zuckerman was able
to show that sulphadiazine is effective against e-e forms of P. gallinaceum even
under such conditions. Knoppers (1949) has noted that a quinine-resistant strein’
of P. gallinaceum retained its resistance through the tissue cultivation of its o-e
forms.

From the above it can be scen that all pts to initiate e-e
vitro from erythrocytic forms have failed. It seems that there were three possible
explanations for previous failures; two technical and one biologically funda-

y i

mental.
It had been shown by Dubin and his calleagues that unless the macrophages of

the culture are growing vigorously and for some time, they will not take up sporo-
zoites, and pre-e forms could not develop in vitro. It seems,_there.fore, wise to
allow spleen explants to grow for a few days before attempting infection of such &
culture by means of erythrocytic merozoites. .

All previous attempts at blood-form infection have been made with w}w].e
parasitized erythrocytes. Corradetti has shown that macrophages must be sensi-
tized in some manner before they will engulf whole parasitized red cells. Neked
parasites therefore might be more easily engulfed and. s.ubsequently grow. Re-
peated infections by such released parasites might sensitize the system to engu1f~
ment. There are some outstanding arguments against such a hypothesis but it

seems worthy of investigation.
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Both these re(i\ﬁrements are easily fulfilled, but a further argument can be
adduced for previous failures, which appears impossible to circumvent. Should
successful infection of cultures be possxble only by means of histiotropic mero-
zoites produced by some host-p: ion, this would prove an insuper-
able dxfﬁculty unless some mode of assuring a ready supply of such forms could be
found, It is impossible in the present state of knowledge of merozoite tropisms to
predict when the erythrocytic cycle may choose to produce histiotropic merozoites,
even if such forms exist. Thus only the phagocytic factor can be taken into account
in the initiation of e-e stages from erythrocytic stages.

An experiment designed to fulfil these conditions was carried out with the
co-operation of Miss P. Vineent of the Wellcome Foundation, London. Explants
of uninfected chick embryo spleen were set up on cover slips in Carrel flasks and
allowed to grow for three days. Large numbers of naked erythrocytic forms of P.
gallinacewm (obtained by saponin treatment) were then added to the culture.
This was repeated three days later. All attempts to infect the explants were
unsuccessful.

One major fault which can be eliminated in any further attempts was the
clogging of the still cultures by parasite and red cell nuclei sludge. Roller-tube
methods and the early replacement of the fluid medium should overcome this
difficulty.

(¢) GENERAL CONSIDERATIONS : RELATED GENERA
General Considerations

The ions of ic classii ion arising from the consideration of
various descriptions of e-e forms of malaria parasites will be discussed in the last
chapter of this memoir.

The d ion of the tissue of the sp ite has eli
all doubt about the significance of the e-e cycle. It is an essential phase of the life
cycle of the Plasmodiidae and it can no longer be held to be an accidental pheno-
menon arising from the blood phase and associated with some form of immunity
breakdown.

Despite the confidence with which such a statement can be made and the
assurance with which it is possible to discuss this tissue phase, there are a number
of major lacunae in the knowledge of the e-e generations of avian and saurian
malarias which it is worth while to tabulate here :

1. The pre-e forms of P. elongatum have yet to be described and the differ-
entiation of this species from other species must depend to some degree
upon the information yet to be gathered.

The mechanisms of change-over from tissue to'blood or blood to tissue on

the part of the parasite are mast imperfectly understood. This knowledge
is fundamental.

[
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3. Further study upon sporozoite-induced e-e infections of P, mexicanum is
necessary in order to determine to which pattern of e-e achizogony this
parasite conforms,

Further knowledge of African saurian talarias would be useful apart from
the reasonably conventional P. pitmani in view of the interesting stages
of P. agamae described, which seem to show some similarities to P.
lacertiline.

»

Study of the e-e forms of the avian malaria of necessity raises the guestion
posed by Manwell (1935): “ How many species of avian malaria parasites are
there? " There are, at present, about 29, which seem to be too many, The past
tendency to multiply species while maintaining or even reducing genera and
families is to be deplored. It is intended, however, to make only one appeal at
present and that is to do away with P. cathemerium as a species distinet from P,
relictum. All stages of both parasites and their host preferences are now known
and the only accepted point of difference between the two species is the shape of the
pigment granules in the gametocytes. It is my personal belief that the shape and
size of pigment granules is liable to change not only with the parasite species but
also with the host, the host cell and the stafe of immunity of the host. Not
uncommonly workers have been unable to determine whether a parasite kept as a
routine in laboratory birds is P. relictum or P. cathemerium. This convietion, that
P. cathemerium and P. relictum are synonymous, has been crystallized by a recent
verbal report made by Dr. M. D. Young. Dr. Young found that a parasite of wild
birds which he was able to identify definitely as P. relictum took on the pigment
characteristics of P. cath ium when i lated into i Lastly, the
variations from strain to strain of P. relictum are sufficiently great fo encompass
P. cathemerium as yet another strain of P. relictum.

Related Genera
No account of the e-s cycle of the avian malarias can be complete without

some reference to the similar schizogony phase existing smong the avian Hw;ema-
proteid L 0 nd H wh hi: is exclusively
exo-erythrocytic. It isnoti ded to indicate in any detail the life cycle of t'hese
parasites, or to consider species within these genera, as fow morphological differ-

ences have been noted in the schizogony stages.

Leucocyltozodn

Although Garnham (1953a) has suggested that a new family should be c’,reated
to accommodate this genus, it is felt at present that, until the gametocyte’s host
cell is shown not to be an erythrocyte precursor, and while elongatum Js‘kept in
the Plasmodiidae, the genus must remain in the H idae. The gony
stages are not sufficiently unlike those of H. tassali, as demonstrated by Ray
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(1949), or of other presumed Hepatocysiis schizonts, to warrans the creation of
mother family,

® The num{m‘ of achizog tions of these parasites is not known ol
though they probably do not exceed thre or four {Hnff, 1942, 1843). The schizo-
gony is transitory and cannot be found in birds displaying & mature erythrocytic
infoction, Except insofar as Lewcocytozosn displays & relapse pattern (Mathls and
Leger, 1909} the scarclty of sehizogony forms would point to & minimum of genera-~
tions, perhaps two.

Fio, 5, Exo-erythionytio schi of the svisn Haemoproteidan in Boction

L. Megaloschizont of Leutocytozodn in the spleers stainsd with Maximov's stain.
2. Onaeyt: L tawed with Maxi ; -

‘natain, ¥
of Haemoproteus m tha Jung showmng defitate mereblaatic formation and elongate
G. } 4. I schizont of in
the tung showing the peevhar nueles seeruag to have four segments and one nuclous
1 eaxly tels { 3

In the meantime it suffices to say thay the tissue schizogony steges ave found
anly early in the infection and generally only in. young wild birds or during an
epizobtic among domestic birds (Huff, 1942; Manwelf, 1951b; Garnbom (verbal
communication)). I have searched unsuccessfully for these forms in rooks newly
flown the nest and showing hewvy infections of the blood,

Tisyue schizogony stages of this genus wero first postulsted by Fantham
{18102} and he went on to deseribe auch forms (Fantham, 19162, 1910b). Un-
fortunately, the descriptions appear to invelve some other parasito. Huff (1942)

¥ 2,
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gave the first and full description of the e-e forms of Leucocytozoén. He found that
1 S

two types of schi: Y of hi: 11-18; in diameter were found in
parenchyma cells of the liver. Even at this size Huff was easily able to identify
the parasite and the host cell. Megaloschizonts of up to 105 were found in the
spleen, heart, liver and intestine. Huff described bacilliform merozoites in the
megaloschizonts and also a definite eytomere formation. Though there is listle
effect upon the parenchyma cell the megaloschi: caused t dous hyper-
trophy of its host cell, the identity of which is uncertain, The host cell nucleus is
also much enlarged but does not divide.

‘Wingstrand (1947, 1948) has found the Joschi in the end
glands. He found that they measured up to 470x in diameter. He was also abls
to show that their Feulgen reaction is similar to that of the plasmodia. Manwell
(1951b) found megaloschizonts only in the kidney. I have studied sections of
megaloschizonts in the spleen, kindly provided by Professor Garnham, The forms
measure up to 500x, but bacilliform nuclei were not seen (see fig. 5).

Lab y tr ission of L on has not been achieved either by
arthropod vectors or by syringe transfer of the megaloschizonts. Simulium is
generally accepted to be the insect vector. It seems at least possible that the
megaloschizonts represent L tropi ite-producing forms and pass
through only one generation in each attack of the parasite. In this case the hepatic
schizonts would produce histiotropic merozoites which, at a suitable time, initiate
a new megaloschizogonic generation which, in turn, produces a relapse. This
would follow the pattern apparently set in certain haemogregarines.

Haemoproteus

The schizogony of this genus is most commonly found in the vascular endo-
thelium of the lung. Schi: y was first described by Aragdo (1908) who de-
cribed the elongated (up to 50u), frequently twisted forms which typify the e-e
forms which invade vascular endothelium. Aston and Knowles (1914) confirmed
this discovery but also described young asexual forms of the parasite in red cells.
Wasielewski and Wiilker (1918) in an exhaustive study of the parasite confirmed
Aragio’s general observations but were unable to agree with Aragio’s description
of clear-cut cytomere formation. They believed each aggregation to be a separat
schizont and that multiple infection of a single cell was therefore common.
Wenyon (1926) and Huff (1942) held that the formations were true cytomeres.
The present author hasseen evidence of meroblastic formation but has not seen tfue
cytomeres (see fig. 5). Wenyon (1926), however, has noted that eytomere formation
is not the rule in some species and that while the majority of schizonts can be found
in the lung, they are also to be found in the liver, kidney and spleen. o

Sergent and Béquet (1914} and Coatney (1933) showed that no imn.lu:ntif is
developed to the parasite. Coatney (1933) was fulin p the nfecti
by emulsions of minced infected lung and showed that there exists no periodicity
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of schizogony which obriously persists for a number of generations. Lastra and
Coatney (1950) were able to show by means of blood incculations and tissue
transplants that the lung was infective up to 26 days after sporozoite infection
whils the spleen, liver, heart and brain were never infective. The blood waz in-
fective on the 4th day sfter infection. Lung was infective on the §4ih, 20th and
28th days but not on the 4th, Sth and 12k days after spororoite moculat:on.

Thess figures allow no logical pattern, and Tusions as ts durati
¢an be made.
The nuclesr of th 2 i ing, as is shown in

fig, 5. There iz & distinet suggestmn of early wfophaw stage in some nucki. The
trenemission of the parasibe is cyelical in hippoboscidt flies.



CHAPTER 6

THE PRESENT STATE OF THE KNOWLEDGE OF THE EXO-
ERYTHROCYTIC CYCLE OF THE MAMMALIAN PLASMODIA

(2} SPECIES : MORPHOLOGY AND CHARACTERISTICS

SoME knowledge of the pre-e or e-e eycles of b species of mammalian plasmodia is
now available, but it is possible to guess the kind of cycle of many more,
The pre-e generation of schizogony has been identified in 2 simian and 3
human species :
P, cynomolgi in Macaca mulatta

P, inui in Macaca mulatta cymomolgi pattern
P. vivax in man
P, ovale in man

P, faleiparum in man -

The e-e cycle has been identified only in P. Igi infecti but an un-
identified e-e stage of P. knoulesi has been described in Macaca irus. Various
erroneous descriptions have been made which will be dealt with later.

Two patterns ofee schizogony have been identified among these plasmodia
by Garnham (1951a). These are the cynomolgi type and the falciparum type. It
is intended to describe in detail the e-e cycle of P. cynomolgi, including personal
observations. Comment upon other species will be made in relation to P. cyno-
molgi.

P, cynomolgt  Mayer, 1907

The description of the pre-e cycle of this tertian parasite of macaques repre-
sented the first discovery of the long-sought tissue phase of mammalian plasmodia.
The parasite presents certain convenient features which make it suitable for
study. It displays the closest analogy to P. vizax, which was the parasite most
studied for phenomena connected to & possible underlying tissue phase. P.
lgi i3 itted sati ily by numerous species of Anopheles which
are indigenous at most centres of malaria research and are easily bred in the
laboratory. The parasite produces a heavy but benign infection in the rhesus
monkey, with high yte connts. The i jon persista for 6 months to &
ears.

7 The pre-o cycle was first announced by Shortt and Garnham {1948a) and
Shortt, Garnham and Malamos (1048). These descriptions involved pre-e forms

found 7 days after massive sp ite inoculati In later descriptions, Shortt

and Garnham (1948b, 1948c, 1948d, 1948e, 1949) and Shortt (1948a, 1948b) were

84
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0 extend their discoveries to include pre-e forms found 5-10 days after sporozoite
infection. An e-e form found 3} months after infection was also deseribed. These
findings were immediately confirmed by Hawking (1948) and Hawkmg, Peny
end Thurston (19482, 1948b). These reports
large plasmodial masses lying in the parenchyma cells of the hver of mfected
Macaca mulaita and were the result of very large numbers of inoculated sporozoites,
probably not less than five million, from hundreds of mosquitoes.

The knowledge of this first ion of e-e schi was ded to in-
clude forms 2-17 days old, by the work of Shortt (1950, 19512, 1951b), Shortt and
Bray (1952), Shortt, Cooper and Bray (1953) and Shortt, Bray and Cooper (1954).
As information concerning this phase is still being gathered, it is intended to split
the descriptions of it into two parts, firstly taking the forms 4-14 days old, as they
have been described, with add:tmnal personal observation. The descriptions
will then be ded and ively in time to include those
forms which I have played some part in uncovering. Thus the description can
follow the history of research on this problem which makes the task of a reviewer
easier and allows Jast-minute research to take its place in the text.

Huff (1948b), Huff and Coulston {1948) and Mulligar, Sommerville and
Lloyd (1949) had failed in their attempts to uncover the pre-e stages of P. cyno-
molgi but in no case were more than 120 infected mosquitoes used or more than a
few glands inoculated intravenously. In order to obtain results where others had
failed, Shortt and Garnham commenced their experiments with not less than

1,000 4. maculipennis afroparvus so as to bring some 500 or so to the monkey at
the critical time. Chiefly owing to the enormous numbers of sporozoites thus
inoculated they were wholly successful in their search.

The 5-day-old pre-e schizont was seen by Shortt and Garnham to e clearly
in a parenchyma cell. Many other tissues had been examined but only tke liver
parenchyma was found to be infected. Accounts of the size and the rmumber of
nuclei of the 5-day-old form vary. Shortt and Garnham (1948¢, 1948d}, Shortt
{1948a), and Garnham (1948b), have recorded an average diameter of 105z and
some 50 nuclei. Hawking (1948) and Hawking, Perry and Thurston (1948a,
1948b) gave an average diameter of 12 to 14 and over 70 nuclei. Ihave measured
only two 5-day-old forms and found them to measure 14y in average diameter.
However, on theoretical grounds, it is believed that the average diameter is in
the region of 15 and the number of nuclei from 50 to 100 (see fig. 16). At this
size the parasite does not grossly enlarge the host cell, although the host cell
nucleus is displaced to one side. The identity of the host cell is easily discernible.

The parasite tends to beslightly elongated at this age, presumably growing in
the direction of some inherent weakness in the host cell and surrounding tissue.
In those forms studied, this direction is apparently not towards the nearest
sinusoid as might be expected. When stamed by Shortt and Cooper’s (1948)
method of Giemsa stain and coloph ion, the cytoplasm is typically
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a pastel o.r darker blue depending on the degree of differentiation, There are no
vacuoles in the cytoplasm, which fi quently appears lar and
slmfdded a’nd tenuous. There is little tendeney to the distinet eytoplasmic aggre-
gation which characterizes later forms. The nuclei are red to purple, roughly
apherical or oval, blocks having a slightly hazy outline. Rodshapesand bacilliform
shapes are rare.

The parasite generally lies in o clear space which has been aseribed to differ-
ential shrinkage on fixation. While it is certainly true that the parasite and the
host cell are of a very different consistency after fixation, as evidenced by their
different reactions to the microtome blade, it is none the less possible that the
parasite feeding as it must upon the host cell may be surrounded by a small clear
space in ¢izo, Such a clear space is in evidence and is more noticeably regular
about the younger parasites and may be absent about the older forms.

Garnham (1948b) finds that a characteristic of the 5-day-old parasite is a
clear-cut margin. Iheavenot had sufficient experience with this stage to challengo
this view, but, on general evidence, am inclined to doubt it. A elear-cut margin is
not a general occurrence among pre-e schizonts in sections ; 4-day-old forms have
been seen having fuzzy and irregular outlines; the two 5-day-old parasites
examined have yielded no evidence of an envelope although one had what might
be described as a clear-cut margin, The conclusion has been reached that the
parasite in general has the most tenuous of lopes and that the app of
a well defined margin is a function of the histological treatment rather than any
inherent character of the parasite orits stage of development. Tiwo older schizonts
have been seen to have a surrounding envelope of reasonable proportions and in
each case it has been plain that this process was a product of the host cell eyto-
plasm. Some wisps of host cell cytoplasm remain clinging to the periphery of f:he
parasite when it draws away from the host cell proper under the contracting
influence of the fixative. These remains form a broken ring around the parasite,
giving it the appearance of possessing a cell wall. ’

The 6-day-old pro-e parasite measures about 20-25u in average diameter
and may contain 200-500 nuclei. The parasite at this stage enlarges tho host cel.l,
which becomes merely an envelope about the parasite. The host cell nucleus is
pushed completely to one side and may be slightly flattened. The cy_toplasm of
the parasite is light to dark blue and may be tenuous. Most often at this stage lllfe

! i iful, lar and often coagulated into strongly basophilic

18 f & P
aégrgéations 1-5pin diameter. This may bea fixation phenomenon but more lfkely
it a true cl ing of rik leic acid, perhaps occurring in the hiatus

between chromatin divisions. One or two vacuoles are often present in the cyto-
plasm. Curious roughly circular indentations also oceasionally appear in the
parasite outline. These may be vacuoles burst on handling or may represent true
indentations, as is believed by Raffaele (1951). The contents of these \{acu?les are
unkmown, but some reference to them will be made later. They vary in diameter
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from 1 to 10z.” The number of these vacuoles is to some degreo & measure of the
health of the parasite, and a healthy 6-day-old pre-e schizont shonld probably not
contain more than three large vacuoles. The significance of the vacuoles is un-
known as they contain no particulate mattér and the schizont cannot be observed
in fresh preparations.

| S U S S SN S S |
O 50’1.

Fie. 6, Pre-erythrocytic schizonts of P. cynoniolgi m liver sections, 7 days old.
Stamned with Giemsa-colophomum,
1. Solid schizont. 2. Schizont with 1 vacuole. 3. Schizont with 2 vacuoles,
4. Schizont with 3 vacuoles. Note the eytoplasmic aggregations and the complete
irregulanty of nuclear structure and distribution.

The nuclei may be spherical, oval, U- or V-shaped, branching, cubical or
bacilliform in appearance. They often display an indistinct outline, possibly due
to some impending division process, or possibly due to the depth of cytoplasm
through which they are usually observed in sections 4 or 5p thick. These nuclear
shapes are best seen in the 7-day-old parasite The colour on staining varies from
bright red to o reddish purple. The U and V shapes may have some mitotic sig-
nificance ; this seems doubtful, for, as will be shown, they are at this stage
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Feulgen-negative. They seem to suggest a schizogonic binary fission of the
nucleus ; this could be interpreted as the formation of two chromosomes but this
must remain very doubtful.

