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I. Introduction 

Drug resistance of protozoa, and particularly of pathogenic protozoa, 
has been used as a biological tool for the study of mechanism of drug 
activity since Paul Ehrlich's co-workers, Franke and Roehl, produced 
the first p-rosaniline-resistant strain of Trypanosoma brucei in 1907. 
When the entire experimental material published up to June, 1932, was 
reviewed by Schnitzer (1932), experiences with about 60 drug-resistant 
protozoan strains afforded a considerable amount of information on 
experimental techniques, as well as on the biological properties of the 
resistant strains. 

The parasites most frequently used for these studies were and still 
are trypanosomes. The work on other protozoan parasites follows with 
certain modifications the general rules developed in the study of drug 
resistance of trypanosomes, and it seems justified to start this review 
with the experiences gathered on these parasites. 

6 1 
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I I . Drug resistance of trypanosomes 

A. G E N E R A L B I O L O G I C A L P R O P E R T I E S O F D R U G - R E S I S T A N T S T R A I N S 

Drug-resistant trypanosomes are those parasites that emerge from 
the mixed population of a strain of trypanosomes (T. equiperdum, 
T. brucei, T. rhodesiense, T. gambiense) after exposure to a trypanocidal 
drug. Only one authenticated case of spontaneous arsenic resistance is 
known (Eagle and Magnuson, 1944). Drug-resistant strains no longer 
respond to the largest possible doses in vivo or to high multiples of 
the minimal active concentrations in vitro and retain these properties 
for long periods of time, frequently several years. Passage through insect 
vectors does not interfere with resistance. 

There is, to my knowledge, no known antitrypanosomal compound, 
or at least no group of such agents, against which drug resistance has 
not been produced, although resistance toward potassium antimonyl 
tartrate or tartar emetic can only be obtained in strains previously made 
resistant to arsenicals or acridines (Schnitzer and Kelly, 1950). Drug 
resistance against the new trypanocidal agent Antrycide (4-amino-6-
(2'-ammo-6'-methylpyrimidyl-4'-amino) quinaldine-1:1 dimetho salt) can 
apparently only be obtained with difficulty (Ormerod, 1952). 

The majority of all drug-resistant trypanosome strains has been pro
duced in animals, particularly in mice, more rarely in rats, and only 
occasionally in larger animals (Pfeiffer and Tatum, 1935; Wilson, 1949). 
The method of rendering T. rhodesiense resistant to reduced tryparsa-
mide in vitro (Yorke et ah, 1931) has recently been used by Tobie and 
von Brand (1953) to produce a highly resistant strain of T. gambiense. 

Morphological changes, particularly the loss of the tinctorial demon
stration of the parabasal body, may occur in drug-fast trypanosomes 
treated with certain dyestuffs such as p-rosaniline, pyronines, or acridin-
ium compounds. The phenomenon is not specifically linked with resist
ance and can be produced by a single administration of the drugs. The 
loss of the parabasal body can outlast the resistance (Piekarsky, 1949) or 
be completely absent (Buck, 1948). Cytoplasmic changes, as recently 
described in a Mapharsen-resistant strain of Γ. equiperdum and an 
arsonic acid-fast strain of T. hippicum by Schueler (1947), and in an 
Antrycide-fast strain of T. equiperdum by Ormerod (1952), have been 
interpreted to indicate physicochemical and chemical changes of the 
mechanism of the drug action. These theories do not seem to allow any 
general applications at present. 

Pathogenicity and virulence of drug-resistant trypanosome strains 
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for the usual laboratory animals are as a rule unchanged. The arsenic-
resistant strain of T. gambiense obtained in vitro (Tobie and von Brand, 
1953) is the only example of a marked modification of the pathogenic 
character. This strain showed a prolonged course of the infection in 
mice, rats, and guinea pigs and, in the two former species, an intermittent 
course with relapses. 

As to the biochemical aspects of drug resistance, two problems im
portant for the more intimate definition of drug resistance have been 
studied. The first one is the binding of the active compounds by normal 
and resistant organisms, the other is the possible changes in the normal 
carbohydrate metabolism of the drug-resistant parasites. 

The absorption in vitro of drugs from solutions by trypanosomes was 
generally found to be considerably reduced if the parasites were resistant 
to the drug. The literature on this field, based on the fundamental studies 
of Yorke and his co-workers, Hawking and Magnuson and Eagle are fully 
reviewed by Findlay (1950) and von Brand (1952). It might suffice to 
summarize by stating that it seems to be the rule that in vitro resistant 
organisms absorb appreciably less of the substances toward which they 
are resistant. 