The parasite, as a whole, tends to some irregularity in shape, forsaking its
previous spherical or ovoid shape ; that is to say the parasite appears to depend
to some degree upon outside stresses and strains to its rapid growth for the

Pre-erythrooyti X lgi in liver seotions, 7 days old.
Stained’with Giemsa, differentiated in colophonium or acetic acid. ot
i fum differentiation). 2. Schizont Wil
1i Schldzont with 4 v:z\:;x:les (colophonium d tton). 2. S 3
zztgl:s‘:!:nd bacilli nucler i iation). 4. Solid schizont with
bacillform nuclei {acetic acid differentiation).

i i 0;
direction of such growth. Taking the line of least reslst.an.ce, it sh?ws @ tillllgeor:‘ ty_
to push out blunt lobose arms in that direction. Certau'n mdencatlort:s. 1?0 e
line represent growth around Kupffer cells as the paras.xte grows ou! ;1; o apo.
soid. The host-cell nucleus also causes a small deﬁ)ress{oan :::Mgz&n b

- i dergoes no hypertrophy as in Leu n .
T'l"e h?St CEIilnn:IfleUS o i v{fh t-cell nuclei can be seen in rel:mtfn
& i J i i on in
to a schizont. Since parenchyma cells with two nucl.el are notf“?}feon}l:onst-ccll
monkey liver this is no reason to suppose that proliferation o

of P.

Fra. 7.
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nucleus occurs. The surrounding tissue is slightly compressed but there is no
reaction or infiltration in the area.

Most of the foregoing information remains true of the 7-day-old form (see
figs. 6 and 7). This form is large, measuring an average of 36x in diameter. This
average is surprisingly constant from monkey to monkey over a large number of
schizonts.

The cytoplasm of the parasite almost always displays aggregations of intense
basophilia. The vacuoles may number up to 5 in healthy schizonts, the largest of
which may measure 12x across. Sometimes the cytoplasm may contain a larger
number (15 or more) of minute vacuoles. The nuclei, numbering 1,000-3,000,
may show all the forms ioned above, parti y the bacilli type (seo
fig. 7). Schizonts from one monkey may display all variations in shape of nuclei
while in another they may all show a bar or bacilliform appearance. This baeilli-
form chromatin is not related to the age of the parasite and does not appear to be
a certain stage in the whole scluzogony process. It may be, however, a stage in
each ive division of the . If so, it would
appear to be a pre-division stage equivalent to mebaphase in mitosis. The finding
of these forms in most schizonts in one monkey would in that case indicate a

)i i of in division but this is, however, a more
bl ption than to postulate a host-dictation ph with regard
to the shape of parasite chromatin.

The parasite at this stage sometimes shows a different cutting reaction from
the surrounding tissue, which becomes more pronounced with older forms. It
appears that the fixed parasite matrix is more resistant to the knife and may pile
up on the knife edge and cut in a wedge shape rather than at a consistent depth.
The tail end of & schizont may be completely torn out of the surrounding tissue,
This remains true of all of the e-e forms of the mammalian plasmodia and of the
schizonts of Nycteria. The delicacy of the parasitic envelope is often evidenced at
this stage when the parasitic matrix can sometimes be seen to have broken out and
is escaping down a neighbouring sinusoid. Such a phenomenon occurring in
association with an immature schizont can only be attributed to mechanical pres-
sure due to handling, probably during removal of the tissue at autopsy or biopsy.

On the 8th day the first p ites are d ble in the blood. Hawking et
al. (1948a) and Mulligan et al. (1949) showed that the blood becomes positive on
subinoculation at this time. The present author has seen a tremendous flooding
of the peripheral blood with tiny rings at 8 days after heavy sporozoite inoculation.
On one occasion as many as 20 rings to a microscopie field were seen, but it is be-
lieved that this flooding is a measure of the number of merozoites produced in
schizonts rather than a measure of the number of schizonts releasing merozoites
after 8 days’ growth. Although it is obvious that a number of tissue schizonts
are releasing merozoites at this time, I have seen only one mature schizont con-
taining merozoites at this stage. This observation was made among some 1,000
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immature schizonts. Although the significance of this observation is tempered by
the comparative rarity of visible mature schizonts at any time, it is believed that
the number of schizonts releasing merozoites on the Sth day represents only 50
per cent, or less of the total number,

F1s. 9.

Fro. 8.
Fic. 8. Pre-ery ¥ ‘hi of P. Igi in liver sections. & days old. Stained
with Giemsa-colophonium. Note the absence of vacuoles and the comparative lack of
cytoplasmic aggregations.
i of P. i in Tiver sections. 8 days old.
Stained with Giemsa-colophonium.

The 8-day-old schizont represents a further simple growth stage from the
7-day-old parasite. It measures an average of 41p across and now contains about
5,000 nuclei and possibly up to 10,000 (see figs. §and 8). This approximates bothin
size and in numbers of nuclei to Grassi’s (1900) estimate for obcysts of P. titax at
the same stage of development. Hawking et al. (1948a) have reported an 8-day-old
schizont of 68x 61p. Nothing approaching this size has been scen since among

Fra., 9. Pre-erytl
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many hundreds of schizonts, and { am inclined to doubt the reported age of this
parasite. The number of vacuoles has diminished and they are in fact more often
absent, which indi their disapp prior to i Upto
this stage there is an increase of nuclei per unit volume of parasite and on the 8th
day they reach a high density.

The eytoplasm still displays aggregations and may display some eracks in its
structure which can be interpreted as partially the result of fixation and probably
to some degree a fleeting and vague attempt at meroblastic formation. The
nuclei resemble those of the 7th day. \Vhat appears to be a true and very tenuous
envelope can i be di dmg out from the paraslte mass and
enclosing a clear space of about 0-5u in width around the parasite ** endoplasm .

During the 8th and 9th days the majority of the schizonts (approximately 75
per cent.) come to maturity and the host parenchyma cell bursts. Something
should be said about this process as 1t has been observed at times ranging from
8-21 days. At the stage of maturity these parasites measure 40-55u as a rule,
although exceptions up to 85x have been seen late in the infection. Actual stages
of merozoite formation such as can be seen in P. inui infections cannot be dis-

tinguished in ing pre-e schi of P. lgi A few ites at this
stage have been seen to display a cracking of the cytoplasm with nuclear arrange-
ment about the fissures which approaches the almost cytomere formation of P.
inui and P. falciparum pre-e schizonts but nothing more definite occurs (see figs.
14 and 19),

The formation of ites is obviously swift and haphazard. It appears
to be a simple coalescence of cytoplasm about the nuelei wnhout any amount of
the patterning and budding off of nucl such

s i3 seen in the odeyst and which by analogy may occur in P. tnui. The release
of formed merozoites may take rather longer to accomplish than the merozoite
formation as more mature stages are seen than formative stages, although recog-
nition of the formative stages is, of course, uncertain.

The merozoites themselves measure about 1-1-5x. They are compact, con-
sisting of & single nucleus and a compact piece of cytoplasm containing the
suggestion of the vacuole which is to appear later in the erythrooytic ring stage.
They stain an almost uniform red-purple and only after bursting and with eritical
lighting is it possible to discern the blue tinge in the cytoplasm. They he in the
schizont in a tightly packed haphazard manner and individual study is almost
impossible.

The present author has seen only once the process of merozoite release from a
schizont which had obviously occurred in tiio (see fig. 13). However, bursting
under mechanical pressure no doubt presents simuilar appearances. Vhen the
schizont disintegrates the merozoites are released, largely into those surrounding
sinusoids which border the parasite, these being the positions of least reslstance to
merozoite flow. They can be seen ing down 2 or 3 interl
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and less often lying above, below and between cells jn sections (see fig. 12), The
great majority of these merozoites invade erythrocytes, where they can be seen as
small delicate hair-like rings on the 8th and 9th days. This first erythrocytio
trophozoite appears to be more delicate and the cytoplasm thinner than the later

Fie. 10. Fra. 11,

Fre. 10, First exo-erythrocytic schizonts of P. cynomolgi in
liver sections, 9 days old. Stained with Giemsa-colophonium,
i ythrocytic schizont of P. i in liver section,
10 days old, Stained with Giemsa-eolophonium,

Fia. 11, Furst

forms derived from erythrocytic merozoites., A small minority of the merozoites
are assumed to re-invade liver parenchyma cells (Shortt and Gan.xham, 1948Le).

Some of the i btedly are 1fed b, d paage
cells and Kupffer cells, and equally undoubtedly p.erish there.' Shox-.‘:l;tantt,i1 :;:rr:a
ham (1948c} have described i jon of wand ) into ar
of a burst schizont, ied by active 1fr of the released

There are always some foci of macrophages in the liver for what appears t:;: beslcll‘:
good reason. In only one of these foci have I identified merozoites (on the
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day). Also it should be said that unless the merozoites are still collected together

it would be quite imp to from various fragments of
liver tissué which are always present in sections. It is this fact which has dis-
d me from ing a search for ites re-invading or lodged in liver

Q 50
s

12

Fre. 12, First ythroeytic schizont of P. Igi bursting.
10daysold. Liver section stained with G Note the i
streaming down smusoids and the prior establishment of an erythrocytic infection.
The two aggregations of merozotes represent two lobose arms of a large schizont, the
section being made through one end of it.

cells on the 10th or 11th days. Dispersal of merozoites from the area of the burst
schizont is probably swift and it is certain that Shortt and Gamham’s description
of infiltration represents that type of ebservation which will be repeated only after
very long search for just this phenomenon, unless the timing of the biopsy is
exactly correct. (In my case after 3 years of intense search of innumerable pre-
parations.)
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O.n the 9th day after sp ite infection those schi: which are still
maturing measure 40-50y in diameter. The average of those measured is 461
but, as schizonts have already released merozoites, an average figure is now an
unreliable guide to either individual schizonts or to growth rate (see fig. 23). The

| S PR |
e] SOF.
Fra. 18, Fio 14,
Fra. 13. Pre.erythrocytic schi fP. Igiruptured. 8daysold. Liver

section stained with Giemsa-colophonium. Note the invasion by numerous wander-
ing macrophages into the aren of the ruptured schizont. The merozoites are
still confined largely in the former schizont space.

Fic. 14. First ion exo-erythroeytic schizont of P. omolgiin liver sec-
tion, 11 daysold. Stained with Giemss.colophonium. Note the cracking of the
cytoplasm and the slight tendency towards meroblastic arrangernent of the nuclei.
This isthe ¢l t ap s ion to- b ion which P. lgi achioves.

parasite appears to have between 5,000 and 10,000 nuclei. As a rule there are no
vacuoles. In general they resemble 8-day-old forms (see fig. 10).

The immature forms on the 10th day measure an average of 51y in diameter and
resemble 9- and 8-day-old schizonts (see fig. 11) ; 11-and 12-day-old forms (sce fig.
12) represent a further simple increase in size but have become rare compared with
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the 8th-day forms. The actual drop in numbers appears to be of the order of 100
per cent. to 2 per cent. from 7 to 12 days after sporozoite inoculation. TWhen
working in conjunction with and under the direction of Professor Shortt, I have
taken liver pieces from infected monkeys at 15, 17 and 105 days after infection
and examined the tissue schizonts found in them. Details of this work have been
published (Shortt, Bray and Cooper, 1954} and the 15-day-old form has been

Fre. 15. First generation exo-erythrocytic echizont of P, cynomolgi in liver section,
15 days old, Stamed with Giemsa-colophomum.

demonstrated (Shortt and Bray, 1952) and described (Shortt, 1951a). Although
some description of the techniques involved in these experiments will be given
Iater, it i3 convenient to describe these late primary schizonts now.

The 15-day-old first generation e-e forms seen were very large. One measured
1084 in its longest diameter and 71y across. It was calculated by rather approxi-
mate methods to contain 60,000 nuelel, Another schizont measured 83uz x 75
and was esti hat more ly, to contain some 40,000 nuclei.
Neither of these forms was mature (see fig. 15). A mature schizont was seen at,
this time measuring 794 x 62u and displaying, to a marked degree, the cracking of
the matrix of the parasite. On the other hand, no arrangement of the merozoites
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was noticed. This observation has led me to believe that cracking of the matrix
of the parasite is not, a very significant poin, whereas nuclear arrangements have
some significance, bearing in mind the fact that the mature obeyst displays no
arrangements of the formed sporozoites.

At this time, what were p d to be d i hi made
their appearance, These parasites were equivalent in size and morphology to
6-day-old pre-e schizonts. These forms were rare and in the light of the discovery
of retarded forms to be described later it is no longer possible to be dogmatic
about their origin. However, it is still thought that they do represent, second-
generation schizonts.

On the 17th day after sporozoite & lation, one schi ing 65 x 61
was seen. This parasite was considered to be of the first generation, for it was
larger than any 9-day-old pre-e schi r ded, which rep: the greatest
age a second-, ti hi: could have ined. Some forms of 25-35u in
diameter were seen. At least one of these forms is believed to be a frank second-

tion form on ci ial evidence, as will be shown later.

It should be noted here that none of these smaller forms were seen to be col-
lected together around the site of what might have been a burst first-generation

schizont. This, however, is not considered to be any bar to their acceptance as
i tions would be absent or

d-g t ites, as general i
nearly so, whereas specific infiltration would deal with Jocalized merozoites about
the area of release. It must be d that the ite destined to re-invade

liver tissue takes a little time to do so.

These late first i hi cause iderable pression of the
surrounding tissue but no init. The host-cell nucleus, though sometimes
flattened and always pushed to one side, is otherwise unaltered. Thero is 10
piling up of wandering macrophages in the area due to capillary blockage as has
heen suggested by Raffacle (1951) and blood flow in the area appears no.rmal.
At this time (17-19 days) a new flooding effect in the blood can be seen if the
primary blood infection is suppressed by division inhibiting agencies such as a
milk diet. A wave of tiny rings occurs on about the 18th day (Bray and Garn-
ham, 1953a).

Two late e-o forms of P. cynomolyi have been deseribed by Shortt and Garn-
ham (1948e) 102 days after sporozoite inoculation, just prior to a parasitic relapse
in the blood. These forms were found in liver parenchymsa and were rare com-
pared with the pre-e forms seen in the same infection ; 412 sections were €3
amined to reveal these two parasites. I have examined 80 sections 105 days after
sporozoite inoculation and one day after relapse to find two more late ee forms
{Shortt, Bray and Cooper, 1954). On the 7th day after infecti.on this same
monkey had shown 8 schizonts to a section, This represents a ratx.o of approxiz
mately 100 to 1. Tt is obvious therefore that by a combination. of cu-cumstanw;.
including sensitized immune action against histiocytic merozoites and the sma.
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proportion of tissue invasive memzoxtes, the number of tissue schxzonts drops
sharply after the pre-e jons in natural 1 i
must be of a very low order (¢f. Leucocytozocm)

These late e-e schi: with one p are hologically identical
with pre-e schizonts of similar size. They resemble 5-, 8- and 10-day pre-e forms.
The exception is completely atypical. It seems to be about 90-100x« in length as
it appears in 19 sections 5y thick, It never measures more than 24y in width and
usnally about 10, It has at least one and sometimes two arms for half its length.
It follows the course of one, two or three smusoids in the manner of a large e-e
schizont of P. gallinaceum in a brain capillary. Apparently the schizont had grown
out into a sinusoid and followed its course taking with it the parenchyma host cell.
It js perhaps surpnising that more pre-s forms do not follow a similar course, as a.
sinusoid would seern to be a line of little resistance to the parasite’s rapid growth.

In 1949, taking the 5-day-old pre-e forms as a starting point, Professor
Shortt 1aid plans to investigate the earlier forms, working back a day at a time with
each successful experiment. I was to join this investigation after the discovery
of the 4-day-old form (Shortt and Gernham, 1949). This form was found by
Shortt to measure 10-2u in its longest diameter and to contain 24 nuclei (Shortt
and Garnham, 1949; Shortt, Bray and Cooper, 1954). Similar forms which I
have seen have measured an average of 11y in diameter and contained 32 to 36
nuclei. Further references to 4-day-old forms will be made (see also fig. 16).

It was the 3-day-old pre-e schizont which occupied so much time and entailed
80 much experimental work. As the details of the experimental methods have been
Published (Shortt, Cooper and Bray, 1954) and, as credit for the results belongs
largely to Professor Shortt, the descriptions here will be confined to the morpho-
logy of the forms found and only the barest indication of the methods used will
be offered.

Sporozoites were obtained from very large numbers of A. maculipennis
atroparvus, varying in number from 120 to 6,700. The sporozoites were released
by b)bmg, gland d.vssectmn or crushmg of thoraces or whole mosquitoes. The

D thus obtained were duced into \i by b)tmg, or by syringe
ing 1y, suk ly, into the
hepatic portal vein or du-ectly into exposed liver tisowe, Liver pieces were taken

y biopsy on open laparotomy 2 or 3 days after sporozoite infection. More liver
was taken at 7 or 8 days after infection by biopsy or autopsy as a check on the
Toeasure of infection, It was found that any number of 7- or 8-day-old schizonts
less than 2,000 per em.? of liver tissue spelt fmlure of attempta to find reasonable
Numbers of early forms. The most g in which 2-day-old
forms were discovered at a rate of 2 per section was one in which some 25,000
schizonts per em.3 were found on the Tth day.

The 3- -day-old schizonts demonstrated by Shortt (1951b) measure 5p.+ 1p in
ﬂlameter and lie in a parenchyma cell. The parasite lies at the periphery of the

.
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2. Thzzdnlx)ay Tepresent true arrested and latent schizonts, as have been sug-
ges! 'y some workers to be the causative organisms of Iong-t 1
(Boyd, 1953 ; Shute, 1953). ¢ grem e,

3. They may rep: lly growing schi: arising from sporozoites
delayed 1, 2, 3 or 4 days on their Jjourney to the liver. Such s delay might

L X
& B P

L e T ST T W D AP |
o 50,&.
Fre. 17. "R ded * pre-erythrocyti i of P. i in liver
sections. 7 days old. Stained with Gi lophonium or Gi tic acid.

All schizonts are 7 days old but are of the size of normal schizonts of earlier days.

L 3}-daysoldsizel o4 B afdeysoldsize) Lol

2. 33-days-old size, 6. 4}-days-old size)
3. ¢-days-old size. 7. 5-days-old size.
4. 4-days-old size. 8. 6.days-old size.

be occasioned by a journey via the lymph system or by fruitless sojourning
in interstitial spaces of some cell system not particularly well supplied with
active phage cells. Al tively 2 few sp ites may remain
latent for similar periods in liver parenchyma cells.

They may represent more slowly growing schizonts derived from sporo-
zoites which gained liver cells at the same time as other sporozoites.
That is to say that, though they appear retarded they are not to be con-

™
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sidered abnormal and that some slow growth should be considered typical
for & small proportion of the pre-e schizonts. Such a faculty would not
represent a sharply distinet manner of growth but run the gamut from
near cessation to just sub-normal rates.

On the first suggestion, T believe that the demonstration of the 2-day-old
pre-e bozoite elimi any possibility of two pre-e generations in P. eyno-
molgi, and X therefore reject this suggestion.

On the second suggestion, there is no evidence to prove definitely that P.
cynomolgi displays a long-term relapse pattern. On the contrary, Schmidt and
Genther (1953) and Schmidt (1953) hold that the pattern is the short-term South-
West Pacific vicax type. Thus the latent schizont postulation which has been
advanced to explain long-term relapses may not apply to P. cynomolgi. This, how-
ever, does not disprove the theory. There is nothing about these forms which
leads one to believe they have completely ceased to grow. Some nuclei are in
the state which has been accepted as active in some undefined sense. There is
absolutely no cyst wall or any other suggestion of latency. Lastly, the “re-
tarded ” forms seen on the 10th day are larger than those seen on the 7th day and
are believed to represent active growth of the earlier forms.

The third theory is less easily disposed of than the two above. Sporozoites
may remain viable in the mosquito’s glands for months and in blood ¢x vitro for
up to 5 days. There is no reason to suppose that a sporozoite may not live for
days in the vertebrate host if not attacked. The fact that the blood is con-
sistently negative from one hour to 8 days after sporozoite inoculation tells
against any late comers reaching the liver by means of the blood stream, though

there are loopholes in this d ion, as the egivalent numbers necessary to
produce the *retarded " forms seen in the present series might not have been
sufficient to set up an infection on i fon in the experi of Mulligan

¢ al. (1949). The lymphatic route which has been suggested by Griffithsand
Gordon (1953) and Lloyd and Sommerville (1949) after mosquito bite or intra-
dermal inoeulation is discounted in the present descriptions, as all “ retarded
forms have heen seen after intravenous i lation of sp i Sp i
Bave been reported in a lymph node 24 hours after subcutaneous inovulation, by
Boyd and Kitchen (1939), but it is not accepted that sporozoites would specifically
enter the lymph after intravenous inoculation. On the other hand, on intravenous
inoculation such as was used it is possible to postulat i ionin
and late release from mosquito gland debris canght up in lung capillaries, al-
though it seems that such material would be rapidly dealt with by infiltration
and vascular endothelium which acts against mosquite debris remarkably quickly.
Thus, although this general theory cannot be definitely rejected, 1t presents too
many difficulties when considered beside the last postulation.

The explanation of choice is the last, chiefly because it is both simple and
obvious. A similar type of irregular growth is exactly paralleled in the sporo-
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2, Thiydn;’ay represent true arrested and latent schizonts, as have been sug-
gested by some workers to be the causative organisms of long-term rel;
(Boyd, 1953 ; Shute, 1953). ¢ e

3. They may represent normally growing schizonts arising from sporozoites
delayed 1, 2, 3 or 4 days on their journey to the liver. Sucha delay might

700 ¢
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Fro, 17, " 4" pre-erythrooytic schizonts of P. lgi in liver
sections, 7 days old. Stained with Ci fum or Gi tic acid.

All schizonts are 7 days old but are of the size of normsl schizonts of earlier days.
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2 3}-days-old size] *200 FOHIZOME. g 3 g Co old gige] SOO Sohizont.
3. 4-days-old size. 7. 5-days-old size.
4. 4-days-old sizo. 8. 6.days-old size.

be occasioned by & journey via the lymph system or by fruitless sojourning
in interstitisl spaces of some cell system not, particularly well supplied with
active h cells. Al ively a fow sp jtes may remain
Jatent for similar perieds in liver parenchyma cells.

They may represent more slowly growing schizonts derived from sporo-
zoites which gained liver cells at the same time as other sporozoites.
That is to say that, though they appear retarded they are not to be con-
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136
Day © 140 infected 4. maculipennis were allowed to feed; 98
mosquitoes fed.
Day +8 Liver exposed by laparotomy ; piece of liver excised,
37
Day -2 Starved as above.
Day -1 Starved. Phlorhizin-treated as above,

Dey 0 11.00aan. Phlorhizin-treated as above.
3.15 p.m. Liver exposed by laparotomy; 160 infected glands
ingculated as above.
Day +1 3.15pm. Died under anaesthesia. Inoculated area excised.

138

Day 0 Infected glands of 98 A. maculipennis inoculated intra-
venously.

Day +4 Liver exposed by laparotomy. Piece of liver excised from
the left lobe.

Day +8 Liver exposed by laparotomy. Piece of liver excised from
the right upper lobe.

Day+10 Liver exposed by lapasotomy. Piece of liver excised from
the right lower lobe.

Dey +21 Died as a result of the infection despite quinine. Various

preces of liver taken,

All excised liver pieces were fixed in Carnoy’s fluid, dehydrated, embedded
nd sectioned at 3 or 4y thickness. Sections were stained with Giemsa-colophon-
um, Feulgen, Gram’s stain or the alkaline phosphatase method of Danielli. Two
echniques were used to obtain sporozoites for inoculation by syringe. In each
se the supporting medium was 15% inactivated monkey serum in Locke’s
luid, chilled where possible to 5°C. as recommended by Brackett and Hughes
1948) and Porter, Laird and Dusseau (1952).

The technique used for the infection of M138 is routine in this laboratory and
was first demonstrated by Garnham (1951b) and has smee been described by him
in more detail (Garnham, 1954) . It involved the dissection of the glands from
prepared itoes by i at the same time. The glands are
picked up in & drop of medinm in a Pasteur pipette and transferred to a receptacle.
All glands are eventually pooled, lightly ground and inoculated intravenously.
For the infection of M135 and M137 the maximum number of sporozoites Was
Tequired in the minimum amount of fluid. The following modification to Garn-
har's method was therefore adopted. Perspex slides were constructed having a
depression } inch deep at one end. Two drops of medium were placed in this
depression and covered with a cover slip. One drop of Locke's fluid was placed
on the slide, The glands were dissected out dry, picked up on the point of &
needle, Tapidly moistened in the Locke’s fluid and transferred to the medivm.
] he eover slip was removed and the glands seraped off the needle into the medivm
in the depression, with rough handling to break them up. By this means 160
glands were collected in 8 drops of fluid by four workers in £ hour. After & little
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gonous cycle. The lack of synchronism in the release of merozoites from the
pre-e cycle is well established. The ¢ tail off ” of the growth-rate curve of the
pre-e forms (see fig. 21) is also taken to mean that as normal forms release mero-
zoites and disappear, so the remaining “ retarded ” forms reaching maturity
reduce the average size of the late forms. A similar phenomenon is also apparent
in the sporogonic stages. Since asynchronism is normal for the process of mero-
zoite formation and release there is no reason to believe that asynchronism of
growth does not also oceur. For these reasons this last explanation is adopted and
certain other postulations will be based upon it later in this work.

It is now intended to detail an experiment recently undertaken to demon-
strate the 24-hours and 6-hours-old pre-e trophozoites of P. cynomolgi. Although
largely unsuccessful it is detailed here to d the general teck used
in this type of investigation. In addition to the main object, work was done to
obtain e-e forms 21 days after sporozoite inoculation and to obtain material at
3, 4, 8, 9 and 10 days after infection for further study. Some of the information
gathered hag already been incorporated in the deseriptions above. Shortt, Bray
and Cooper (1954) have said that all that remains to be done in order to obtain a

plete series in one ma: lian pl dium is to describe a 24-hours-old pro-o
form of P. cynomolgi. The present experiment was designed to fulfil this obliga-
tion and also elucidate the i diate fate of the sp ite. In addition, it was

considered necessary (on the suggestion of Professor Garnham) to make a com-
parison of the efficiency of the natural mosquito bite mode of sporozoite inoculation
and those methods of ite introduction routinely used in these experiments.

Materials and Methods

Four Macaca mulatia were set aside and numbered M135, M136, M137, .nnd
M138. Approximately 1,000 A. maculipennis were infected with P. cynomol?t by
feeding on a suitable gametocyte donor ; 12 days later the surviving mosqu‘xtoeﬂ.
numbering about 700, showed a sporozoite rate of 85%, with heavy gland infee-
tions. The monkeys were put on the following regimens :

2135
Day -2 Deprived of all solid food and given water only.
Day -1 Starved. Inoculated intramuscularly with 100 mgm.

phlorhizin in propylell)le glyogé;ereclligm‘ body weight.
Day © 8.00 a.m, Phlorhizin-treated as above. rved. .
v 1145 am. Liver exposed by laparotomy. 160 infected 4. mqullt
pennis glands taken up into a lumbar puncture n The
and inoculated into the right upper liver lobe tip. 1ho
area marked by cautery. )
5.45 p.m, Liver exposed byy laparotomy ; inoculated area excised.
6.00 pm, Returned to normel diet. 3 bordering one
Day +3 1100 am. Liver exposed by laparotomy; liver area bordenng
side of the inoculated area excised. o of the
Day +9 11.00 am, Sacrificed. Liver arex bordering the other side of
inoculated area excised.
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Very large numbers of 8-day-old pre-e forms were seen in M138 intravenously
infected with sporozoites, while very few were seen in M136 infected by bites.
The number of schizonts found in M138 was 3,500 per cm.? of tissue. The number
found in M136 was 64 per cm.? of tissue. This represents a ratio of 55: 1. None
of the 8-day-old forms seen was mature.

A maturing schizont seen on the 21st day is shown in fig. 18. It proved im-
possible to tell whether this form was of the first or second generation.

The main purpose of the experiment was the search for the early forms. After
direct inoculation various artef: PT 3 which made the task of the searcher
wore difficult than wsual, Some bacteria and some spores were seen and consider-
able infiltration and debris was collected around the site of inoculation which was
made obvious by the easily visible haemorrhage in the path of the needle. Un-
fortunately the chief object was not definitely achieved. Many bodies were seen
resembling the 2-day-old stage and the mental picture the author had of the
earlier forms. However, each body displayed some essential difference from the
appearance of a correctly stained parasite. After long search one body in sections
of liver taken at 24 hours was found which seemed to fit the criteria. It was about
2y in diameter, had a blue cytoplastm mostly collected to the periphery with a sug-
gestion of & vacuole. The body as a whole was spherical with some distortion
towards the tri 1 Itlay app lyinap hyma cell. Only the nucleus
of the body was unsatisfactory. This was a smooth sphere of red to purple
staining. 1t was felt that the nucleus would be red and irregular, However, the
Pody resembles none of the spores seen in the same section.

A similar body was found in the liver taken 6 hours after inoculation. This
finding has tended to discount the previous finding as, although this body was
ovoid, it seemed too far devel ped from a i id the fact that it
had had only 6 hours for that development. In all other aspects it resembled the
first body.

Discussion

The comparison of the efficiency of the two modes of inoculation is interesting.
?f it is assumed that as little as 10%, of the sporozoite content of the glands is
inoculated on biting, this still does not account for the figure of 1.8 per cent.
reaching the liver compared with intravenously inoculated sporozoites. Un-
doubtedly a proportion of ‘mosquito-inoculated sporozoites are taken back up into
the gut of the mosquito as it feeds on the blood pool, but thus still would not ex-
Plain such a low figure. As both series of sporozoites must run the gauntlet of the
general lymphoid-macrophage system it must be assumed that a very considerable
Proportion of the mosquito-inoculated sporozoites are lost in the skin. This may
due 1o local phagocytic activity, enmeshment in local tissue or the taking of
the wrong turning such as a fruitless wandering in the Jymphatics.
Ons of the surprising features seen was the rapidity and efficiency the live
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practice almost no chitin accompanied the glands into the medium. The slide
was chilled periodically by contact with ice. The concentration of sporozoites
achieved was extraordinarily high and some 2 x 10 sporozoites were calculated to
be free in the 8 drops of fluid. The fluid and sporozoites were taken up into the
barrel of a lumbar puncture needle, the intake being controlled under the micro-
scope to ensure the complete uptake of all liquid and particulate matter. All
mosquitoes came from the same batch and all were infected simultaneously from

Fi1g. 18. Exo-ery ytic schizont of P. gt in l.i\{er secti?q fa\mfll?'l
days ite i i Stained with Gi loph [pOSSIt
to say whether this schizont is first or second generation, Thers is some eracking
of the eytoplasm.

the one monkey to ensure a i fon in various subseq
batches,

Results

First-generation e-e schizonts were seen on the 4th, 8th, &?th and lothv da{;
after infection without undue microscopic labour. Two schizonts 4 da)_s Ore
were found. They measured 13 x 9 and 14p x 8y, In one form the nulclex “‘rveﬂs
largely collected to one side of the parasite. In both parasites the cytop a;m v
very tenuous. Both are shown in fig. 16. Normal O-da.y—old .aud 10-1337 o
schizonts were seen. The liver piece taken 10 days after infection revezr e ”
merozoite releasing schizont shown in fig. 12. It will be seen that the erythrocyt

infection is already established.

T ted




SPECIES : MORPHOLOGY AND CHARACTERISTICS 107

been ized to prevent h h the picture on the 9th day was quite
striking in that it presented a line of schizonts running down the border of the
cauterized tissue leaving the inder of the tissue fected

The distribution of schizonts in the liver after intravenous inoculation of
sporozoites is apparently haphazard although there appears to be a tendency
towards relative ions of 4 or 5 schi ina ively small area
of section. This may be due to tangled sporozoites becoming separated only at
the last of fon into si id:

P.inui Halberstidter and Prowazek, 1907

The pre-e forms of this quartan parasite have been studied by Garnham
{1951b) in the Yiver of M. mulatia. He has given details of the forms 7, 8, 11 and
12 days old and, by his courtesy, the author has had an opportunity of studying
the merozoite formation process of this parasite when 10, 11 and 12 days old. It
is with Professor Garnham’s kind permission that some unpublished observations
on this process are included here. He was successful in transmitting this parasite
through 4. Ii; is atroparvus, i h ites from these mosq
in large numbers intravenously into 3f. mulatia.

The 7-day-old pre-e schizont is spherical, 6-8u in diameter and contains only
5to 10 nuclei. The effect upon the host parenchyma cell is almost negligible
The eytoplasm is patehy and rather tenuous, resembling that of its close equiva-
kents in size, the 3- and 4-day-old pre-e schizonts of P. cynomolgi. The nuclei are
Tore numerous and more regular in cutline than those of P, cynomolgi. The stain
reactions are similar except for & somewhat greater basophilic reaction of the cyto-
Dlasm although this may be due to differences in the extent of colophony differ-
entiation,

The 8-day-old form is spherical, 10-11-5p in diameter with 25-30 nuclei and.
& rather attenuated cytoplasm. The nuclei are reguler in shape. The host cell
nucleus is somewhat displaced but there is little hypertrophy of the parenchyma
eell &s a whole (see fig. 19). :

The 11-day-old form is 16-20y in diameter and roughly spherical. Condensed
eytoplasmic aggregations are present as in the older pre-e schizonts of P. cyno-
molgi. No vacuoles are present and the parasite in general displays a much more
orderly appearance than the 7- and 8-day-old pre-e forms of P. eynomolgi. The
growth rate, as can be seen, is much slower and this seems to make for a tidier
and more Patterned method of growth. Some meroblastic nuclear arrangement
€an be discerned (see fig. 19).

The 12-day-old form is generally mature, and in fact recent experiments have
shown that merozoite formation commences on the 10th day and is often complete
onthe 11th day. The mature schizont is 20-24p in diameter, though extremes of
greater or less diameter occur. It is usually roughly spherical or ovoid. The

1 T

schizont contains an esti d 2,217 ites of 1p in di q
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displayed in dealing with the large mass of gland tissue inoculated. Within 24
hours such inoculated tissue was quite unrecognizable and the majority of it was
cleared. At the same time the infiltration and inflammatory reaction was localized
to about 1 mm. on either side of the needle path. Even at 6 hours after inocu-
lation much of the debris had been cleared and gland tissue was largely unrecog-
nizable. The resultant artefacts in the liver are worthy of note. Coulston (1949)
and Coulston and Robinson (1950) have deseribed pre-e forms of P. cynomolgi in
R-E cells of the liver 47 and 89 hours after direct inoculation of 18 and 24 ground
thoraces of infected mosquitoes respectively, These are described as measuring
12-18p in diameter. Bodies were seen in the present experiment closely resembling
these descriptions. They varied in diameter from 3 to 20u and displayed a very
close similarity to immature forms of P. gallinaceum in liver sections when stained
with Maximow's stain or when poorly differentiated after Giemsa staining,
They show minute vacuolation and lighter areas which resemble badly stained
nuclei. They were comparatively numerous and it is felt that, as Coulston used
Maximow stain routinely, these bodies are what he has described as pre-e forms.
However, that they are not parasites is quite obvious. They display a dark grey-
blue appearance with no red nuclei in well differentiated sections, which is typical
of certain other artefacts and is a point of differentiation from pre-e schizonts.
Similar material can be seen lying about the section free in streaks, particularly
in the area of haemorrhage where no fized tissue cells can be found. Lastly and
conclusively, all dimensions of these bodies can be seen both 6 hours and 24 hours
after inoculation and, by no stretch of the imagination can a pre-e schizont devel-
oping from a sporozoite be thought to reach the size of 20p in diameter in 6 h.ollxrs.
In fact, the bodies are engulfed debris from the inoculation. They are not visible
8 or 9 days after direct inoculation of glands.

At present it has been decided that the 2 bodies described above, 6 and‘%
hours after sp inoculati p a rare spore of vegetable origin which
differs in staining reaction from other spores seen. .

One last point should be mentioned on the subject of P. cynomolgi wh?ch

the distribution of pre-e schizonts in the liver. After direct inoculation
of sporozoites into the liver the schizonts are quite definitely localized. Qqune
oceasion one lobe of the liver was inoculated with 120 glands from heavily ln;
fected mosquitoes by Professor Shortt and myself. Some 2,000 schizonts per cm.
were found at the site of inoculation but none was found in other lobes on the 7fh
day after infection. On the 17th day after infection small schizonts were found in
the inoculated lobe but, in addition, one small schizont was found in anotl:;er lobe
and was for this resson thought to belong definitely to the secom.i geuerauol_z. In
the experiments described above where 160 infected glands were moc.ulated 11_1@0 a
small portion of one lobe, schizonts found on the 9th day in the piece of ;15;“;
adjoining the inoculated area were confined to that side of t‘he. sections whic h:d
adjoined the inoculated area, As the previous excision of the inoculated area
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Tack of synchronism as P. eynomolgi. Though this 8-day incubation is the rule,
Raffaele has frequently referred to finding the blood positive on the 5th day after
sporozoite inoculation. De Sanetis Monaldi and Raffacle (1853) have recently
published this information and Raffaele (1946) has referred to the phenomenon
a3 belonging to the Italian strain of P. esvaz. This may then be a strain charac-
teristic.

Because of repeated observations on the radical cure of blood-inoculated P,
vivaz infections as compared with the lack of efficacy in schizontocidal therapy of
sporozoite-induced cases it has always been assumed that the underlying tissue
phases of P. vivaz cannot be initiated by erythrocytic forms. No observations
have been made to alter this decision and no similar pre-e stages have been found
in blood-inoctlated infecti in P. Igi (Corradetti and Verolini, 1950,
1951},  Similar chemotherapeutic observations have been made on P. eyno-
molgi and P. malarine. It can be said with certainty then that the e-e cycle in
mammalian malaria cannot be initiated by blood parasites, leaving aside for the
present the doubtful cases of P. berghei and P. vinckei. Hawking and Thurston
{1952) failed to obtain development of P. 2irax on direct inoculation of sporo-
zoites into the liver of 1. mulatta. Huff and Coulston (1948} reported a pre-e form
under similar conditions, but this description is to be discounted.

P.owale Stephens, 1922

The pre-e cycle of P. otale has been demonstrated recently by Garnham,
Bray, Cooper, Lainson, Awad and Williamson (1954a, 1954b, 1955).

The strain of P, ovale which originated from Liberia was maintained among
the workers themselves, which has caused them to view with some disfavour those
textbooks which refer to P. oeale as camsing only smild disease. This work standsas
& monumment to the courage and selflessness of Mr. W. Cooper, Class Demonstrator
of the Department of Parasitology, London School of Hygiene and Tropical
Medicine, who volunteered to undergo the necessary laparotomy and biopsy of a
large segment of liver. He must be the only man who has sectioned, stained and
examined large amounts of his own liver and expressed great pleasure at the
Toreign bodies he found there. The liver biopsy was performed 9 days after the
first of 3 days of sporozoite infection which was effected by the bites of 750 infected
osquitoes. Scanty pre-e forms were found of sizes probably equivalent to fifth
dayand 8- or 8-day-ald schizonts. The presumed 5-day-old formsaret, ypicalimma-
ture mammalian pre-e forms of about 40p in diameter. They are usually oval
with lobulated contours. The most striking aspect is the relatively immense
nuclei of about 2 in di The pl ly contains a number of
elefts but no vacuoles of the P. cynomolgi type.

The 8- or 9-day-old forms show a superficial resemblance to the 5- or 6-day-old
Pre-e schizonts of P, falciparum.