The question why the resistant trypanosomes bind less of the drugs 
remains unsolved. Of the attempts to approach this problem, Voegtlin s 
theory of the essential position of the SH-groups of either glutathione or 
proteins was limited to arsenicals and did not elucidate the complex 
situation that has developed even in this limited field. Moreover, Harvey 
(1948) was not able to substantiate the theory, since there was no dif
ference in the sulfhydryl content of arsenic-resistant strains of T. equiper-
dum and Τ. hippicum compared with the parent strains. 

Studies of the metabolic functions of resistant trypanosome strains are 
limited to the carbohydrate metabolism of trypanosomes rendered resist
ant to arsenicals. Drug-fast strains required higher doses of the drug 
(Mapharsen) to suppress glucose utilization (Schueler et al., 1947; Har
vey, 1949) than the parent strain. Harvey's (1949) arsenic-resistant 
strain of T. hippicum possessed the same enzymatic properties as the 
normal strain, but the Melarsen-resistant strain of T. rhodesiense studied 
by Williamson (1953) had acquired some activity on lactate that was 
lacking in the normal strain. Other changes seemed to suggest that 
dehydrogenases of relative resistance to thiol reactants remained partially 
intact in the resistant strain. Our present knowledge of the biochemical 
characteristics of drug-resistant strains is obviously not sufficient to 
interpret the phenomenon in biochemical terms. 
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Immunological changes of antigenicity may or may not be found 
in drug-fast trypanosomes. This depends entirely on the method by 
which the strain is rendered resistant. If a technic is used that is based 
on the occurrence of relapses, immunologically altered "relapse" strains 
are obtained. More recent methods avoid this complication and have 
shown that the immunological character of the parent strain can be 
maintained (Schnitzer et al, 1946; Findlay, 1950). The serum fastness 
of trypanosomes, which has been known since 1907 and can also readily 
be produced in vitro, has not been included in studies on the origin of 
drug resistance. It is the prototype of an antigenic change in the parasite 
and has been successfully used by Sonneborn (1950), Beale (1952), 
and others to study the genetic basis of antigen variation in Paramecium. 

The observations on duration and on the occasional loss of resistance 
by passage through different hosts or insect vectors are compiled by 
Schnitzer (1932), Findlay (1950), and von Brand (1952). All the 
observations are descriptive and do not contain information on the 
nature of the termination of drug resistance. There is no method of 
reversing drug resistance of trypanosomes by any experimental or pre
dictable measure. An exception is free-living protozoa, which practice 
conjugation. According to Jollos (1924) drug resistance of Paramecium 
is eliminated by copulation, but the cycle of trypanosomes in insect 
vectors did not have this effect. 

B. T H E S P E C I F I C I T Y O F D R U G R E S I S T A N C E O F T R Y P A N O S O M E S 

Ehrlich's concept of the specificity of drug resistance, which limits 
the loss of sensitivity to the agent toward which the strain is rendered 
resistant or to chemically related compounds, is as a rule more or less 
valid for a number of trypanocidal substances, e.g. triphenylmethane 
dyestuffs, certain quinoline compounds, and symmetrical ureas of the 
type of Bayer 205 (Naphuride). 

In the field of arsenicals and antimonials, however, a considerable 
amount of new experience has accumulated, particularly through the 
work of Yorke and his associates (1932), Hawking (1937), King and 
Strangeways (1942), and Eagle (1945). It seems that the extent and 
type of cross-resistance, as well as its absence, allows a certain insight 
into the origin of drug fastness. We have attempted to depict the rather 
complicated situation of cross-resistance and lack of cross-resistance in 
this group of trypanosome strains in the following graph (Fig. 1) . 

In this graph cross-resistance is designated by double-headed arrows. 
Single-headed arrows show resistance of one compound, e.g. arseno-
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# A R 0 M A T I C A R S E N I C A L S W I T H A M I N O OR A M I D E G R O U P S 

FIG. 1. Resistance of trypanosomes to arsenicals. 

phenylglycine, overlapping to others, e.g. arsonic acids, but not vice 
versa. Broken lines indicate occasional overlapping resistance. The ab
sence of arrows is meant to designate normal activity on the resistant 
strains. 

The compounds at the top of the graph are the arsenoso compounds 
with acid groups, such as butarsen, the unsubstituted arsenosobenzene, 
the arsenosobenzenes with "indifferent" substitutions, and sodium arsen
ate (NaAs02), i.e. all compounds that still exert an effect on strains 
resistant to arsenicals of the "atoxyl-acriflavine group." 

The corresponding compounds in the bottom row of the graph are 
interesting stibonic acids effective against trypanosomes that are resistant 
to all arsenicals (except arsenophenylglycine) and to tartar emetic. One 
of them is Stibosan (4-acetamido-3-chlorobenzene stibonic acid), as de
scribed by Yorke et al. (1932) and Schnitzer (1934). The same property 
has recently been observed with 2-carboxymethylmercaptobenzene 
stibonic acid (Schnitzer, 1954). The observations on the effect of certain 
stibonic acids containing halogen or acidic groups are still too infrequent 
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to justify an attempt to compare them with the findings in the series of 
arsenicals. 

It has only once been attempted, to my knowledge, to produce drug 
resistance to an arsenobenzene that had the same properties as arseno-
phenylglycine (Schnitzer, 1934) without preliminary resistance to other 
arsenicals. This compound was 3,4'-bis(acetamido)-2'-carboxymethoxy-4-
hydroxyarsenobenzene (Solusalvarsan; Schnitzer, 1935). The resistant 
strain that was obtained after 74 passages no longer responded to 
N-acetylarsanilic acid, arsphenamine, neoarsphenamine, arsenophenyl-
glycine, acriflavine and tryparosan (a chloro derivative of p-rosaniline), 
but was still sensitive to tartar emetic. 

The overlapping resistance to p-rosaniline occurs only occasionally 
in drug resistance to arsenicals (Schnitzer, 1932; Schnitzer, 1935), 
but has recently been observed in a Melarsen-fast (1,3,5-triazinyl-
2,4-diamino-6-p-aminophenylarsonic acid; Friedheim, 1944) strain of 
T. rhodesiense (Rollo and Williamson, 1951). The reverse, namely 
arsenic resistance of a p-rosaniline-fast strain has never been observed. 

Interesting correlations of resistance to drugs have been revealed by 
the study of the newer antitrypanosomal drugs, particularly of Antry-
cide, which is in some respects related to the triazine derivatives of the 
surfen group, surfen C (2-amino-4,6-bis (4-amino-2-methyl-6-quinoly-
lamino)-s-triazine; Jensch, 1937) and of Melarsen. The following graph 

M E L A R S E N R E S I S T A N T A N T R Y C I D E R E S I S T A N T 

S T R A I N ( R O L L O ft W I L L I A M S O N 1951) S T R A I N ( O R M E R O D 1952) 

FIG. 2 

(Fig. 2) shows the results of specificity tests of trypanosome strains 
resistant to these drugs and demonstrates, indeed, an interesting picture 
of overlapping resistance to chemically unrelated compounds. It seems 
hardly justified to call trypanosomes like those of the Melarsen-fast 
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strain simply "arsenic" resistant, since they acquired resistance to 
As-free compounds containing amino groups. The Antrycide-resistant 
strain also showed unexpected overlapping toward diamidines (e.g. 
stilbamidine; 4,4'-stilbene-dicarboxamidine diisothionate) (Wilson, 1949; 
Ormerod, 1952) and Browning's (1945) phenanthridinium compound 
Dimidium (2,7-diamino-10-methyl-9-phenylphenanthridinium bromide).* 
Interesting theories have been evolved in order to interpret these 
phenomena, particularly with regard to the molecular planarity accord
ing to Albert et ah, (1949). The entire material appears yet incomplete 
and seems to require additional substantiation by more extended tests 
of cross-resistance, which are lacking in the examples given here. 

As far as the origin of drug resistance is concerned, one might con
clude from these observations that in the strains made resistant to dif
ferent arsenicals the specific influence of the metal groups of the 
chemotherapeutic molecule has been overrated by the early investigators. 
The configuration of the entire molecule seems to play an important role 
in the modification of the parasite, which appears as resistance. 