They are large, of up to 60 and 704 in diameter, and of & highly lobulated
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arranged in meroblasts (see fig. 19). There is some hypertrophy of the host cell
but no reaction in the surrounding tissue. In general the parasite differs from the
equivalent P. cynomolgi schizont in having definite meroblastic arrangement of
the cytoplasm and nuelei or of the merozoites and in having a more tenuous cyto-
plasm. It takes about 8 days longer to mature, which is proportionally somewhat
less than the equivalent comparison in sporogony times of P. vivar and P. malarige.
A rough graph of the growth rate indicates & long maturation period of the sporo-
zoite which probably takes 3 to 4 days to round up and commence to divide.
This would parallel the behaviour of the young ocyst in P. malarize infections
(see fig. 2I).

The merozoite formation process of P. inui is most interesting. On or about
the 10th day after sporozoite infection the parasite begins to display what Garn-
ham (1951b) has called pseudo-cytomere formation, The parasite matrix breaks
up into individual masses of cytoplasm containing the nuclei with small twisted
clear spaces between the masses. These masses, which the author has preferred
to call meroblasts, commence final stages of merozoite formation, possibly with
one further nuclear division, by a process probably similar to that of sporogony.
That is, blunt fingers of eytoplasm protrude from the septa, carrying with thex_n
the nuclei, and finally break off. On the other hand, there is at present no evi-
dence to show that the cytoplasm does not simply break up and coalesce about
the individual nuclei. The formed merozoites often stay in the meroblastic pat-
terns or frequently migrate to the periphery to form a palisade effect. The full
Pprocess is not yet clear, but meroblastic formation equivalent to the septa forma-
tion in the odeyst is the prime feature.

P. vivar Grassi and Feletti, 1890 .
The pre-e cycle of P. vivax was foreshadowed by the work on P. :ynf)molq’.
and later in 1948 Shortt, Garnham, Covell and Shute (1948) announced its dis-
covery. The pre-e forms were found in the liver of a human volunteex" 6and 7
days after heavy sporozoite infection. Full details of the work were published and
demonstrated by Shortt and Garnham (1948c, 1948d). Sporozoites from 2,010 4.
maculipennis atroparvus were introduced by biting into a human vohfn'teer over
two days. Liver biopsy was performed 6 days after the last day of bmng_. The
volunteer had been therapeutically infected with P. vivnz 22} months pmvxol!S_IY s
by inoculation of blood forms, and after the second and apparently averwhelming
infecti isplayed no parasi ia or fever. ) Jought
The pre-e forms found measured 42 in the longest diameter and were though
to contain 1,000 nuclei. It seems certain that this estimate is low.nnd the ﬁgurel:
probably closer to 10,000, The forms were found to resemble in everyhres}:l;
the equivalent forms of P. cynomolgi (see fig. 19). The duration of tt;af e
cycle is the same as that of P. cynomolgi, and Fairley (194.7) has' Shown',he o
blood becomes positive upon the th day. No doubt P. vivax displays 4
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soveral thousand mosquitoes were used and when a large piece of liver was taken
by open abdominal operation was success obtained
The 3-day-old pre-e parasite measures some 20y in diameter and contains 40

or more nuclei (Jeffery ef al., 1952). The nuclei are rather larger than those of P.

Fio, 19, Pre-crythracytic schizonts of varos mammaian plasmodia m.

Liver sections, Stewed with Gierasa-colophonium.
1 3day.old pre-o schizont of P, tmus. 2. 1l-day-old pro-e schizont of P.
inui. Note the beginning of meroblastic arrangemens. 3. 12-day-old pre-o echizont
of P inui, Note the meroblastic formation and pslisade effect. Note also the
comparative regularity of the nuclel, 4. T-day-old pre-e schizont of P. vivax.
This section loa ot show the widest dismeter of the sehizont. 5. 5-day-old pre-e
schizont of P, faleiparum.

cynomolgi at a comparable size though perhapsnot at a comparableage. The cyto-
Plasmu is similar to that of 5-day-old forms of P. cynomolgi.

The 4-day-old form is similar and measures 30u in diameter. It probably
contains 1,000 or more smaller nuclei. It can be seen that therate of growth and
division is very fast indced.
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contour. The immature schizonts have a denser display of nuclei which are
smaller than those of the 5-day-old forms. The nuclei are frequently arranged
peripherally and are Feulgen-positive.

The formation of merozoites was well illustrated in this parasite and showed
clearly a process of which P. cynomolgi had given hints previously, The merozoite
formation begins at the extremities of the parasite, that is the first or last section
of the schizont, but elsewhere in the middle the cytoplasm is undivided and nuclear
division may still be proceeding. As it is usually only at one end that this oceurs
and there is no evidence of it at the periphery of the section of maximum diameter
in the few seen displaying this ph it must be assumed that
merozoite formation commences in one spot at the extremity and progresses more
or less slowly throughout the schizont.

The merozoites themselves are very large, 1-8u in diameter, and contain
plainly delineated cytoplasm and nucleus which is easily demonstrable by Feulgen
staining as well as by Giemsa stain. *

The length of the pre-e cycle is 9 days and an e-e schizogony is presumed
from the fact of the relapses reported by Garnham and his co-workers.

This completes the study of those parasites which are known fo display the

Igi type of e-e schi y. It can be confidentl, d that a similar
pattern of e-e development is displayed by P. gonderi, P. simium, P. pitheci, P.
schwelzi and P. hylobati, the tertian parasites of apes, by P. brazilianum, a quartan
parasite of apes, and by P. malarige, the quartan parasite of man and apes. It is
probable that P. girardi, the tertian parasite of lemurs, displays this pattern also.

P. falciparum Welch, 1897

Because of its relative susceptibility to radical cure by schizontocides and its
resistance to prophylaxis by similar drugs it was considered that P. j.‘alciparum
probably displayed only a pre-e generation, and that the tissue phase did not per-
sist after the establishment of parasitaemia (Davey, 1946 ; Fairley, 1946, 1947;
Huff, 1947). This view has been accepted by Shortt efal. (1949, 1951}, Shortt (1951‘f)
and Garnham (1951a). Garnham (1951a) has for this reason assigned P. fa.lcl-
parum to a grouping of its own in his study on the patterns of e-e schizo-
gony. . "
The pre-e cycle of P. falciparum was described by Shortt, Fairley, Covell,
Shute and Garnham (1949, 1951) and confirmed by Jeffery, Woleott, Young and
Williams (1951, 1952). Both these groups of workers introduced very large num-
bers of sporozoites into human volunteers and took liver pieces b.y biposy 5 days
later. Shortt and his coll were il diately ful, using Lh.e methods
already successful with P. vivax which included the biopsy of & relatively l;rge
piece of liver by open laparotomy operation. It is interesting to nf)te that Jef ery
and his coll failed to d te the pre-e forms on 13 occasions when using
less than 500 mosquitoes and taking liver snips by peritoneoscope. Only when
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They are solid bodies of 100 in diameter as observed by Edeson. Degenerating
cysts resembling similar stages of H. kocki were also seen. They range from small
abeesses to mere soar tissue, There is considerable reaction about the large
oysts.

Froin the evidence available it seems definite that these processes represent
the e-¢ stages of P. knowlesi since, if a mixed infection of P. knoulesi and a Hepato-
cystis sp. were involved, they should be distinguishable in the blood. Should P.
knoulesi show & comparable speed of development to P. falciparum then such
sizes of schizonts as have been deseribed could be reached in 30 days. However,
it can be taken for granted that no such forms oceur in P. falciparum infections, as
rontine antopsies would have displayed them long before the present time. These
cysts then are disturbing from a taxonomic point of view and it is difficult at
present to see quite where to place them. The development is obviously not the
¢ynomolgi or faleiparum type and at the same time P. knoulest is palpably not a
member of the genus Hepatocystis. 1t must be assumed at present that a new
Pattern of e-e development is emerging from these studies. Such a new pattern

may provide the link between the H: idae and the Pk diidae, having
the tissus schizogony of the former and the blood schizogony of the Jatter. It is
to be hoped that final elucidation will assist classi ion and not merely compli-
cate it.

P.berghei  Vincke and Lips, 1948
This parasite has been the subject of intense research in recent years. E-o
forms have been described by Van den Berghe, Vincke and Chardome (1950} in
bistiocytes of the liver and bone marrow 43 hours after blood inoculation and
during what they termed the “incubation period” Garnham (1951d) has
demonstrated e-e parasites (sensu stricto) in bl and other eryth
Jorming cells in the bone marrow, but there is no proof that the parasites are
_ 2hle to reach maturity in these cells. I believe that this latter demonstration is
&n example of the great exuberance of multiplication and invasion displayed by
this Darasite, which inclines towards invasion of immature erythrocytes as a rule.
With regard to the Belgian workers® descripti Ineider and Schneid
{1950) have shown conclusively that there is no incubation period after blood
eculation. A detailed and careful search of tissue taken under similar conditions
byDr. 8. W, A, Kuper in this laboratory failed to reveal similar stages. I have
failed to find such forms in the bone marrow although one young trophozoite was
Seen in what appeared to be a haemocytoblast. Similar failures have been re-
borted by Galliard and Lapierre (1950), Fabiani, Vargues, Fulchiron, Grellet
#nd Verain (1051), Mudrow-Reichenow (1951) and Baldi (1952).
 The duration of the pre-e cycle after sporozoite inoculation has been estab-
lished at, 48 hours by Vincke and Peeters (1953) when the blood becomes infective.
Such & short cycle i3 more typical of an avian type of development than of a
H LXN
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The 5-day-old form (see fig. 19) displays exuberant growth and assumes the
more fantastic outlines, typical of P. falciparum. The parasite averages 50x in dia-
meter but a number of lobose arms are produced which make average measure-
ments difficult. The cytoplasm shows meroblastic formation and there is some
arrangement of the small nuclei about the meroblasts. Because of the for-
mation of lobose protrusions, in certain sections the parasite may appear as two
separate masses. The number of nuclei is probably about 10,000-20,000.

The 6-day-old form is mature and fantastic in shape. It is about 60y in
diameter with many indentations and protrusions. The number of merozoites is
about 40,000 and they retain the patterning of the former meroblasts, thus simn-
lating a true cytomere formation. The merozoites are small, measuring about 0-7u
in diameter. At no time are vacuoles a feature of this parasite. The 20u form
found on the 31d day precludes any possibility of a prior pre-e generation.

The duration of the pre-e generation is 5-6 days (Fairley, 1947 ; Shortt ef al.,
1951). De Sanctis Monaldi (1935) has recorded a blood parasite 4} days after
infection and Raffaele (1946) and De Sanctis Monaldi and Raffaele (1953) have
stressed that the incubation period of P. falciparum may be less than & days, but
here as with P. vivaz they refer to the Italian strain of the parasite. Shute also
claims to have seen blood parasites at times of less than 5 days after sporozoite
inoculation. The work of Fairley and Shortt et al. however, is absolutely conclusive
and it remains only possible that strain differences oceur, as the different observers
used geographically widely differing strains. Raffaele used an Italian strain,
Shute a West African strain, Fairley a New Guinea strain and Shortt ef al.a
Rumanian strain. A similar type of d P is probably displayed by P.
reichenowi.

P. knowlesi Sinton and Mulligan, 1932

Tt had been hoped to provide some description of the pre-e cycle of this. para-
site, as a result of work initiated by Professor Garnham just prior to the tlme.of
writing, Unfortunately, the parasite has proved more refractory to mosquito
transfer than was expected and further study has been deferred.

Edeson (1953) has described “ presumed exo-erythrocytic schizonts of Plas-
modium knowlesi in the liver of a Malayan monkey ”. The apparently mature
forms are large eysts, 1-56 mm, in diameter as scen in sections of Iiv.er from 4 mon-
keys (M. irus) found to be naturally infected with P. Fnowlesi, These c):sts
resemble the merocysts of H. kocki, and even more closely those of H. ul&f.all‘ﬂs
described by Ray (1949). There are a number of finger-like processes rad.latxf)g
out from a central vacuole and these projections appear to contain the parasite
matrix, including merozoites. The vacucle contains a basoph%ﬁc subscunct:{,
probably the colloid material found in H. kochi (Garnham a.nd Pick, 19‘12; B-ﬂt ’
some parasitic material can be seen on the periphery. The immature schizon!

resemble the 15-day-old P. cynomolgs forms or the young schizonts of H. kochi.
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forms of P. cynomolgi, it must be assumed that they have some effect upon pre-e
forms of mammalian malaria, That this effect is commingled with some residnal
effect upon erythrocytic progeny, at least in the case of pyrimethamine, must also
be accepted. The present explanations advanced for these various effects are far
from satisfactory and show too great a tendency to place the blame for all inex-
plicable events on to hypothetical and special ti inhabiting stages. It must
be stressed that the e-e cycle is not the deus ex machina explanation of all the
troubles which beset the workers in the field of antimalarials. The e-e eycle is a
biological ph i visible and, as such, must be studied for

basio information.

Setting aside for the moment the effect of residual active metabolites of pro-
guani] or pyrimethamine upon erythrocytic forms, the actual effect of the two
drugs upon P. tiraz and P. lgi sp ite-induced infections is difficult to
explain, It can be imagined that one of three sequences of events occurs, (a)
All pre-e forms are eradicated, as is supposed to occur in P. falciparum infections.
{0) The drugs eradicate most but not all of the normal pre-e forms. () The drugs
cause a temporary cessation of growth in some forms or are inactive against some
forms naturally slowly growing or arrested while the remainder are eradicated.

Obviously the first of these does not occur. Should the second suggestion be
true, it is difficult to understand why a delay in parasitaemia should be so long,
If merozoites on the Sth and 9th days invade the blood in numbers sufficient to
s£ause an infection, then the delay would not be longer than the 5-10 days reces-
sary for multiplication to patent levels except in strains where long-term latency is
common. That is to say, the blood infection would be normal, as for a low sporo-
zoite level of infection. The third euggestion is the only possible alternative.
There are in fact two theories involved here : (1) that these drugs cause a general
lengthening, by some slowing down or temporary cessation of growth, of the pre-e
cyele ; (ii) that forms exist naturally which are more slowly growing and resistant
to the drugs. Hawking and Thurston {1952) have shown that sub-effective doses
of proguanil cause an excessive vacuolation and some hypertrophy of the parasite.
This does not fit the notion of some retardation or cessation of growth due to drug
action. One i left with the proposal that forms occur, not seen by Hawking and
Thurston, which while retarded are not affected by the drugs and which fully retain
:heir capacity to produce merozoites at & time later than the majority of pre-e

forma,

Such forms could be encysted, arrested or retarded, and as has been said, the
two former possibilities are rejected. There remains the retarded forms already
desoribed in an earlier section. If these forms are truly growth-retarded but other-
wise normal and growing schizonts, as is believed to be the case, it may be
assumed that the activity of their nuclear division is at & minimum. Such forms
would then be resistant to proguanil or pyrimethamine drugs, which are schizonto-
static rather than schizontocidal and which act largely upon the late nuclear
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tion with and under the direction of Professor Shortt the present author set up an
experiment to test the efficacy of proguanil under similar conditions. It was not
possible to demonstrate pre-e forms, but a prepatency of 31 days was recorded.

There is much indirect evidence of drug action upon e-¢ forms of mammalian
malaria. Information on the presumed action of various drugs upon e-e forms can
be obtained from observations concerning prophylaxis, radical cure, delayed
parasitaemia and reduced relapserate. This information is tabulated in table 2
(see page 115),

Useful reviews have been published by Coatney and Coaper (1918}, Cooper (1948),
Fairley (1949, 1952) and Mudrow-Reichenow (1950, 1952),

G. M. Findlay's volume of Recent Advances in Chemotherapy (1951) dealing with

larials has proved invaluable in the study of this aspect.
It remains doubtful whether proseptasine is a causal prophylactic in P.
Salciparum infecti as Sinton’s experi: with it (Sinton ¢f al., 1939) give

no indication of whether it is the pre-e forms or the early erythrocytic forms which
are attacked. Ardias (1948) stated that sulphone therapy following Ascoli’s
adrenaline treatment lowered the relapse rate in P. vivax infections, but this has
no significance ¢is-d-vis the e-e forms, as the treatment is based upon the Bignami
theory of relapse and attack on erythroeytic parasites driven from the spleen.
From the table it can be seen that only the 8-aminoquinolines have the
capacity of completely eradicating the pre-e and e-e forms of mammalian malaria.
However, to effect this with certainty, with all of the groups except primaquine,
toxic or near toxic dosages are necessary. Primaquine in well tolerated doses has
been suceessful in eliminating relapses from the Korean straing of P.vivaz (Garri-
son et al., 1953; Alving ef al., 1953).
The bi ide group and pyri are causally prophylactic in sporo-
zoite-induced P. falciparum infecti dicating & pl dication of the
pre-e forms. 'This is, however, only a presumption, as Coatney e al. (1953) ha.ve
shown that pyrimethamine is active after a single dose for up to 17 days and its
action may be one of sup ion upon the early subp blood i . Splnk.s
(1946) showed that proguanil is largely excreted in the first few da}fs, honever, it
may be that the active triazine metabolite (Carrington ef al., 1951).15 re.tamed for
periods comparable to those of pyrimethamine. The drugs are nothing like as suc-
cessful in dealing with sporozoite-induced infections of P. viraz and P. cy1!xmwlg.;.
Both proguanil and pyrimethamine cause some delay in the primary parasxtzem.m
in both infections. Pyrimethamine causes a delay of 20 to hundreds of days while
proguanil causes shorter delays of about 20 days. These effects appear to be more
or less independent of sporozoite dosage. Neither has any effect upon the relapse
rate following the primary parasi ja and therefore pr bly no effect upon
the e-e forms. i . Hawk-
As both drugs have some effect upon e-e forms of avian mala'm and as Haw!
ing and Thurston have shown that proguanil apparently eradicates some pro-e
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largely i itivity to p il and pyrimethamine, of & strain of mammalian
malaria, by treatment of the blood infection, confers resistance upon the e-e forms
as well. Resistance is carried throngh both sporogony and pre-e schizogony
(Schmidt et al., 1949 ; Cooper ef al., 1950 ; Hernandex et al., 1953). Also, pro-
guanil-resistant strains of P. falciparum are resistant to prophylactic doses of
drug (Walker and Reid, 1953). Ths faculty, howerver, appears to be carried by the
gametocytes and cannot be acquired directly by the e-e cycle during regimens so
far tested as, if blood forms are made resistant in an animal and then eliminated,
the new blood forms from & true relapse are sensitive (Schmids, 1953).

Biochemistry

There is almost no published i upon the physiology and bio-
chemistry of the e-e forms of mammalian plasmodia. Much of the information
relating to e-e forms of avian malarias is probably relevant, particularly where drug
action is sinular and conelusions have been based on chemotherapeutic consider-
ations. Thus it may be assumed that the folinic acid complex, with its precursors
and reactants, is active in the mammalian forms, as proguanil and sulphadiazine
are active. This complex, instrumental in the synthesis of nucleosides and
nucleic acid, is necessary for the supply of deoxyribonucleic acid {DNA) which, as
will be shown, is present in the final division stages of pre-e forms. For the mam-
malian liver forms there are, at present, only three sources of information con-
cerning their biock ry. Firstly, k ledge of the special iology of the
liver and the biochemical aspects of its various functions may possibly give some
indication why this site is so exclusively favoured by the parasite and what com-
pounds the liver possesses to allow the rapid growth of the parasite. Secondly,
histochemical treatment can supply a certain limited number of facts. Thirdly,
as has been seen, ch ic and drug i allows some indirect
conclusions.