The biochemical concept of the reaction of As = Ο groups with 
SH groups failed to explain differences in specificity and also lacked 
biochemical support. Under these circumstances changes of permeability 
appeared as a more likely explanation of the mechanism of drug resist
ance. Work and Work (1948) have offered an interesting solution, 
according to which a "dual character within a drug" is conceivable, of 
which one determines the lethal action, another the uptake. King's 
(1943) concept that each of the different chemical types of arsenicals 
enters the parasite by a different mechanism seemed to substantiate 
this hypothesis. Ehrlich's concept of different binding groups of the 
arsenobenzenes (e.g. the "aceticoceptor" of arsenophenylglycine) and 
lethal groups (e.g. the metal groups) seems compatible with the more 
recent theories. 

C. A N T A G O N I S M 

Interference phenomena, i.e. the elimination of trypanocidal effect by 
antagonists, is a method that might allow an additional approach to the 
interpretation of the nature of drug resistance. Unlike the antagonists in 
the study of growth and growth inhibition of bacteria, the antagonists of 
trypanocidal agents are not always known metabolites and frequently 

* NOTE: The sensitivity of the Antrycide-resistant strain to Butarsen as given in 
figure 2 should rather refer to the sensitivity to the acidic p-hydroxyarsenosobenzene. 
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not even substances that are physiologically present in the organism of 
either the host or the parasite. 

The following table gives a survey of the inhibition phenomena 
involving arsenicals, tartar emetic, and acriflavine. 

TABLE 1. Interference Phenomena with Trypanocidal Agents 

Inhibited Inhibitor Parasite Mode of Detoxi- Reference 
Substance inhibition cation 

Reference 

Tartar Potassium Γ. brucei vivo + Morgenroth et al. 
emetic hexatantalate (1911) 

As = As Potassium T. brucei vivo Ο Schnitzer (1932) 
hexatantalate 

Acriflavine p-rosaniline T. brucei vivo Ο Browning & 
(rosaniline- Gulbransen (1922) 
resistant) 

Acriflavine p-rosaniline T. brucei vivo ο Schnitzer (1926) 
Acriflavine p-rosaniline T. equiperdum vivo ο Schnitzer & 

Kelly (1950) 
Asv,AsO p-rosaniline T. brucei vivo ο Schnitzer & 
As = As Rosenberg (1926) 

Schnitzer (1932) 

AsO SH-groups* T. equiperdum vitro + Voegtlin et al. 
vivo (1925) 

Tartar SH-groups* T. brucei vitro + Schnitzer et al. 
emetic vivo (1927) 

AsO and esters and T. equiperdum vitro ο Schleyer et al. 
Acriflavine amides of vivo (1948) 

organic acids 

Acriflavine nucleic acid T. equiperdum vitro ο Schleyer et al. 
(1947) 

* reduced glutathione, 1-cysteine, thioglycolic acid. 

The antagonistic systems listed in Table 1 show different types of 
antagonists, which have no chemical relations to each other and fre
quently not even to the antagonized therapeutic agents. They can be 
divided into four groups according to the mechanism of their biological 
activity. 

(1) Main representatives are the sulfhydryl compounds which, due 
to their chemical reactivity with metals, detoxify and inactivate in vitro 
trypanocidal arsenoso derivatives. The inhibition of these compounds 
in vivo by SH groups is much less marked than that of tartar emetic. 



O R I G I N O F R E S I S T A N C E I N P R O T O Z O A 69 

(2) Potassium hexatantalate exerts a detoxifying effect only on tartar 
emetic, but inhibits markedly the trypanocidal action of both arseno-
benzenes (arsenophenylglycine) and tartar emetic. The mechanism of 
this antagonism is not known and neither is that of the esters and amides 
of organic acids. These do not possess any detoxifying properties but 
interfere with the therapeutic activity in vitro and to a certain degree 
also in vivo. There might be a relation to some enzyme actions that 
have not yet been sufficiently studied. Schnitzer and Kelly (1950) showed 
that the mechanism must be different from that of the p-rosaniline 
interference. 

(3) The antagonism of acriflavine to yeast nucleic acid could only 
be demonstrated in vitro. It might, however, be mentioned that pro
flavine, the tertiary analog of the acridinium acriflavine, was detoxified 
by nucleic acid. 

(4) The antagonism of p-rosaniline (Browning and Gulbransen's in
terference phenomenon) toward acriflavine and pentavalent and terva-
lent arsenicals is different from the other examples. Neither detoxication 
for the host nor interference with trypanocidal action in vitro can be 
demonstrated. Moreover, it is the only case in which both inhibitor and 
inhibited agent are trypanocidal compounds. The demonstration of inter
ference requires, therefore, a well-balanced dosage of the inhibitor, which 
is given in an inactive dose, and of the inhibited drug, whcih is admin
istered at a dose range of full activity. If interference occurs, the trypan
osomes react very similar to drug-resistant parasites. The uptake of the 
inhibited agent, particularly studied with acriflavine, is greatly reduced 
as demonstrated by extraction of the acridine dyestuff (Hassko, 1932), 
while p-rosaniline can be extracted in expected quantities. The previous 
treament with p-rosaniline also prevents the light sensitization of the 
parasites following the administration of acriflavine. It appears plausible 
that these phenomena can be explained by changes in the permeability 
of the trypanosomes due to the previous binding of the triphenyl methane 
dyestuff. Not contained in the table is the interesting observation of 
Williamson and Lourie (1946) that p-aminobenzoic acid antagonized 
arsenosobenzenebutyric acid but not Mapharsen. 

It is evident that the different trypanocidal arsenicals are antagonized 
by a number of inhibitors, of which only the sulfhydryls act probably by 
interference with the A s = 0 group. It has been shown by Williamson 
and Lourie (1948) that the Melarsen oxide that contains a triazine struc
ture was antagonized by melamine or surfen C as well as by glutathione. 
Schleyer and Schnitzer (1948) showed the additive effect of two antagon-
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ists with different mechanisms. These findings suggest an analogy to the 
phenomena of drug resistance in which different substitutions of the 
molecule of an arsenical produced different types of drug-resistant strains 
or where the structure of the entire molecule influenced the specificity 
of the fastness. 

The question arises whether there are at all relations between antag
onism and drug resistance. Two interesting types of observations seem 
to suggest such a correlation: One is the fact that treatment with a non-
trypanocidal inhibitor can produce drug resistance against the inhibited 
agent. Morgenroth and Rosenthal (1912) have obtained reduced sensi
tivity toward tartar emetic by treatment wtih potassium hexatantalate, 
and Schnitzer and Silberstein (1927) produced a similar loss of sensi
tivity to tartar emetic by 20 mouse passages of T. brucei treated with 
sodium thioglycollate. The second relation of antagonism to drug resist
ance is the prevention of the development of drug fastness. This is based 
on the fact that the antagonist, e.g. p-rosaniline, prevents the binding 
of the antagonized agent, e.g. acriflavine, by the parasite. If, therefore, 
both dyestuffs were used in mouse passages of trypanosomes maintaining 
doses and time intervals suitable for antagonism, acriflavine resistance 
could be prevented, although a certain degree of p-rosaniline resistance 
could not be avoided (Schnitzer and Kelly, 1950). This method has also 
more recently been used in experimental drug resistance of malaria 
(Bishop and McConnachie, 1951). 

Schnitzer (1932) has attempted to correlate drug resistance of try
panosomes toward arsenicals and antimonials with the effect of antagon
ists, as far as they were known at that time, by a concept that anticipates 
the dual character of the drugs as later proposed by Work and Work 
(1948). This interpretation was based on the fact that the atoxyl-acri-
flavine group of agents was best inhibited by p-rosaniline, while the 
arsenophenylglycine-tartar emetic group was interfered with by tanta-
late. This might be considered an attempt to define the site of entering 
or binding of the chemotherapeutic agents by their specific antagonists. 

D. BlOLIGICAL MECHANISM OF DRUG RESISTANCE IN TRYPANOSOMES 

The problems of the biological mechanism of drug resistance, partic
ularly the question whether drug resistance is based on the selection of 
the resistant individuals of the mixed population or whether mutations 
are induced by exposure to the chemotherapeutic agent, has been dis
cussed almost since the time that the first drug-resistant trypanosome 
strains were known. The early interpretations assign the first steps of 
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drug resistance to a selection of the less sensitive members of the popula
tion from which, in the progressive phases of the procedure, the drug-
resistant mutants emerge, which eventually form the majority of the 
population. Whether one considers this a mutation or, as Jollos (1924) 
preferred, a "permanent modification," is of minor importance. The essen
tial point seems to be that the earlier investigators assumed that these 
mutations occurred under the influence of the drug. Von Brand (1952) 
seems to share this opinion, particularly since no convincing proof is 
available for the occurrence of a selective process. Eagle and Magnuson 
(1944), who observed a spontaneous emergence of arsenic resistance in 
a strain of T. equiperdum, consider another possibility, namely the spon
taneous mutation stimulated by, but essentially independent of the drug. 