Telcharov and Todorowa (1950) suggested that the presence of abundant
glycogen in the liver was the reason for the selection of the liver parenchyma as
the site of development of the parasite. They further suggested that the glycogen
provided the carbohydrate source for the active growth of the schizont. In early
1952 Dr. Williamson and I suggested to I’rofessor Shont that the uptake of glyco-
gen into the parasite might well be d q of
various means of glycogen depletion of liver cells led to the choice of the drug
phlorhizin which causes the kidney to extract rapidly and eliminate blood sugar,
thus causing 2 constant flow to exhaustion of carbohydrate from the liver. This
method was superior to the use of msulin which causes only a temporary and
transitory loss of liver cell glycogen (Soskin and Levine, 1946). It was decided
then, in conjunction with Dr. Williamson, to investigate this method of liver
slycogen depletion and to determine the effect of such a depletion on the pre-e
cycle of P. cynomolgi. The results have been briefly demoustrated (Bray and
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divisions accompanying schizogony. There may be a further division in drug
activity into little action against young schizonts and maximum action against
old schizonts. It is known that proguanil and pyrimethamine act at the time of
maximum nucleic acid exct and when deoxyrit leic acid is d ble
in the parasite nuclens, This condition obtains only in the older schizonts if we
are to believe the results of the Feulgen reaction (see page 125). Thus the retarded
forms may possess not only the advantage of little nuclear activity but also a type
of activity which is not susceptible to attack at this stage in any case. Such
forms, retarded to the extent of drug resistance, would take 20-25 days to reach
maturity and produce their relatively low total of blood-i i i
Thus, the primary parasitaemia initiated at this time would not become patent
until about 30 days after infection. It is to be stressed that this explanation does
not suffice to explain the long-term delays brought about in some cases by pyri-
methamine in South-West Pacific strains of P, vivaz, where some other effect is
obviously acting.

A further unexplained fact is the diffe fal action of proguanil or pyri-
methamine on P. falciparum infections and P. vivax infections when the drugs are
administered as prophylacties. The action of pyrimethamine can be wholly ex-
plained by the residual action of persisting drug in the plasma on early erythrocytic
infections in the case of P, falciparum where, as no e-¢ infection exists, the action
is radical. In this case the claim that pyrimethamine is active against pre-e forms
of P. falciparum is baseless on the present information, though no doubt such
activity exists. However, in the case of proguanil it appears as if some action
against the pre-e forms oceurs, as drug plasma levels after single early dosage are
accepted as being too low to affect the erythrocytic phase when it occurs, although
the author reserves opinion until further pharmacological investigation has beent
made. When proguanil is considered it is not enough to state that P. falciparunt
undergoes only one pre-e generation and that this is eradicated, whereas P. tivax
displays a persisting tissue phase. If the action upon the forms themselves were
similar, then no clinical attack could be expected in P. tiva infections whether
sooner or later. It must be assumed that there is some difference in the mode of
growth between the pre-e forms of P. viraz and those of P. falcl'par:um. Such &
diffe might be a biochemicall, d tal factor in closely similar cyeles or
a different mode of growth Mting in dissimil hi: y. The present a'uthor
feels that there is sufficient evidence to postulate a different mosie of growth in the
pre-e generation between the two parasites and the plasmodia closely ali.red t(;
them, P. falciparum reaches o greater size than P. vivax in about two:t}urds of
the time and it is postulated that such a rate of growth precludes the ex)steyce of
retarded forms with a sufficiently slow growth and nuclear division u{“reS\.st‘ thf
action of p il. In P.vivax infecti it is p d that prog
retarded forms do occur. i

It would seem on general evidence that acquired or natural drug resistance,
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Day+7 Animal anaesthetized. Liver frozen in sifz. Animal killed and frozen
liver pieces taken for glycogen analysis, Other unfrozen and frozen
pieces were fixed in Carnoy’s fluid, hot and cold formol.aleohol for
later embedding and sectioning,

M104 Notmal diet throughout.
Day 0 Tnfected as above.
Day+7 Killed and hver taken as above.
125 ive carbohydrate diet throughout. Animal fed 109, solution

glucose in milk, carrots, potatoes and large amounts of glucase for
which the monkey displayed considerable greed.

Day 0 Infected as above.

Day+7 Killed and liver taken as above.

All mosquitoes were obtained from a single batch of 700 4. maculipennis
atroparvus infected with gametocytes of P. cynomolgi as a batch. Liver samples
were taken after freezing by dry ice in sifu before death. Glycogen analysis was
made, by means of the sugar reagent of Somogyi (1945). Sections of liver were
stained with Giemsa stain differentiated in colophony or acetic acid, with Best’s
carmine, Bauer Feulgen, Feulgen-light green, Gomori's silver methenamine and
Danielli’s modification of Gomori's method for demonstration of alkaline phos-
phatase,

In this experiment, the results of which are set out in table 3 (page 122), it
was shown that glycogen depletion increased the schizont content of the liver
fivefold, This was a most surprising result. The 7-day-old pre-e schizonts in all
monkeys were typical and no signs of degeneration, no alterations in size or
number of vacuoles, were observed in the treated monkey. Schizont diameter
measurements averaged 36 in each of the three monkeys and vacuole numbers
averaged 23, 2-2 and 2'3. Stain reactions were similar. The only observed
morphological difference observed was the predominance of bacilliform nuclei in
M124, and this was considered to be of no significance. Thus, the effect recorded
Wwas purely one of increased invasion of liver parenchyma by sporozoites.

Two explanatmns of this eﬂ'cct are poss\ble Firstly, it might be thought that

phiorhizin phage activity and consequently
more sporozoites were able to reach the hver This seems unlikely as no com-
patable records exist in the on in and was begun only

the day before sporozoite inoculation.  Furthermore, there was no difference in
intensity of P. berghei infections between treated and control mice. Secondly, it
can be assumed that glycogen acts as a barrier to parasitic invasion as it is known
to do in some virus diseases of the liver. On glycogen depletmn this barrier is
Temoved and greater numbers of p are ing the
parenchyma cells,

Some observers have noted the effect of sporozoan diseases upon liver glycogen
levels (Fulton, 1939 ; Pratt, 1941) but no data are available on the effect of various




120 MAMMALIAN PLASMODIA

Williamson, 1953) and the full details will be given here. It is with the permission
of Dr. Williamson that this work is recorded here.

It was first necessary to determine the toxicity of phlorhizin when dissolved
in propylene glycol and to investigate its effects upon malaria parasites. Follow-
ing this, the drug was tested for its effici a8 a glycogen-depleting agent in
monkeys and a satisfactory method of determining liver glycogen had to be
established.

It was found that the solvent—propylene glycol— was toxic to mice at levels
of 02 ml. This was reduced to 0-05 ml. The maximum tolerated dose (chronic
toxicity) of phlorhizin wag found to be in the region of 250 mgm. in 0-5 ml. propy-
lens glycol per kgm. body weight., A dosage of 100 mgm. in 0-5 ml, per kgm.
body weight was found to be well tolerated by both starved and normal monkeys
over eight days of daily intramuscular injections. Phlorhizin was shown to have
no effect on the course of P. berghei infections in white mice.

Liver samples from mice, rats and monkeys were tested for liver glycogen
content after single and multiple dosages of phlorhizin in order to test both the
efficacy of the drug and to standardize the hods of glycogen estimati The
methods of glycogen estimation used were those of Good, Kramer and Somogyi
{1933) using the colorometric method of Nelson (1944) and the sugar reagents of
Somogyi (1945) or his later modification (Somogyi, 1952). It was found that the
above regimen of phlorhizin treatment over 8 days virtually eliminated liver
glycogen in starved monkeys.

The findings of Morrione and Mamelok (1952) were also confirmed with regard
to the speed and extent of glycogenolysis in the liver on death or excision. Results
showed that despite immediate immersion in boiling potash, liver pieces removed
normally displayed a sharp and considerable loss of liver glycogen when measured
chemically. Only when the whole liver was frozen in sifu with the animal uflder
deep hesia could reproducible results be obtained from all lobes .of the liver.
The pieces were then literally chipped off and placed directly into l}o}h’ng po!:ash
solution. By this method it was possible to establish that phlorhizin combu?ed
with starvation was more effective in depressing liver glycogen than starvation
alone.
With this information an experiment was performed with 3 M. mulatta on
the following regimens :

M123

-1 Al food removed. Animal offered water only. Inoculated intra-

ey m(?s.;ularly with 100 mgm. phlorhizin in 0-5 ml. propylene glycol per
kgm. body weight. .

Day 0 Sta;z::d. T‘}"ea.ted with phlorhizin. Intravenously infected wiﬂ}] lg’

glands of A. maculipennis atroparvus heavily infected with P.

cynomalgi. L. :
Day+1to +6 Starved. Phlorhizin given daily.
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attack. Thirdly, this effect may have some influence, as yet incalculable, in
endemic areas of malaria with associated high degrees of malnutrition where a
high threshold of sporozoite attack is probably necessary to overcome immune
responses, Thus a state of malnutrition causing a low glycogen level may also
lower the hold number of ites necessary to establish an i i

Such conclusions are to some degree borne out by the case of monkey M125
which is not recorded in table 3 above. This monkey ingested enormous amounts of
carbohydrates. Unfortunately, neither blood sugar nor urine sugar contents were
estimated. The hver glycogen content of the M125 after 8 days of high carbo-
hydrate intake was found to be only 1-71%, where a figure approaching 12-15% had
been expected. The only satisfactory explanation scemed to be that the monkey
was diabetic. The schizont content of the liver proved to 13,100 per cm.3, which
being a twofold increase over the control, 18 in accordance with a low glycogen
content, at all times during the experiment. From this it might be assumed that a
diabetic could expect double the normal number of pre-e schizonts to develop in
his liver on mosquito infection.

Some rough calculations were made during this experiment in an attempt to
estimate the number of sporozoites inoculated and the number of pre-e schizonts
to be subsequently found in the whole hiver. Should the estimated number of
schizonts i ly exceed the esti d number of introduced
this would argue an intervening generation. It was ealculated that about 3 x 10%
free sporozoites, and at least that number entangled in gland debris, were inocu-
lated. The calculated number of schizonts in each of the three livers was con-
siderably less and thus no conelusions could be drawn, The figures are given in
table 4, below .

Tasts 4

No. of free sporozoites mocu. 2123 3124 125
lated 3x10* 35x10% 2-5x 10

No. o sckizonts a the whole " 15x10° 4108 95 %108
iver

Ratio of free sporozortes/schi. 2 85 25
zontsg

It is stressed that the figures for the number of sporozoites inoculated per schizont
produced are probably much too low as at least double the number of sporozoites shown
were probably inoculated 1t is also worthy of mention that, in all experiments carried
out with ewther P. cynomolgs or P. snui in which sporozoité counts have beon made,
schizont numbers have shown  reasonable correlation with sporozoite mumbers irre.
spective of the number of mosquitoes used.

-An interesting theoretical consideration arises from these results. Raffaels
(1952) has expressed doubts as to the ability of the sporozoite successfully to pass
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TapLe 3
Infeetion Best's
Monk % 8l i .
onkey . cymomaigi Treatment /"iﬁ ﬂf]‘;ﬁ*“ ::;:3;;: smu
82 none | wateronly | 184005 | — l
293 none water only | 0354001 —
phlorhizin
i/m
391 none Normal 82402 +
diet
M123 100 water only >0-10 —_ 29,100/em.?
glands phlorhizin .
ifv ifm
M1 100 Normal | 87102 | + | 5600/ms
glands diet
ifv

glycogen levels upon protozoa. It is known that the loss of vaginal glycogen may
precipi proli ion of Trich aginalis, but this parasite is neither
intracellular nor apparently directly affected by glycagen levels as the effect is
more likely bound up with pH changes due to glycogen loss and other i
alterations in physiological activity. However, the latter explanation is more
i y and has been adopted as a working hypothesis.
The other main fact which emerged from this experiment was that the pre-
rythrocytio schi of P. lgi does not utilize stored liver glycogen as a
source of carbohydrate. It seems probable that, as in the erythrocytic stages,
} are metaholized, and the source of these is the blood sugar.
The information available npon malaria associated with diabetes has recently
been reviewed by Born (1952). Born found that there was some connection be-
tween the two diseases, and that the onset of diabetes frequently coincided with a
malarial attack. Glycosuria is known to increase with antimalarial therapy.
None of this, however, is very relevant. From the results given above it might be
taken that a diabetic will become more heavily infected then a normal person Wb.en
inoculated with a comparable number of sporozoites. This has no clz'nics:l sig-
nificance as the malarial attack would be no different. It may have some'sngruﬁ-
cance in three ways. Firstly, the relapses may be more frequex‘nt 'u‘l a d:ibeh:;_

owing to a greater number of e-e schi: thus prod S
blood-invading ites at more freq intervals. Secondly, if the sporozoites

inoculated are for any reason enfeebled, a diabetic person may suffer & n'ormal
primary attack when a normal person would have undergone & delayed primary

<,

only
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6. The above haematoxylins counterstained with Orange G, eosin-azur II, methyl
blue and Giemsa.
7. Mann’s stain. Carnoy, Helley and formol-saline fixation.
8. Gram's stain. Carnoy fixation.
9. Phloxine, toluidine blue, Orange G staining. Acetic acid and eolophony differ-
entiation. Carnoy fixation,
10. Feulgen stain and methyl blue or light green counterstain. Carnoy and formol-
aleohol fixation.
11. Toluidine blue with or without prior treatment with ribonuclease and with or
without alcoholic differentiation. Carnoy and formol-alechol fixation.
12, Best’s carmine. Carnoy and formol-alcohol fixation.
13. Bauer Feulgen. Carnoy and formol-alechol fixation.
4. Gomori’s silver h i Carnoy and f¢ l-aleohol fixation.
15. Danielli's modification of Gomori’s stain for alkaline phosphatase. Carnoy and
formol-aleohol fixation.
16. Phloxine-tartrazme stain. Carnoy fixation,
17. Alizarn Red S, phosphomolybdic acid. Carnoy fixation.
18. Leuco-fuchsin, methy! green. Carnoy fixation.

Methods 1-9 were adopted in order to estimate the optimum routine staining
method. ¥t was found that no method was as successful as the routine Giemsa
+colophonium stain when this was used on tissue fixed in Carnoy. This was not
only true for pre-e forms but also for blood forms in capillaries. ‘The pre-e stages of
P. cynomolgi are Gram-negative. Method 10, Feulgen staining, has proved most
satisfactory for the staining of final division nuclei of P. inui, P. ovale and N.
medusiformis, as has been shown by Garnham (Garnham and Heisch, 1953 ; Bray
and Garnham, 1953b; Garnham et al., 1955). Results with pre-e stages of P.
eynomolgi at similar stages have been disappointing. 7- and 8-day-old forms are
Feulgen negative, and the 10-day-old bursting schizont is only faintly Feulgen
positive when compared with similar stages of P. inui or P. crale. Tt will be
remembered that whereas P. inui shows definite nuclear patterning and, as will
be seen, N. medusiformis displays mitotic-like figures, P. eynomolgi shows virtually
none of this type of activity. Thus it would appear that DNA is not present in
any considerable amounts in the early forms of P. cynomolgi and, even at the final
stage, is only weakly demonstrable. On the other hand, DNA is reasonably
heavily deposited in nuclei in the final stages of P. inui and P. ovale. It is inter-
esting to note that the mature forms of P. faleiparum are strongly Feulgen positive,
indicating & heavy deposition of DNA in the merozoites (Young, 1953). It is
known that proguanil inhibits the DNA producing process (Lewert, 1952b) and
50 it might be assumed that tho difference in DNA content of nuclei of P. falci-
parum and P. eynomolgi might be a contributory factor in the different action of
Proguanil upon the pre-e forms of the two parasites.

The abovo results should not be interpreted as an indication that little bio-
chemical change occurs in the nuclei of P, cynomolyi pre-e forms. Iam convinced
ti:t,nud; 1;, z}x‘nd 1 .‘ i " d ocesses are taking place at all times in

. a8 been observed while studying tissue eultures that, when stained
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the R-E system and arrive at a parenchyma cell. This is not the present author’s
understanding of the action of the R-E system under such conditions. In the
absence of any specific humoral activity, the cellular action will take some time to
clear all cireulating sporozoites in the absence of specific activation. This time is
presumably the hour during which the blood is known to be infective. During
this time some sporozoites may pass through the liver several times and the
majority of the sporozoites should have an opportunity to enter the organ once,
Tt is known that blood ean traverse the body in 25 secondsand although blood flow
through the liver is sluggish, the amount of blood in the liver at any one time is
very large. Thus it seems that the fate of a sporozoite is as much bound up with
its ability to penetrate a parenchyma cell of the liver as with the hazards of
reaching such a cell. Should Raffaele be correct in his assumption then there
should be no difference in parasitic invasion between normal and glycogen-de-
pleted monkeys when it is remembered that Raffaele does not argue that pre-
schizonts do not oceur in the liver but only that they occur in endothelial, not
epithelial, cells.

On the other hand it is here postulated that the glycogen stores of a paren-

chyma cell play a iderable part in the establishment of a pre-e i
Should the glycogen barrier refuse entry of a sporozoite on its first passage through
the liver, the hazards of endothelial lfment of the sp ite must be once

more undergone before a second chance is offered, and the Iymphoid macrophage
system may claim it within the hour. If, however, the glycogen barrier is removed,
the p ially less 1 8p ites may gain entry into a parenchyma cell,
effecting a higher rate of infection than normal. The ratio of inoculatec! spoTo-
zoites to resultant pre-e schizonts would appear to indicate that a sporozoite may
be offered more than one chance of passing through the liver and invading poly~

gonal cells.

It would be i ting to late upon the t of Garnham (19512}

P
to the effect that nothing can make P. elongatum develop in a parenchyma cell of
the liver, but further experimentation is needed.* X

The next source of biochemical information is the result of histochemical
investigation of pre-e forms of mammalian plasmodia. Of the various results set
out below those which refer to P. eynomolgi are the work of the s:uzhor. The
following stains and treatments have been tested with pre-e schizonts (ﬁ.
cynomolgi 7, 8, 10 and 15 days old, fixed in Carnoy, formol-alcohol, formol-saline
or Helley's fiuid. Carnoy fixation has been used as routine.

1. Giemsa stain, colophony or acetic acid differentiation. All fixatives.
2. Heidenhain's iron haematoxylin. Camoy fixation. 5 3
3. Delafield’s haematoxylin, Carnoy, Helley and formol-saline fixation.

4. Erlich haematoxylin and eosin. All fixatives. 5 }
5. Millory‘s iron ha%matoxylin. Carnoy, Helley and formol-saline fixation.

o 1 ir ithelsl
* Very recent work by Dubin in which be has shown that 2. gallinaccum will grow in epil

cells in vitro.
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Camoy’s fluid for 5 minutes, embedded, sectioned and stained with Glemsa-
colophonium.

ExpermveNT 11

The details are essentially the same as previously, with the following modi-
fications : fowl plasma replaced human plasma, clot liquefaction was sucked off
when necessary and transplantation was carried out daily, sporozoites were ob-
tained without asepsis and suspended in Tyrode fluid containing 100 units penicillin
and 100 pgm. streptomyein per ml,

ExpermvesT 11T

Coverslip cultures of monkey liver and spleen were prepared by the method of
Hawking (1944). Antibiotics were used as above and sporozoites of P. cynomolgs
in very large numbers were introduced into the fluid phase of Tyrode fluid and
monkey serum. Tissues were harvested at intervals of 6 hours during 36 hours,
and treated as above.

ExpermMenT IV

Roller tube cultures of HeLa cells (cervical carcinoma cells} growing on glass
were inoculated with sporozoites of P. vivax. The sheets of fixed and stained tissue
were removed on celloidin films or on wax and floated on to glass slides,

Results, Discussion and Conclusions

In Experiment I, no evidence of pre-e forms was found and no evidence of
growth or even life could be seen in the parenchyma cells of the explants. Even 6
hours after biopsy the explants to be dead. Tt l harvested after
2 days and 6 days both showed some signs of life. A concentric ring of live tissue
could be seen halfway between the periphery and the centre. The live tissue was
exclusively endothelial as far as could be determined. All the remainder of the
tissues were dead and showed extensive pyknosis, karyolysis and necrosis. There
wag excessive liquefaction of the soft human plasma elot and this was thought to
have poisoned the normally healthy periphery of an explant.

In Experiment II, with the hard fow] plasma clot, similar but slightly better
results were obtained with regard to the hiver growth. The concentric ring of live
tissue was more extensive and lasted up to 12 days. However, it was still endo-
thelial and no parasites were demonstrated, Professor Adler has informed the
writer of very sumilar results obtained in comparable tissuo culture experiments
carried out in his laboratory. It was agreed that even if some liver tissue could
be kel;lt alive, the rapid death of peripheral cells would disallow parasitic entry and
growth,

In Experiment III, although numerous sporozoites were seen to lie free, none

1 B
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d, a certain requi is involved for cobalt, the central atom of the
vitamin By, chelate. Whether or not the cobalt is to any extent retained in the
parasite is not necessarily important, but that it is essential at some stages is
certain. This has been mentioned not because of its importance in chemotherapy
but because of its possible use as a radio-active tool in tracer experimentation.
Radio-active cobalt introduced in the vertebrate would probably collect in the
nuclear-labile parasite to a far greater degree than in the surrounding nuclear-
stable liver tissue. Such a technigue would, unfortunately, be of little use in
distingnishing very young pre-e forms, as nuclear division at this sta ge isnot active.

Tissue Culture

The relative difficulty of producing mammalian e-¢ forms at will for the myriad
experiments which a worker would like to perform with them made attempts at the
tissue cultivation of the schizonts a sine qua non for an investigator.

Dubin (1947, 1948} attempted to cultivate tn vitro the e-e forms of P, vivazr
in bone marrow taken from induced P. zizax infections in patients with general
paresis. Dubin, Laird and Drinnon (1950) attempted to infect liver explants with
sporozoites of P, vivaz. None of the attempts was snccessful, Dubin and his col-
leagues found that the liver growth was purely fibroblastic and thus the paren-
chyma-inhabiting pre-e forms could not be expected to grow.

The present author has made four essays at this most difficult of tasks and the
experimental details will be recorded briefly here.

Materials and Methods

In the first two attempts the techniques used were those of Fell (1929),
designed to in diffe d tissue in vitro. Some controlled growth is
obtained by this method, but as it would have been sufficient to keep liver tissue
alive for one or two weeks, all techniques were directed to that end.

ExpermMENT 1:

18 clots of human plasma and chick embryo extract in Tyrode solution were
set up in watch glasses and placed in moist chambers. Monkey l:iver was taken b{
needle biopsy, kindly performed by Professor Woodrnff, The liver piece washcu
into 18 explants of approximately 1 mm, diameter and placed on the clots. T €50
were incubated at 37-5°C. Glands of 18 A, maculipennis alropareus h.eavﬂy
infected with sps ites of P. lgi were T d asephcallx without
severence of the alimentary tract, after the method of Gordon and H.lll (IIQ:.GJ.
The sporozoites were suspended in Tyrode solution and one drop of tlu's 50} t;l :o:ll
containing the glands of one mosquito was placed on each explant and incul :hzn
for 6 hours. The glands and medium were then sucked off. Theexplants !;e:e then
incubated for periods of up to 12 days. Tissue pie.ces were tr;}nsplante ﬁoedin
clots every two days and pieces were harvested daily. The pieces were fix:
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Carnoy's fluid for 5 minutes, embedded, sectioned and stained with Glemsa-
colophonium,

Exrerpient 11

The details are essentially the same as previously, with the following modi-
fications : fowl plasma replaced human plasma, clot liquefaction was sucked off
when necessary and transplantation was carried out daily, sporozoites were ob-
tained without asepsis and suspended in Tyrode fluid containing 100 units penicillin
and 100 pgm. streptomycin per mi.

ExpermMENT 111

Coverslip cultures of monkey liver and spleen were prepared by the method of
Hawking (1944). Antibiotics were used as above and sporozoites of P. cynomolgi
in very large numbers were introduced into the fluid phase of Tyrode fluid and
monkey serum. Tissues were harvested at intervals of 6 hours during 36 hours,
and treated as above.

ExpeRmMENT IV

TRoller tube cultures of HeLa cells {cervical carcinoma cells) growing on glass
were inoculated with sporozoites of P. vivax. The sheets of fixed and stained tissue
were removed on celloidin films or on wax and floated on to glass slides.

Results, Discussion and Conclusions

In Experiment I, no evidence of pre-e forms was found and no evidence of
growth or even life could be seen in the parenchyma cells of the explants. Even €
hours after biopsy the explants d to be dead, T harvested after
2 days and 6 days both showed some signs of life. A concentric ring of live tissue
could be seen halfway between the periphery and the centre. The live tissue was
exclusively endothelial as far as could be determined. All the remainder of the
tissues were dead and showed extensive pyknosis, karyolysis and necrosis. There
was excessive liquefaction of the soft human plasma clot and this was thought to
have poisoned the normally healthy periphery of an explant.

In Experiment IT, with the hard fowl plasma clot, similar but slightly better
results were obtained with regard to the liver growth. The concentric ring of live
tissue was more extensive and lasted up to 12 days. However, it was still endo-
thelial and no parasites were demonstrated. Professor Adler has informed the
writer of very similar results obtained in comparable tissue culture experiments
carried out in his laboratory. It was agreed that even if some liver tissue could
be kept alive, the rapid death of peripheral cells would disallow parasitic entry and
growth.

In Experiment III, aithough numerous sporozoites were seen to lie free, none

? M.
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were demonstrated in cells of either the spleen or the liver at any time. Spleen
wag seen to be actively growing after 36 hours, but once again the liver seemed to
be dead. As there has been no record of ful growth or maint of
adult mammalian liver parenchyma in vitro it was thought futile to carry on this
line of research.

Experiment IV had been designed so a3 to use an actively growing culture of
human foetal liver cells.* Unfortunately this system was lost a few days before
sporozoites were to be harvested and so the HeLa cell system was substituted.
No growth of the parasite was seen. I have to thank Dr. Kingsley Sanders for his
co-operation both in supplying the HeLa cell culture and his continuing efforts to
grow foetal liver an my behalf.

One interesting point arose from this work. From the results it seems that
parenchyma cells die within 6 hours after exeision when transplanted into cultures.
It is already known that glycogenolysis and perhaps other changes oceur within
the parenchyma cell instantaneously on death or excision. Huff (1853¢) has re-
marked that one of the essential pre-conditions for the acceptance of the existence
of mammalian pre-e forms in liver tissue is the infectivity of that tissue at a time
of prepatency in the blood. It is my belief that although this is possible, this pre-
condition will not be established except by extensive and expensive research or
by pure chance. Mulligan ef al. (1949), Shortt and Garnham (1948c) and Hawk-
ing et al. {1948a) have all failed to it P. lgi by inoculation of macer-
ated liver on the 7th and 8th days prior to the onset of the donor’s parasitaemia.
Further, and what makes one somewhat impatient with this pre-condition, Huff
(1942) has failed to t it L on by inoculation of spleen emulsions, as
have other workers.

The following facts concerning the liver and the pre-e infection of P. cyno-
molgi must be borne in mind :

1. Liver parenchyma dies on excision and transplantation within 6 hours.
Certain changes occur i ly in the p hyma cell which
might possibly be fatal to the parasite.

The blood becomes infective on the rupture of the first pre-e schizont but
a large proportion of pre-e schizonts do not reach maturity until 1248
hours after this time.

The pre-e generation lasts 8 days and the last maturation changes and
final merozoite formation within the pre-e schizont are swift, perhaps
confined to 12 hours, and require considerable metabolic turnover.

4. Similar techniques of inoculation have failed to transmit the accepted

hi y stages of Hep is and L &

» 1t is not known, of coursa, whether the pre-e cycle of msmmalian plasmodia will grow in footal
‘point which should be resolved some time in the future s it
list of possible causes for the curiously low incidence of

1

o

parenchyTon even in vivo. This rawses &
may sdd yet. one more factor to the growing ]
malaria in infants aged 0~3 months in hyperenderic sreas.
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It is in the light of these facts that Hufi’s essential pre-condition must be
examined. In avian malaria the cycle of development is 36 hours and occurs in
endothelial cells which continue to live for periods much longer than 36 hours on
transplantation either in tito or in vitro. Infectivity of avian pre-e forms is thus
easily understood. In mammalian malaria it would be necessary to choose a time
in the donor’s pre-e infection when schizonts are nearing maturity. At a time of
say 180 hours after P. cynomolgi sporozoite infection, when it is fairly certain that
no pre-e schizonts have ruptured, a few schizonts might be inoculated when under-
going their last stages of schizogony. On excision the liver cells die within 6 hours,
perhaps within one hour, and will not then support life. This is the time when
profound metabolic changes are occurring in the parasite. At later times, when
gome schizonts may have reached full merozoite formation, the blood may be
already infected, owing to the bursting of one schizont with its thousands of
merozoites. Thus, for success in such a venture, a heavy concentration of pre-e
forms would be necessary and the time of inoculation either carefully calculated or
brilliantly inspired , all this to be repeated with many monkeys. What might be
more possible would be the inoculation of infected liver 8} or 8 days after infection
and the d ion of second- ion e-o forms in the recipient while the
state of the blood infection was ignored. This would not, of course, satisfy Huff’s
criterion.

(¢) RELAPSES, IMMUNOLOGY, PATHOGENICITY
Relapses

In this section it is not intended to argue from observed biological phenomena
to the syndromes of a clinical relapse, but rather to infer biological data and states
of parasitism from clinical and ch herapeutio data and late such in-
ferences with the scanty known biological facts. Thus it will suffice to say that
one and only one biological fact is available. Persisting e-e forms of P. cynomolyi
have been described 102 and 105 days after sporozoite inoculation (Shortt and
Garnham, 1948e; Shortt, Bray and Cooper, 1954).

Firstly it is desirable to examine the evidence put forward by various authors
for a genesis of relapses other than the presence of e-e forms. Some Italian workers
hold to the Bignami theory of the genesis of relapses which relates the reappearance
of patent parasi ia t0 & persisting sub-patent erythrocytic infection. Ascoli
and Alessandro {1950, 1951) have pointed to the reduction of the relapse rate
obtained with tho Ascoli adrenaline-schizontocide therapy as a proof that some
relapses are due to low-level achizogony in the blood of the viscera. They believe
that not only are the e-¢ forms not the * dews ez maching explanation of relapses”,
but also that the e-e forms are but a transitory stage. They support their con-
tentions with references to the persistance of pigment which has already been dis-
cussed in this memoir, and to the work of Corradetti and Verolini {1950, 1951}
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discussed below. Ascoli and Alessandro believe that two generations of pre-e
development exist, the first being that described by Coulston (1949) and the
second the well known parenchyma cell generation. These are thoughtful papers,
but there are certain essential omissions. No differentiation between relapse and
recrudescence is made, nor is there any recognition of the differences existing be-
tween the sporozoite- and the blood-induced infections of P, vizaz. No mentionis
made of the persisting e-e stages of P. cynomolgi found after a negative blood phase
which surely puts to flight the fanoy that e-e forms are merely transitory. Similar
misunderstandings are evident in the work of Corradetti and Verolini (1850,
1951).

These authors studied the relapse pt in blood-induced infections of
P. cynomolgi in monkeys and P. malarige in man. They found that * relapses »
oceurred in both infections after a period of negative parasitaemia. They reported
that the liver of the blood-infected monkeys contained no demonstrable e-¢ forms.
Some of the “ relapses ”* occurred only 2 weeks after the apparent disappearance
of the blood phase. Several comments are called for in relation to this work.
TFirstly, as e-e forms do not occur in blood-induced infections of simian or human
malaria it is not surprising that none was found. Secondly, although the blood
was negative by microscopic examination in the intervals between relapses, it was
not shown to be negative on i lation, which is the tial criterion in these
cases. As Fairley (1947) has shown in blood-induced P, vivax infections and
Schmidt (1953) has shown in blood-induced P. lgi infections that the blood
is infective bet parasitic recruds I cannot accept this aspect of the
reports of Corradetti and Verolini. Thirdly, the very short period between re-
crud; of blood 1 jon has been generally assumed to denote recrudes-
cences of persisting blood parasites and not true relapses, as defined earlier in this
thesis. Thus, Schmidt (1953) reports » series of recrudescences oceurring at
intervals of 17 to 28 days with intervening negative thick films in blood-induced
P. cynomolyi infections. During the intervening periods when thick films are
negative the blood is infective. Further, in sporozoite-induced cases intervening
periods oceur during which the blood is not infective, and the reappearance of
parasites after such a period is termed a relapse.

Corradetti and Verolini concluded that relapses are caused by persisting
erythrocytic forms. The work, however, merely shows that recrudescences are so
caused, and this is inhs t in the ition of a recrud The true relapse
may be studied only in sporozoite-induced infections.

Another school of thought in Italy allows that e-e forms are the cause of
relapses but that such e-e forms are to be found in R-E cells (Raffaele, 1951, 1952;
Conti and Monaco, 1950, 1951 ; Gramiccia, 1948). This has been to some Eiegree
supported in other Conti 1 ies (Blancand L illon, 1949 ; Gallaisetal.
1949 ; Decourt, 1948b ; Blanc and Cros, 1952 ; Martinez Mujica, 1948). Decourt
{19492) has put forward what he has termed the « French concept ™ of e-e develop-
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ment in all plasmodm and the relation between the described stages and relapse

and i . He postul the ing stages of
1. The inoculation of sporozoites.
2. Nuclear division of the sporozoite within 30 minutes to form protozoites.

3. The protozoites divide by binary fission in mononuclear cells of the con-
nective tissue.

4. Most i ites undergo a schizogony phase to produce mero-
zoites, which invade erythrocytes. A few protozoites remain in connective
tissue cells.

5. Mulfuphcahon of the erythrocytic forms.

6. 1 to eradi blood parasit hi

to produce merozoites destined to become gametocytes.
. Some blood schizonts rest at the pi gmenting stage. Some schi
are engulfed by the activated R-E aystem and there become metazoites
by ceasing activity but resisting destruction by the phagocytes.
At the time of relapse, three separate processes occur: (z) The arrested
* dysgonic ” stages in the blood resume schizogony. (b} The metazoites
are released from the R-E cells. (¢} The few remaining protozoites undergo
schizogony and invade the blood.
9. b and 6 re-oceur.

-

k<

None of this theory was supported by experimental data.

The theory would appear to take its being from the worst of almost every
postulation made to explam relapses and sporozoite development. Although both
parth is and jon were overlooked, the theories attributable to
Golgi, Bignami, Danilewsky, Missiroli, James and Raffaele may all be detected in
this extraordinary synthesis. Not the least surprising fact about the compilation
is that selection has been made of the specifically unproven notions of each hypo-
thesis. Protozoites and metazoites have not been shown to exist. No binary
fission has been shown to occur in the Haemosporidiides. Finally, not only is the
theory based upon the unproven and undemonstrated, but no account is taken of
the established phases of e-6 schizogony in mammalian malaria.

Tt is widely accepted that relapses are occasioned by the breakout of the para-
site from & schizogony site in the tissues. It is also widely accepted that this site
is in the parencliyma cells of the liver. It is time then to study the clinical and
statistical data associated with true malarial relapses in order to obtain some idea
of the state of the parasite causmg the syndrome,

The following general i is ilable about ite-induced
infeetiona :

(1) P. falciparum displays no true relapses (see fig. 1.)
(2) P. tiraz displays two true relapse patterns (a) the so-called tropical zone
benign tertian malaria with & haphazard short-term relapse pattern (sce
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fig. 20), (b) the so-called temperate zone benign tertian malaria with a
constant long-term relapse pattern (see fig. 20).

(3) P. orale displays true relapses, probably of the short-term variety.

(4) P, malariae displays true relapses of varying character but of exceptionally
long duration. Reports of relapses occurring up to 42 and 60 years after
infection have been made.

(5) P. cynomolgi displays true relapses of the 2 (a) type according to Schmidt
and Genther (1953). I have noted a few relapses occurring between 100
and 110 days after infection, which may or may not be significant, indi-
cating as it does a constant pattern. Schmidt (1953) is quite emphatic
about the short-term haphazard relapse pattern of P. cynomolgi and, as he
has meticulously examined some 1,500 infections, I accept his views.

(6} Persisting e-e forms of P, cynomolyi have been found at the time of relapse.

From these data some reasonably firm postulates may be drawn.

1. The tissue phase of P. falciparum ceases after the first generation and all

ites p d by this tion are h pic. This is supported by

the negative findings in the many thousands of liver autopsies performed post
mortem on persons who have died from this infection,

2. The tissue phase of P. malariae is higbly persi; and app Ly rep
a biological compensation for the hazards of its long oyclic development in the
definitive host and its low ite production in the i diate host.

3. The short-term relapse of 2. vivar and P. cynomolgt and probably 2. ovale,
is cansed by the persistant e-e phase and the parasites described at the time of
relapse in P. cynomolgi infections are the result of continuous and active schizogony
generations re-invading parenchyma cells of the liver. This is the opinion of such
authorities as Shortt, Garnham, Fairley, Boyd, Coatney, Taliaferro and Sergent.

Short-term relapses in untreated P. vivaz infections have been described from
the South-West Pacific by Craige et al. (1947) and Coatney, Cooper and Young (1950)
[Chesson strain] and from New Guinea by Fairley (1947). It has been assumed by

the authorities mentioned that relapse is the result of some temporary recession of
i i tablish of an erythrocytic infection from the

llowing an
1y ing e-e schi gony in the liver. This assumes the constant pro-
duction of h pic and some histi pi in the liver, and duri!{g
are eliminated probably in

negative blood phases the h pic 4 pr
situ by Kupffer-cell action while still free or during their first generation in er_}fz]:.nro-
cytes. Thus, patent infections are disallowed until humoral and cellular »actxvxty.
particularly in the liver, is for some reason temporarily in abeyance, .Thxs theory
is best advanced in papers by Shortt and Garnham (1948¢) and Fazrle.y (19.4!))‘

Though these postulati can be pted in principle, certain .
will be made later. Garnham (1951a) has suggested that such may not be quite
reactions may not be suffi-

the case in P. cynomolgi infections, where immune t
ciently supreme to prevent a i or Ny sub-patent
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erythrocytic infection constantly renewed from the e-e cycle. Schmidt (1953),
however, has reported negative inoculation results at periods of parasitic quies-
cence in the blood, It may be that this will be no more than a relative question,
being a function of the sporozoite density, for, despite Schmidt’s finding, many
other factors point to a degree of relative commensalism, or better, less damaging
parasitism, in the case of P. cynomolgi.

It is the long-term relapse P. vivaz strains which provide the great stumbling
block to logical biological inference from observed clinical data. Such strains are
to be found in Madagascar (Yorke, 1925; James, 1926; Shute, 1946), the
Cameroons (Shute, 1946}, the U.S.A.—St. Elizabeth and MeCoy straing—(Mayne,
1937; Boyd and Kitchen, 1944 ; Coatney and Cooper, 1948b; Coatney et al.,
1950), the Netherlands (Schiiffner, Korteweg and Swellengrebel, 1929 ; De Buck,
1936 ; Swellengrebel and De Buck, 1938), Germany (Kikuth, 1943) and in Korea,
North Africa and India. They have been generally described in Europe and else-
where by Hackett (1937), Gill (1938) and Héring (1947). The general pattern of
sporozoite infections by these strains is thus: The primary parasitaemia may or
may not occur normally and if it ocours the blood eventually becomes negative,
owing to the intervention of drugs or the host’s immune processes. The blood
remains parasite-negative, as has been shown by inoculation for about 40 weeks
after infection, until at about this tinie a clinical relapse occurs. The relapse never
occurs shortly after the primary attack as in the short-term relapse pattern of P.
vivex strains (see fig. 19). The relapses are confined to a period from 20 to 50 weeks
after sporozoite inoculation, with a mean at 35 to 42 weeks for the strains studied.
Subsequent to the long-term relapse a series of short-term relapses occur for a
period of 4 months or so (Coatney et al., 1950 and Shute, 1946). The relapse timing
is to some degree dependent on sporozoite loading being an inverse function, but
no matter how heavy the sporozoite dosage, the essential long-term mechanism
persists (Coatney ef al., 1950), This is in contrast to the Chesson short-term relapse
strain, where heavy sporozoite dosages hring the relapses on to the very het?ls of
the primary attack (Craige et al., 1947). In addition to this, there is the associated
phenomenon of long-term latency in these strains. (It is even the rulein the Dutch
strain.) Under the conditions referred to on page 39, a delayed primary attack
oceurs within the established time range of relapse. It may be safely assumed
that the biological mechanism is the same in these twin phenomena of long.-term
relapse and long-term latency and that the intervention of a normal primary
parasitaemia is incidental to the underlying biological cause of the clinical
ocourrence.