The evidence in support of the theory of drug-induced mutation is 
based on the following observations: 

(a) Drug resistance can be obtained with trypanosomes from single 
cell isolations (Oehler, 1913). 

(b) The degree of induced drug resistance is generally considerably 
higher than spontaneous variations of sensitivity in a mixed population. 

(c) Drug-resistant strains obtained by selection (Morgenroth's 
chemoflexion; Schueler et al., 1947) revert rapidly to the initial sensitivity. 

(d) Selection as demonstrated by the disappearance of the majority 
of the sensitive population is not a necessary step in producing drug 
resistance. 

(e) Experimental arrangements that facilitate selection are not favor
able for development of drug resistance. 

The statements (d) and (e) require some elaboration. They refer 
to Kudicke's (1911) observation that certain substances, e.g. acridinium 
compounds, if administered once at an inactive dose level, produced 
drug resistance toward N-acetylarsanilic acid. A condensation product 
of 4-hydroxy-3-aminoarsenosobenzene with resorcinylaldehyde had a 
similar effect. The so-called "short passage" method and the method of 
producing drug fastness in splenectomized or blockaged animals employ 
conditions under which any striking degree of selection is excluded. 
While I am not convinced that in one of Yorke's (1932) experiments 
in vitro selection has not played a considerable role, the second, though 
less successful, one shows the absence of selection by actual count. In 
the 36 passages in presence of constant very low concentrations of re
duced tryparsamide (1 to 12,800,000) the number of parasites did not 
drop more than 10%; a 20-fold increase of resistance was eventually 
achieved. 
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75,000 5,250,000 l±l 
100 mg/kg 200 mg/kg 
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l + l 

^500 mg/kg 
1000 mg/kg 

50,000 1000 mg/kg 
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6,550,000 
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l±l 

Every rectangle represents one mouse of the different passages. The figures signify parasite 
counts per mm

3
 on consecutive days to either disappearance of parasites (passage 2) or to the 

death of the animal . Transfer from passage to passage is indicated by the arrows. 

This experiment demonstrates the rapid emergence of tryparsamide 
resistance of T. equiperdum in splenectomized mice. Considerable de
crease of the number of parasites occurred only once in passage 2, thus 
indicating that at that time the majority of the parasites was still sensitive 
to the doses of tryparsamide used. Nevertheless in the next passage the 
strain was resistant. In the fourth passage maximal resistance was also 
demonstrated in normal but not in splenectomized animals. 

Schnitzer and Silberstein (1928) have shown that an artificial mixed 
population of parent and resistant strains of T. brucei in which the 
resistant part was small responded to the treatment with the drug to 
which part of the parasites were resistant, with the disappearance of all 
parasites. Only the resistant parasites identified by the lack of sensitivity 
and in case of p-rosaniline also by the lack of the parabasal body reap
peared in the relapse. These trypanosomes had acquired the antigenic 
character of relapse strains, thus indicating that they had been exposed 

An example from a group of experiments with Γ. equiperdum and 
tryparsamide in vivo carried out by A. Schumacher in our laboratory 
illustrates the development of drug resistance without initial selection. 

TABLE 2. Tryparsamide resistance of T. equiperdum splenectomized mice 

Passage ^ o ^ parasites and treatment 
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to antibodies and had not simply survived and eventually multiplied. 
In these experiments selection was purposely practiced, and the isola
tion of the resistant part of our artificial population demonstrated. 

Nevertheless, there is no doubt that this selection technique, which 
is identical with the "relapse" method, is the most unsuitable one to 
produce drug-resistant strains. The reason might be that in all instances 
in which the entire trypanosomal population is at least temporarily 
removed by drug action from the peripheral blood, a kind of combina
tion therapy has been used with two agents of different type of activity, 
namely drug plus antibodies. An experimental procedure to demonstrate 
the influence of antibodies on the emergence of drug resistance was 
described by Schnitzer et al. (1946). If trypanocidal antiserum was 
administered during a rapidly proceeding drug resistance to p-rosaniline 
in splenectomized mice, only three drug-resistant strains were obtained 
out of a possible number of 14. In absence of antibodies, 11 out of 14 
strains became p-rosaniline-fast. As a last example might be mentioned 
tartar emetic, a drug of very rapid activity, which is known to produce 
a considerable immunological response. It is probably not accidental 
that this agent, which never produces cure in trypanosomal infections 
and the administration of which is invariably followed by relapses, 
cannot be used to produce an antimony-resistant strain. Although one 
should assume that the parasites that appear in the relapse are descend-
ents of the more resistant members of the population, this obvious 
selection seems not to facilitate development of resistance. 