This pattern is plainly a phenomenon associated with the parasite its?lf and the
patbern must have as its genesis a definitive biological parasite mechanism. The
day-to-day timing of the relapse may owe something to the stat? of the .lmst 'but
the general period of relapse probability is obviously dictated by innate biological
qualities of the parasite.
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There are four possible biological answers to this problem, based on the
existence of persisting e-e forms :

1. Some pre-e schizonts cease activity before merozoite releaso and become
*latent. These forms are reactivated by some intrinsic mechanism at the
set time and this reactivation is independent, of the immune status of the
host (Boyd, 1953, and after Shute, 1946).
While the majority of sporozoites invade liver cells and actively grow
there, some sporozoites do not develop but assume a latent and inactive
state. This may occur in parenchyma cells, in R-E cells, in connective
tissue cells of the skin, in the lymphatics or extracellularly (after James,
1931a and Shute, 1946). Alternatively, sporozoites travelling by the
Iymph system may reach the liver intermittently and after long delays
(Griffiths and Gordon, 1952)

. A general slowing down of e-e Bchlzogony Tates combined with the produe-
tion of low numbers of } ites and high numbers of
histiotropic merozoites causes a low density of erythrocyte-invading
merozoites, which is easily dealt with by the immune responses. At the
set time, the haemotropicfhistiotropic ratio becomes high once again and
sch;zogony is speeded up to provide & threshold number of haemotropic

the low p ition of the host (Fairley,

L4

23

1949).
A complete change over to histiotropic merozoite production oceurs on the
part of the e-e cycle. At the set time normal haemotropic/histiotropic
ratios are resumed in the relative absence of immune reaction (Fairley,
1049).

L

Such changes within the e-e cycle as are postulated in 3 and 4 are adaptations on
the part of the parasite to ensure continuance of infection in areas where mosqui-
toes hibernate.

Some remarks have already been made about the first of theso explanationa
to the effect that arrested schizonts have not been seen. The theory has been put
forward by Boyd (1953) to explain a ial action of pyrimeth
which in fact does not exist (Coatney P al., 1953). The theory is still held by
Shute, who likens this development, to similar arrest in sporogony which, as he
has informed me, he has noted up to 3 months after infection of anopheles. Much
as T have rehed and will continue to rely upon analogies with sporogony, I

now part pany with such parisons. Shute has obtained such arresta of
upomgnn) only by virtue of intaining the beles at lower than
21°C. is tain, It is difficult to con-

ceive of nm)lm- c\-ents uﬂ‘ectmg the ef cycle in man as a rule, for relapses are the
rule, not the exception. A further point by way of an obiler dictum is that this
theory may be used to explain relapses as a whole but then does not explain the
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differences between the patterns, or may be used to explain the long-term relapse
but then does not explain the series of subsequent short-term relapses. Unfor-
tunately I have been unable to find an estimation of the average life of a paren-
chyma cell as this surely must be an important point, Death of the host cell must
spell death to the enclosed parasite, It seems that it would be unlikely that a
sufficient number of arrested schizonts would inhabit parenchyma cells capable of
maintaining the parasite for the necessary 9 months,

As to the second suggestion, although sporozoites have been seen in lymph
glands 24 hours after inoculation (Boyd and Kitchen, 1939) and they have been
known to survive in defibrinated blood for up to 5 days (Mayne, 1933), they
normally quickly degenerate in most tissue or body fluids outside the body. On
the other hand, they can overwinter in a mosquito’s glands. However, from
general considerations it seems doubtful if a sporozoite would survive long extra-
cellularly in the body of a vertebrate at 36-9°C. If intracellularly, by what mech-
anism is it released at some definite date? Most cells would precipitate the
sporozoite into the general system at irregular intervals as these cells break
down. Though little definite can be said about this theory, it must be viewed
unfavourably.

Tt is the choice between the third and fourth explanations which presents such
insoluble problems. Let it be said at the outset, for it will soon become painfully
apparent, that there exists no satisfactory explanation for long-term relapses and
little hope is discernible for the future as overriding objections appear in every
circumstance postulated. It is at this point where chemotherapeutic considera-
tions come forward, but, alas, to cloud the issue, not to clarify it. The first of these
two explanations is favoured by the postulation already made of resistant re-
tarded formy insensitive to proguanil as being the organisms causing short-term
latency in proguanil-treated infections. It must be remembered that proguanil
therapy has no effect upon the relapse rate of either pattern of P. vicaz once
therapy has ceased. That is to say, proguanil fails to cause radical damage to the
persisting e-e forms. On the other hand, Hawking and Thurston showed it to
have some effect, and in fact they were unable to demonstrate pre-e forms after full
proguanil treatment. Thus, if the postulate concerning retarded {orm§ is ac-
cepted then it must be further acoepted that these forms are able to continue the
e-e schizogony and at the same retarded proguanil-resistant rate in order eo sur-
vive. This is necessary as it is not believed that pre-e and e-e forms differ in any
manner which is ch herap ily d ble. This, in other words, means &
slowed-down schizogony rate and a high histiotropic/haemotropic ratio to main-
tain e-e infection in the face of both proguanil attack and initially low reban'ied
In the absence of proguanil it would be assumed that im-
as has been postulated already

schizont proportions,
mune responses force a similar type of d
in P. gallinaceum infections.

Were it not for Hawking and T.

hurston’s observation it would be simpler to
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intain that the led prophylactic effect of p il; and indeed pyri-
methamine, was nothing more than a residual action against sub-patent primary
erythrocytic infections and adopt the second of these two explanations, as is
favoured by Fairley (1949). Certainly it is the more biologically acceptable. In
this case, histiotropism is forced upon the parasite by an inimical elimate and an
innate characteristic calls it back to haemotropism at a given time. But these
forms should be open to some attack by pmguaml such attack gmwmg in force

23 the number of actively growing schi: Drug is not
developed in the e-e infections of a single host so this does not explain the in-
efficacy of proguanil.

At this stage it seems expedient to ignore the action of proguanil, assuming it
to have some eﬂ'ect upon the e-e cycle not yet explicable, and to concentrate upon
8 general ing the persisting e-e phase in the  genus Plasmodium.
This contention js that a normal basio & ite forma-
tion ratio exists for any one plasmodium. This ma.y be 100/0 asin P. falciparum
or about 99/1 as in P. tivax or about 50/50 as in P. gallinacewm or P. elongatum.
This ratio may be upset by a variety of circumstances. Thus, it may be altered
by drug action as in guinine of P. galli or by immune
as in short-term relapse P. vivaz strains, or by selection of a different ratio pattern
ag in long-term relapse P. vivaz strains. In this last case, the variation has been
selected and has become a fixed characteristic of the strain. Dealing with par-
ticular examples, we have an increase of histiotropic/haemotropie ratio as the
infection of 2. el 7 due to the i ing immune response to
the host. We have an i d histi ic/h pic ratio in the parasit
negative blood phases of the short-term relapse P. vivax infections caused by the
host’s immune reaction. On any weakening of the host's immune reaction
normal histiotropic/haemotropic activity is resumed. Finally, in the case of the
long-term relapse P. vivax strains, we have a strain selected as a result of
environmental stresses, which now displaya certain fixed characteristics. These
are a normal histiotropic/haemotropic ratio followed by an excluslva }ushotmplc
merozoite production for a fixed time, after whichnormal histi
characters resume their sway. This is followed by the usual reaction to 1mmumty
factors as displayed by short-term relapse strains.®

Tt will be noticed that some modification of the theories of Shortt and Garn-
ham and of Fairley concerning short-term P. rivaz relapses has been made. This
has been made not only to fit a general postulation but also to provide some way
out of the dilemma nnscd by lmmumt} considerations. If a watchful immunity
complex is i ites and sub-patent erythroeytic in-
fections as they arise it scems that the small number of histiotropic merozoites
are in great danger and that the sharp drop in numbers from first to second genera-

tion e-c forms should continue until the cycle is eliminated. 1If, however, an in-

* See footnote on page 32.
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creased number of histiocytic merozoites is produced, this would go some way
towards ensuring & persistence of the e-e cycle. There remains, of course, the
a t that i P are apecific to haemotropic merozoites or, more
likely, only to the merozoite once it has invaded a red cell,

Before ending the discussion on relapses, it must be stressed that, though
certain theories are advanced here it is not to say that they are held with either
comfort or great conviction,

Immunity
Acguired Immunity

There is at present only one observation upon acquired immunity to the e-e
stages of mammalian malaria parasites. It was found by Shortt and his colleagnes
that no acquired immunity to pre-e forms of P. vivaz oceurs in the one case studied
by them (Shortt, Garnham, Covell and Shute, 1948 ; Shortt and Garnham, 1948¢ ;
Shortt, 1951a). A human vol who had und T ite-induced P.
vivaz malaria therapy some 22} months previously, was subjected to massive
sporozoite inoculation and pre-e forms were demonstrated in his liver. On the
other hand, no overt parasitaemia was detectable and no clinical attack ensued.
Thus it was clearly shown that, while a powerful residual immunity to the blood
forms was still active, no such immunity existed to pre-e forms. .

This observation bore out general inferences made over a number of years
by numerous workers including Boyd (M. F.), Coatney, Russell, Covell, Mulligan,
Swellengrebel, Paraense and others. The very fact of the relapse phenomenon
denotes a lack of an effective immune response to e-e forms. Shortt and Gaml}%m
(1948¢) noted that superinfection by sporozoites is possible in P. cynomolyi in-
fections, denoting & lack of specific immune reaction to pre-¢ forms. Boyd {1947)
found that the specific immune response to 2, tivaz infections was dife?Ced so.lely
against the erythrocytic forms and not against the sporozoites and their immediate
descendants. .

TInevitably, from the discussion on relapses already recorded, I cannot take
up the position that there is na reaction on the part of the e-e cycle to gen.etal
immune reactions of the host. It has already been postulated that .ncgnuef{
immunity may have an effect upon the mode of e-e development. I persist in t.}us
belief in the light of the results obtained by Shute €1946) from crossqmm;m;y
experiments using the long-term relapse P. vivaz strain from Madagascar and ; ;
long-term relapse P. vivax strain from the French. Cameroox}s, .S;mtt? dt:sc?ﬁe]e
delayed primary attacks up to 300 days delayed, in sporo.zmte in ectmns. of :
French-Cameroons strain of P. vivaz in patients previously immunized aga.msc the
Madagascar strain of P. vivar. This would appear to. be an faxample o; xmr:jn;!;;
reactions modifying the e-e development of a parasite, which normally wo!

i r it attack followed by a long-term relapse.

probably have displayed the usual primary 3 b & on the
This could, of course, have been purely the result of immunity attac
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erythrocytic phase but there is no reason to believe that the normal e-e pattern
has not also been disturbed. On the other hand, it is stressed that only the mode
of development is affected, and more severe effects are absent. It is also stressed
that the action may well be only against the extracellular progeny of the e-e
phase and not the intracellular schizogony stages proper. This last is supported
on general microscopic evidence which shows no micro-reaction to the intra-
cellular stages with the exception of P. knowlesi, and only the progeny following
the bursting of the schizont excite the usual infiltration reaction.

Natural Immunity

The only specific recorded evidence on natural immunity to e-e forms con
cerns attempts to infect the liver of 3{. mulatie with sporozoites of P. vivaz. This
has been attempted by direct inoculation by Huff and Coulston (1948) and Hawk-
ing and Thurston (1952). Only the latter attempt was thorough and was, un-
fortunately, completely negative. Similar failure can also be reported in attempts
to infect day-old mice with large bers of sp of P. Igi. Numer-
ous attempts have been made to infect various unnatural hosts with the sporo-
zoites of mammalian plasmodia. In the numerous failures there may be many
cases of natural immunity to pre-e forms but in the light of the evidence of similar
avian malaria studies this is not certain and no conelusions can be drawn.

Pathogenicity

As far as can be judged, the e-e forms, as such, of mammalian plasmodia,
with the exception of P. knowlesi, exert no pathogenic effect upon their intermedi-
ate hosts other than the destruction of a negligible number of parenchyma cells
anda ' minor local i P. berghei may also prove an exception
when its full development is known. In P. cynomolgi infections, monkeys having
a8 many as 20,000 schizonts per em.? of liver, show no untoward symptoms and
it is only when the blood is invaded that any signs of illness appear.

The described e-6 stages of P. knowlesi, however, display a ring of reaction
about them and sear tissue has been described in the liver resulting from burst or
degenerated schizonts. Thus, some real measure of pathogenicity occurs. In
general, it can be said that, like the sporogonic stages, the e-e cycle of mammalian
Pplasmodia causes no discornfort to the hosts and it may yet be shown that the
large schizonts of P. knowlesi are degenerate forms and are, by a small stretch of
the imagination, analagous to the black spores of Ross.

(d) GENERAL CONSIDERATIONS ; RELATED GENERA
General Considerations

There remain a number of lacunae in the general knowledge of the mammalian
e-e cycles and a number of ““loose ' facts which seck a place in the schemata of
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e-e schizogony patterns. Firstly, more knowledge is necessary along the follow-
ing lines :

1. Study of the pre-e and e-e stages of P, berghei or P. vinckei and the early
pre-e stages of P. knowlesi is Yy to plete the knowledge of pos-
sible patterns of mammalirn e-e schizogony. The possibility that the
rodent malarias provide the link between mammalian and avian e-e
schizogony must be explored.

It would be of great assist: if some morphologically distinet e-e form
of, say, P. eynomolgi or P. vivax, which could be related to histiotropism or
the long-term relapse pattern, could be distinguished, but one can hold
out no great hope for this, It is believed that the tropism s more likely
to be of & chemical nature than microscopically demonstrable.

3. The i diate fate and tions of the spi ite need to be studied.
Such questions as the following require definite answers: What propor-
tion of the sporozoites in a mosquito’s glands are inoculated? What
proportion reach the liver and by what routes? Are there any stragglers
or any which travel successfully and enter liver cells by routes other than
the blood? Does the sporozoite require any activation to cause it to
invade the inactive parenchyma cell?

The most important investigations necessary involve the fundamental
biochemical and physiological aspects of the e-e stages. Such studies may
provide data on the genesis of relapses and may open up new routes of
attack upon the parasite, which are badly needed. Data of this kind must
come from studies on the parasite itself as well as from indirect sources.

Ll

[

There is an amount of “loose ” knowledge which requires firm dovetailing
with the scheme of knowledge as it stands at present. Such facts are the eﬁ'ect? of
proguanil therapy, the retarded forms of £, lgt, and the minor hol 1
and bischemical diffe bet P, lgi, P. inui and P, falciparum.
One outstanding fact is not yet correlated. Why is the liver favoured.as ?he site
of e-e schizogony? Has the bile any significance? Is there any helpful distribution
within the organ as a whole? A thousand other minor questions arise fromscraps
of unintegrated knowledge. i

There is one point which I would like to ingert here. This is the question of
controly as it affects all the work done on the mammalian pree forms. Huff
(1950, 1953a) has listed, among other objections to the ﬁnding§ of Shortt anfi
Garnham, the lack of controls in the various experiments. In a private communi-
cation he has contended that such processes as have been described in the vario usly
infected mammals may be artefacts, though of what nature he has _not expressed
an opinion. Coulston and Robinson (1950) have gone so fi“ as to infer that the
pre-o forms of P. cynomolgi described are, in fact, agglutinated platelet aggre-
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gations. This last fon may be dismissed ; such aggregations do
ally oceur in Liver sections but they are quite distinct from pre-e forms. They are
of irregular shape, all sizes, and stain a uniform pink.

As to the criticism concerning controls, it must be recorded that control
experiments have been performed bath by Professor Shortt (Shortt, Bray and
Cooper, 1954) and by Professor Garnham, involving P. eynomolgi and P. fnui

ly. Control keys were subjected to exactly similar techniques, but
the mosquitoes were fed on clean monkeys and had no gland infections. Al liver
sections from control monkeys were negative. Perhaps more interesting were the
scentific ethics involved in the P. cynomolgi experiment and the unrecorded
details of the experiment will be briefly described here.

At the same time as another experiment was being performed, largely by me,
Professor Shortt and Mr. Cooper repeated the techniques, using clean mon-
keys. This was done without my knowledge. Liver was taken at autopsy 7 days
later from the control monkey and was sectioned and stained. At this time the
experiment in which I was involved had proved suceessful and pre-e forms were
demonstrated. Some time later Professor Shortt brought me 300 sections of liver
and asked me to examine them for 7-day-old pre-e forms of 7. cynomolgi. Pro-
fessor Shortt was never d for lengthy 1l i of his every action
and his somewhat laconic question caused no surprise. I assumed the sections to
be some unsearched material from some carlier experiment. Some four weeks
later, and even with a little annoyance at what I had thovght was a wasted 10
hours or 50 at the microscope, I returned the slides to Professor Shortt with the
statement that they were completely free from pre-e forms. It was then that I was
told that I had searched about 300 8q. cm. of liver from the control uninfected
monkey.

Many refercnces have been made in this chapter to the analogies to be drawn
with the sporogony cycle. A comparison of growth rates on the basis of diameters
is made in fig. 21. ‘This comparison 13 most striking and in eutire accord with the
findings of Huff (1954) in avian malaria, in fact, the similarities between e-e
schizogony and sporogony {other than gametogony} arc even more striking in
simian malaria parasites than in the avian malaria parasites. Huff went on to say
that the two eycles are for material purposes similar and schizogonic. There i,
however, another side to this question. Elsewhere I have mentioned the general
similarity of morphology and mode of growth between sporogony, microgameto-
gony and i in the Coccidi pha (Bray, 1954). In certain genera,
such as certain members of the Eimeriidae, the similarity between schizogony
and microgametogony is most striking and only in the final product is any great
difference discernible. Even among the avian plasmodia, where Huff points to
the similarities between e-o schi: y and sporogy )8 simifar parison could
bo mado between erythrocytic achi and of, eay, P’.
elongatum with almost as much justice. Such similarities should be taken as
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evidence of a similar mode of growth th hout the whole sub-class but should
not confuse the biological meaning of each growth phase,

Such overall eonsiderations do not by any means invalidate Huff’s contention
for there can be no doubt that his conclusion is true and is, in fact, sxiomatic.
If we regard the genus Plasmodium as largely of a diploid character and aceept
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Fio. 21. Curves showing the growth rate {size/time) of the pre-e schizogony
stages of P. cynomolgi and the sporogony steges of P, vivaz and P. malarige. Sizes
are shown as diameters in microns. It can be assumed that the growth rates of
oocysts of P. vwaz and P. cynomolgi ere alraost the same. It will be seen then
that growth rates for the pre-e achi phase and the sp phaseare almost
thesame, If the original mfecting organism is taken inta account, i.e., the 25 x 10
opkinete and the 12 x 1u sporozoite, it can be seen that the growth rates are
even closer m relation than is apparent from the graph., This and various other
sumilanties, notably the identical sensitivity to drugs, and the number of daughter
p makes ison between these two cycles inevitable. The
growth rate curve of P. malarias is displayed to show the tail-off of apparent growth
rate after release of sporozoites has commenced. 4 similar tail-off is apparent i the
P, cynomalgi pre-estage growth rate curve. In both cases thisis due to late maturing
retarded forms giving an apparent decreaso in average dismeter after normal forms
have disappeared.

that reduction division to haploid character ocours during gametogony, ie.

during the production of microgametes and the throwing off of ** polar b{odies”
by the macrogametocyte, then the true extent of the sexual phase is dehnea?ed
by the phase of haploid ch istics. This with gamete formation

and ceases with fertilization, B
If on the other hand we treat Plasmodium as largely haploid (by a}mlugy' with
Aggregata) then the sexual phase is the diploid phase which ends with the first
division of the zygotic nucleus. Thus the logical conclusion is .tha.t all nuclear
divisions during sporogony, with the exception of the first, ave mitotic and essen-
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tially asexual. Thus echizogony and what we know as sporogony are asexual and
fundamentally identical, whether it is believed that gametic meiosis or zygotic
meiosis is the case in Plasmodium.

The widespread notion that the whole of the phase of Plasmodium occurring
in the arthropod is sexual is, in the strict sense, nothing more than the old mistake
of arguing from the particular to the general for the sake of convenience. Merely
‘ecause some of the stages in the mosquito are sexual it has been widely assumed
that all the stages in this host are sexual, which is palpably untrue,* Volume
comparisons between the two eycles yielded no further information, but & com-
parison of the approximate volumes of mature e-e forms is listed below for infor-
mation :

P, gallinaceum 1400 cup or 1-4x10-%cem? by formula calculation
in R-E cells

P, elongatum 175cup or 1-76x10°¥cem?® by formula caleulation

P.inui 7,000 cup or 7x10-*cm? by formula ealculation

P. cynomolgi 33,000 cup or 3-3x10-% cm.? by formula caleulation

P. vivax 50,000 cupr  or 5x10-° em? by formula calculation

P. faleiparum 88,000 cupr  or 88x10-*cm.? by direct measurement

end for comparison
H. kochi

merocyst up to 32,000,000,000 cu.p: or 3-2x 10~ cm.? by formula calculation
Related Genera

At one time or another the following species have been described as belonging
to the genus Plasmodium in the family Plasmodiidae.

Srecres Hosr
semnopitheei Langur
kocki African apes
limnotragi Antelope
Joleys Lemur
vassali Squirrel
brodeni Elephant shrew
pleropi Fruit bat
epomophori Fruit bat
murinus Insectivorous bat
melanipherus Insectivorous bat
o Th 2 " N
in thus context. Theeo drugs aro without spparent effect upon the duvisions of muclews mvolved Ly

gamete production but rrest the f on (T
3642; Shute and Maryon, 1043, 134). Does thus mean that thees drugs sre without efloet upon
tmeions and that the enzyme complex which they inhibat is not required in the reduction division of
muclel, and further us it therefore proven that Flasmodim undergoes gametic meiosis unike A7re-
gafa? 1t would be uscful in thu connexion to know the precise action of sulpbonamides on each stagn
of Ecmersa where 1t is thought that £ygotic meiosts oocurs.

x

.
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Other parasites such as bouilliezi, cephalophi, cercopitheci, joyeuzi, mackiei,
ratufae, rigolleti, roubaudi, tafwanensis and tyrio are at present treated as syno-
nyms of one or the other of the species listed above. These parasites will be
briefly discussed in conjunction with the eimilar parasite Nycteria medusiformis
Garnham and Heisch, 1953. None of these parasites displays schizogony in the
blood, nor have any of them been transmitted by dnopkeles. They are pacently
not plasmodia and, in fact, they display the ch istics of the H
1t is to this family that they belong.
Garnham (1948a, 1948b, 1950a, 1950b, 1951a, 1951e, 1953a, 1953b) has been
ible for the reclassification of these parasites and their t within
existing and new genera of the family Haemoproteidae. This has largely been

o

o

Fio. 22. Merooyst of Hepatocystis kocki in liver section, Stained with
Giermsa-colophaniusn,
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done on the basxs of the parasite schizogony which is considered by Garnham to be

a more fi istio than the g; y in the blood. The e-e
schizogony is known in the following species :
SpEcIES TYPE OF SCHIZOGONY
kochi (see fig. 22) Merocysts in liver parenchyma
vassali Merocysts in liver parenchyma
epomophori Merocysts in liver parenchyma
murinus (see fig. 23) Very small schizonts in endothelial cells

N. medusiformis (seo fig. 23)

o PSS
type in liver p

Fro, 23. E: of ian Hy

1, 2 and 3. Immature schizonts of Polyckromophilus murinus in & liver
smear, Stamed with Giemsa. 4. Mature schizont of P. murinus in a hiver section.
Staned with haematoxyhn end eosin. & and 6. Immature schizonts of P. murinus
in a liver section, Stamned with and eosin. 7. Ii schizont of
Nyctera medusiformis m  liver eection. Note the tendency to nuclear segmenta-
tion. Stained with Giemsa-colophonium,

The kocki type of schizogony has been briefly referred to and on this basis
Garnham (1948a) removed the species to a new genus Hepatocystis. These ob-
servations on H. kochi have been confirmed by Haddow (1952) and expanded by
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Garnbham and Pick (1952). The similar schizogony of vassali was described by
Field and Edeson (1949a, 1840b) and Edeson and Field (1951) who removed this
species to the genus Hepatocystis, Roy (1949) described large parasitic processes
in the liver of a squirrel infected with vassali. The schizonts resemble those
deseribed in P. knowlesi infecti and, although only g yte: d i

s app in
the bload, Ray declined to remove the parasite from the genus Plasmodium.
Gamnham (19502, 1950b, 1951e) and Rodhain {1953) have described merocystic

T y in epomophori infe of the liver of bats. Thus, there are three
species in the genus Hepatocystis, Gamham (1948b, 1951a, 1953b) has snggested
that they will probably be joined by semmnopitheci, limnotragi and pteropi. To
these foleyi should be added.

The e-o schizogony of murinus has been noted. Garnham (1951a, 1953b)
has suggested that this species and also melanipherus should be replaced in the
genus Polychromophilus given them originally by Dionisi (1899). Garnham has
suggested that brodens may belong in this genus. Finally, a new parasite .
medusiformis has been shown by Gamham and Heisch (1952, 1953) to display
only gametocytes in the blood and a eyromolgi type of schizogony in the liver.
There are diffe from P, lgi schi y in the app of the
nuclet,

These three genera have been d to the H. proteidae by Garnham
(3953a) and the only point of real doubt is the position of brodeni and, possibly
pteropi. As in the case of the mammalian malaria forms and Leucocylozodn, it
has proved impossible to transmit H, kocki by inoculation of liver or individval
merocysts.

(¢) DIFFERENCES FROM AVIAN FORMS
There still exists some confusion owing to the prior demonstration of the
avian -6 forms and it has been thonght useful to compile & list of essentinl differ-
ences between the avian e-e forms and the mammalian e-e forms and also between
the related phenomena existing in the two groups.

Avran Mararn

Related Phenomena

1. Various fissues in sporozoite-induced
infections are infective.

2. Schizontocides are not eurafive in
hlood-induced infections.

3. The host may die from & sporozoite-
induced infection before appreciable
multiplication of the blood forms.

Directly observed phenomena

1. E-e forms are ecaslly demonstrable in
sporozoite- and blood-induced infec.
tions.

Blasmaraay MALARIA

Similar tissues in sporozoite-induced in-
fections are not infective.

Schizontocides are curative in blood-
induced infections, .

Only the Blood forms produce a reaction
from the host,

Ei-e forms ere difficult to demonstrate in
p ite infections and are und:
strable in blood infections.
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2. E-e forms increase progressively in the
early stages.

3. E-e forms are found in endothehal or
haemopoietic cells all over the host’s
bod;

ody.
4. Merozoites number up to 1,000.

E-e forms decline sharply in number after
the first generation.

E-e forms are found exclusively in epi-
thelial cells in the liver,

Merozmtes number never less than 1,000.
One

more than 48 hours. i

E-e forme exaite a definite histologically
demoustrableresponse and aro path
ogeni

7. Twe pro-o generation cocrr,

B4

oceupies at
least 5 days.
E-e forms excite no cellular reaction.

One pre-e generation oceurs.

One similarity should be stressed in the light of the objections raised by Huff
(1950 and 1953) who has stated that the stain reaction of the pre-e forms of P.
cynomolgi differs from that of the pre-e and e-e forms of the avian plasmodia.
This impression should be sharply corrected. Huff has used a haematoxylin stain
which has not been accepted as a general stain for Plasmodium and, on his own
admissjon, stains parasite nuclei poorly. On the other hand, the Romanowsky
stains used by Shortt, Garnham and others are universally accepted as specific
for Plasmodium and other haematozoa. My personal experience has been that
the stain reaction to the Giemsa-colophomum technique is identical whether avian
or mammalian blood or tissue forms are examined i section.



CHAPTER ¢
TAXONOMY AND SPECIFIC CLASSIFICATION

Titat the taxonomy of the Haemosporidiidea would be affected by the discovery
of the e-e cycle of Pl dium was axi ic. The ! as to the neces-
sary changes, of Missiroli, James, Corradetti, Manwell, Gramiccia, Verney and
Giovannola have been noted. The work of Garnham has removed various species
from the Plasmodiidae to the Haemoproteidae. It has already been stated that it
is thought more politic to increase genera and decrease species than rice versa.
This view has its important practical considerations. To have & well defined mode
of development within a genus is of great value to a student. To have a genus
include a number of differing modes of develop can be most confusing. For
these reasons, any plan to fuse the Plasmodiidae and the Haemoproteidae is
rejected. Such a plan would include in one family megaloschizonts in the spleen
and mi hi inh poietic tissue, y only in the blood and both
gametogony and schizogony in the blood, various arthropod vectors and ex-
clusively mosquito vectors. It would seem wasteful to have so many well differ-
entiated characteristics available, sufficient in higher phyla surely to differentiate
between orders, and not at least to maintain those families at present recognized, if
not to inorease them.

As to the Plasmodiidae, there is some basis for further differentiation into
more than one genus. It is useful to list a number of groupings within the genus
Plasmodium and o devise from such a list a possible revision of the Plasmodiidae.
Let it be said that much of the necessary work has already been accomplished by
Garnham (1948a, 1951a, 1953a) and his canclusions will be listed later.

1. Sporogony. Two ings may he distinguished on host specificities : .
(a) Sporogony oceurs exclusively in anophelines ; slightly larger sporozoite :
human, simian, rodent and probably chiropteran malaria.

{b) Sporogony occurs in any of the pheline or culicine quitoes ;
slightly smaller sporozoite : avian and probably saurian and amphibian
malaria.

PRI Y

2. Erythrocytic schizogony. Once more, two i may be
(a) Schizogony takes place in non-nucleated red blood cells ; merozoites are
unable to invade and grow in tissue : human, simian and probably rodent

and chiropteran malaria. B
(&) Schizogony takes place in nucleated red blood cells ; merozoit,esl are ﬂb{e
to invade and grow in tissue cells : avian, saurian and probably amphi-

bian malaria.
150
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3. Exo-erythrocytic schizogony. Two main groupings may be distinguished but

{a) Schizogony in epithelial cells ; one pre-e generation ; mature schizonts
nearly macroscopic and containing never less than 1,000 merozoites :
human and simian malaria; probably chiropteran malaria; rodent
malaria is doubtful,

(b) Schi: in endothelial or h ietic cells ; two pre-e genera.hons H
hi i ic and ining less than 1 ,000 merozoites : avian
and saurian malarm 3 probably amphibian malaria.
Thus it is ap that two main groupings more or less i 1y resolve
1, 1 One group itizes the lia, the other the aves and their

progenitors the sauria.

‘However, the e-o schizogony allows further differentiation. Garnham (19532)
believes that erythrocytic schi: isa ively recent devel from
the usual type of tissue asexual schizogony displayed by the various members of
the sub-class Cocc)dwmorpha Gamham therefore has stated that this basic
tissue phase is the more fi istic and that classi ion should
refer fo it. As has been shown, 5 patterns of e-e schizogony exist in the plas-
modia. These five patterns, as listed by Garnham (1951a, 1953a), and slightly
modified here are :

1. Falciparum hi y in liver p b ; one ion only: in-
cludesP falczpamm and P. reichenowi.
2. € Igi in liver p; hyma ; many in-

cludes P. vivax, P. malariae, P. ovale, P. schwetzi, P. plthzc:,
P. inui, P. gonderi, P. simium, P. hylobati, P. brazilianum, and
probably P. girardi and P. roussetti.

3. Gallinacewm ~—Schizogony in endothelial cells : includes P. gallinaceum, P.

relictum, P. cathemerium, P. lophurae, P. fallez, P. circum.

flexum, P. durae, P. juztanucleare, P. hexamerium and probably

P ptlmam P. polare and P. agamae.

4. Mexi in both endothelial and h fetic cells: in-
cludes P. mezicanum, probably P. floridense and possibly the
other New World saurian species.

6. Elongatum —Schizogony largely in haemopoietic cells: includes P. elon-
gatum and P. vaughani, probably P. kuffi and P. rouzi, and
possibly P. nucleophilum and P. lacertiliae,

Such a scheme leaves a number of Old World saurian species and the am-
phibian species unclassified as information about them is so scanty.

‘Two important omissions are made. P. knowlesi, which present descriptions
leave unclassified, may well pose an interesting problem. P. berghei may prove a
link between avian and mammalian types.
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Garnham (1953a) has made these 5 patterns the basis for the suggested
creation of 5 genera in the family Plasmodiidae, These 5 genera are respectively :

1. Laverania Feletti and Grassi, 1890

2. Plasmodium Marchiafava and Celli, 1885.

3. Proteosoma Labbé, 1894,

4. Yet to be named

5. Istiocytozodn* Missiroli, 1037

T am unable to agree entirely with this suggested formulation. As has been
noted on page 57, the theory that major differences exist between the types
of e-e schizogony displayed by P. gallinaceum, P. elongatum and P. mezicanum is
not entirely acceptable. On the other hand, it is believed that wide differences
occur between the groups 1, 2 and 3, 4, 5.

A more fundamental consideration is that of phylogeny. It is not possible
to be dogmatic about this problem but what can be done is to indicate the most
logical and likely postulation on the origins of the genera in question. This postu-
lation is that the ancestors of the family Plasmodiidae were haemogregarine-like
parasites.

Among the haemogregarines we can detect the first appearance of forms in
the blood stream which facilitate tr ission by blood-sucking arthropods. The
forms may be gametocytes or sporozoites. It is with the group of haemogregarines
belonging to the order Adeleida and producing gametocytes in the circulating
blood that we are concerned. The group contains three genera, Haemogregarina,
Karyolysus and Hepatozoon. The first appears in amphibia and is therefore pro-
bably the oldest ; the second is found in reptiles while the last and most recent is
to be found in reptiles, birds and mammals. Hepatozodn not only inhabits mam-
mals but shows a preference for both parenchyma and the liver unlike the other
two genera.

Tt seems probable that from this group two lines have developed. From the
genus Karyolysus having a schi ic develop in endothelial cells in .the
lung, ete. come those genera of the family Haemoproteidae which undergo schizo-
gony in endothelial cells in the lung, ete. This is typified by the genus Ha.efno-
proteus of reptiles and birds. Also represented bhere is a further step in parasitisnt
from reptiles to birds. From the genus Hep én, having a schi: ic develop-
ment in parenchyma cells of liver and lung but especially liver in mammals, come
those genera of the Haemoproteidae which undergo schizogony in liver paren-

chyma. Thisis typified by the genera Nycteria and Hepatocystis. Also represen?ed
is the step from reptilian, avian and mammalian hosts, to purely mammalian
hosts commencing with the primitive Chiroptera. .

So far this postulation has : (1) omitted all reference to Leucocylozodn which

 Should this general formulation be accepted the name Istioeyfozodn must on no account b;
used. Tt 1s the thoroughly illegitimate offspring of Modern Ttalian and Ancient Greek and was use!
in the first place by Missirolt {0 include several species with divergent hoat cells. .
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appears to have a foot in both worlds (schizogony in liver parenchyma and spleen
endothelial cells?) and which probably does not concern the present argument ;
(2} amitted refereuce to Polychromophtlus which can be regarded ag the first

of H Y% ! in lower 5 (3) detailed a
process of phylogenetic development which cuts across the taxonomy of certain
authors who have made use of syzygy as a basis of classification.

©On this last point most authors have agreed in the designation of two or three
sub-classes or orders in the Sporozoa which presently concern this chapter.
These two or three groups are the Coccidiida (Coccidia) Adeleida and the Haemo-
sporidiida (Haemosporidia); the Adeleida are often included in the Coccidiida
as a sub-group. This formulation is perfectly in accord with the above thesis.
‘However, some authors, notebly Wenyon, have provided a classification based on
syzygy which groups the Haemosporidia as a sub-order of the Coccidiida and leaves
the Adeleida as a separate order. If this view is taken ag correct, it geriously
challenges the above thesis that the Haemosporidia have evolved from the haemo-
gregarines of the Adeleida. It ig because I am convinced that the above view of
phylogeny is correct that the classification set out on page 2 has been adopted in
preference to that of Wenyon.

Tracing these lines of d into the Pl iidae it can be logically
argued that the malaria parasites of birds, reptiles and amphibia develop from the
line typified by Haemoproteus while the malaria parasites of mammals develop
from the line typified by Nycteria and Hepatocystis. This view points to the desig-
nation of (P.) mexicanum as the most primitive fully known parasite in the avian
and saurian line. From this source two lines are in the process of formation ; the
one typified by (P.) gallinaceum, the other by (P.) elongatum. It 1s my belief that
these developments are still in a elinal state and not yet sufficiently advanced to
be worthy of generic status.

In the mammalian group the most primitive parasite appears to be (P.)
knowlesi with its Hepatocystis-like development in the liver. Certainly the mast
advanced parasite is (P.) falciparum, not only by reason of its activity in its host
but,, more important, by reason of its further step in the shift from tissue to blood
schizogony.

This postulation demands one of three taxonomic corrections to the existing
systems of classification :

1. The fusion of the Pl diidae and the H. idae into one famil
the Plasmodiidae.

The fusion of the genera Haemoproteus, Polyckromophilus, Nycteria and
Hepatoeystis into one genus—Haemoprofeus, and the retention of the single
genus Plasmodwum in the Plasmodiidae.

The formation of two genera (or three) in the Plasmodiidae ; one repre-

senting the line developing from Haemoproteus and one the line from
Xycteria and Hepatocystis.

¥y

o

w

s
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The first suggestion is cantmry to those eenets of bxclogmal classification which
are based on the type of phyl jon det nbove The second
suggestion necessitates a belief that Haemop an 7
are essentially similar, which they are patently not, t,hough & case could be made
for the fusion of He proleus and Polych phil The third suggestion ap-
pears sound and has morphological differences to support it,

Taking all the facts and arguments recorded in this chapter into considern-
tion, a sub-division of the family Plasmodiidae into two genera js recommended.

1. The genus Plasmodium* Marchiafava and Celli, 1885,
2. The genus Haemamotba Feletti and Grassi, 1889.

FAwLY GEnus species
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The genus Haemamoeba Feletti and Grassi, 1889, takes precedence over the
genus Proteosoma Labbé, 1894, and as Feletti and Grassi designed the genus to
include the avian malaria parasites as distinct from both Haemoprofeus (their
Ly ie} and the lian pl dia their designation is taken as correct.
The description of the genus by Felettl and Grassi, in a now lost pamphlet of about
the 23rd December 1889 which appeared again in La Riforma Medica of 15 Janu-
ary 1890, takes precedence over the later paper on the same subject by Grassi and
Feletti later in the year 1890.

A check list of Plasmodium and related genera is set out in fig. 24, including
the general knowledge of these parasites to date. The above sub-division of the
Plasmodiidae has not been included.
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