I I I . Drug resistance of Plasmodia 

Drug resistance toward malaria parasites of avian, simian, or human 
strains has been unknown until rather recently, since it was found im
possible to produce marked drug resistance of plasmodia toward 
quinine, the 4-amino- and 8-aminoquinolines, and the antimalarial 
acridines. Only a low degree of twofold to fourfold resistance to quinine 
and pamaquine has been occasionally observed (Fulton and Yorke, 
1941a; Knoppers, 1949; Bishop and McConnachie, 1952). The possibility 
of producing markedly drug-resistant strains of different plasmodia 
resulted with the discovery of Paludrine (proguanil, IV1-p-chlorophenyl-
N5-isopropylbiguanide) by Curd, Davey and Rose (1945). Williamson 
and Lourie (1947) and Bishop and Birkett (1947) succeeded in develop
ing Paludrine-resistant P. gallinaceum in chicks; Thompson (1948) 
described a Paludrine-resistant strain of P. lophurae; and Rollo (1951) 
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rendered P. berghei resistant to this drug. The simian strains of Plas
modia that served for drug resistance experiments are listed by Thurston 
(1953). 

A considerable amount of thorough investigation has greatly con
tributed to a rather complex picture of this type of drug resistance. 

A. D E V E L O P M E N T A N D G E N E R A L B I O L O G I C A L P R O P E R T I E S O F D R U G - R E S I S T A N T 

P L A S M O D I A 

The methods of producing drug-fast strains of malarial parasites 
are uniform and consist of passages of the plasmodia (P. gailirmceum, 
P. lophurae, P. berghei) in the susceptible host (chicks, mice) and ad
ministration of increasing doses of the drugs, generally starting with 
minimal active doses. Drug resistance to about 20- to 40-fold doses 
or more was established after 3 to 12 months, depending on the drug 
used. All strains that had reached a marked degree of resistance retained 
this property when carried in normal animals and did not lose it by 
even repeated insect passages. Only the pamaquine-resistant strain of 
P. gallinaceum (Bishop and McConnachie, 1952) was less stable. 
Morphological changes of the parasites were observed, if at all, only 
temporarily. The pathogenicity and virulence of the drug-fast parasites 
was not significantly changed. Erythrocytic and exoerythrocytic forms 
participitated in the resistance at least in those instances in which this 
has been studied. Immunological changes were not observed (Bishop 
and McConnachie, 1950). 

Drug resistance in higher animals (monkeys) and man was either 
induced by prolonged drug administration in individual animals with or 
without transfer in passages, or was based on clinical-parasitological 
findings. 

B. S P E C I F I C I T Y T E S T S 

In this chapter will be discussed the studies with Paludrine and the 
biologically related groups of other antimalarials (sulfadiazine, 2, 4-
diaminopyrimidines, 2, 4-diaminopteridines) since—as mentioned before 
—marked drug resistance in the quinine-quinoline-acridine groups is 
rare or lacking and cross resistance with Paludrine and related com
pounds does not occur. 

The most important compounds which were found to be involved 
in the Paludrine resistance were: 
M4430: N^p-chlorophenyl-N^methyl-N^isopropylbiguanide (Curd and 

Rose, 1946a), the methyl derivative of Paludrine which was always 
found inactive in Paludrine-resistant strains. 
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MS349: 2-p-cWorophenylguanidino-4-/?-diethylamino-6-m 
dihydrochloride (Curd and Rose, 1946b), which was always active 
in infections with Paludrine- and sulfadiazine-resistant strains. 

CPT: 2,4-diamino-5-p-chlorophenyl-l: 6-dihydro-6:6-dimethyl-l: 3:5-tria-
zine (Carrington et al, 1951), the active metabolite of Paludrine, 
which did not influence infections with sulfadiazine-, Paludrine- and 
Daraprim-fast plasmodia. 

Daraprim: 2,4-diamino-5- (p-chlorophenyl) -6-ethylpyrimidine and its 
lower homolog (6-H = CTW6) (Falco et al, 1951) 

Sulfadiazine: N^pyrimidylsulfanilamide (Roblin et al, 1940) 
Metachloridine: N^S-chloro^-pyrimidyl metanilamide (English et al., 

1946) 
Derivatives of 2,4-diaminopteridine with different substitutions in e x 

position (Falco et al, 1951) 
A complete survey of the experience with strains of P. gallinaceum, 

P. berghei, and others, based on the work of Williamson and Lourie, 
Bishop, Rollo, Greenberg, and Thurston and their associates has recently 
been given by Thurston (1953) and the reader can therefore be referred 
to this paper for the individual references. 

The following figures 3 and 4 are meant to illustrate the specificity 
of strains of P. gallinaceum and/or P. berghei made resistant to Paludrine 
or the one or the other related compound. Full lines indicate consistent 
fastness pointing from the resistant strain to the strain to which there 
was found overlapping resistance. Broken lines indicate that this cor
relation has not been found by all investigators. Lines with inserted -o-
indicate absence of cross or overlapping resistance. 

The graph demonstrates that overlapping drug resistance seems to 
occur frequently between the four representative antimalarials selected 
as examples. It appears also, however, that the consistency which in the 

.SULFADIAZINE, 

I • 

FIG. 3 . Drug resistance of Plasmodium gallinaceum. 
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majority of instances characterizes the drug resistance of trypanosomes 
is not so frequently observed in plasmodia, Overlapping resistance, e.g. 
sulfadiazine-daraprim might or might not be encountered. Daraprim-fast 
strains were resistant to Paludrine, but the reverse was not always found. 
Whereas sulfadiazine resistance was consistently accompanied by 
Paludrine resistance, Paludrine-fast plasmodia rarely showed fastness 
to sulfadiazine. In case of P. berghei (Rollo, 1951), P. knowlesi (Singh 
et al, 1952), and P. cynomolgi (Schmidt et al, 1949; Hawking and 
Thurston, 1951) Paludrine fastness never showed overlapping to sul
fadiazine. 

Similar inconsistencies are demonstrated in figure 4, in which the 

2 , 4 - D I A M I N O F A S T 2 , 4 - D I A M I N O 

5 - P - C H L 0 R 0 P H E N - S T R A I N PTERIDINE 

YLPYRIMIDINE 

6 - 6 : 7 -

D I - I - P R O P Y L 

DIPHENYL 

CAMPHANO 

• IDENTICAL WITH D A R A P R I M 

FIG. 4. Drug resistance of Plasmodium gallinaceum and P. berghei. 

correlation of resistance to sulfadiazine, Paludrine, and Daraprim to 
other diaminopyrimidines and diaminopteridines is shown. In two 
instances presence and absence of overlapping resistance occurred: A 
sulfadiazine-fast strain of P. berghei was resistant to the 6,7-diisopropyl 
derivative of 2,4-diaminopteridine (Thurston, 1953), but in P. gal-
linaceum hypersenitivity was observed (McConnachie, 1953). In Rollo's 
study (1951), sulfadiazine resistance of P. berghei was not correlated 
to Daraprim fastness, but Thurston's (1953) sulfadiazine-fast strain of 
the same parasite was resistant to Daraprim. There are still other 
discrepancies of the cross-resistance of chemically or biologically related 
drugs that make it extremely difficult to correlate the findings of different 
authors or the contradictory observations with different species of 
Plasmodium. One fact only seems to be certain, namely that fastness 
to sulfadiazine and to Daraprim involves Paludrine resistance in all 
instances known at the present time. The lack of chemical relation of 
the two former drugs as well as the uncertainty of the overlapping of 

SULFADIAZINE: 

P A L U D R I N E . 

C 2 H 5 DARA PR\M_ 
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Paludrine resistance to them makes it impossible to utilize the experi
mental findings for attempts of defining the origin of the resistance in 
these cases and to find a rational basis for the interpretation of drug 
resistance of plasmodia. 

C. A N T A G O N I S M 

The work on antagonists of antimalarials of the sulfadiazine-
Paludrine group shows discrepancies similar to those found in the drug-
resistance experiments. Sulfonamides are strongly antagonized by p-
amino-benzoic acid (Maier and Riley, 1942; Marshall et al., 1942; 
Bishop and McConnachie, 1951) and by pteroylglutamic acid (Green-
berg, 1949). Paludrine, according to Bishop and Birkett (1948), is 
not inhibited by p-aminobenzoic acid in infections with P. gallinaceum, 
but Greenberg (1953) recently described an incomplete antagonism 
in the same infection, thus confirming Thurston (1950), who observed 
the antagonism of Paludrine by PAB in P. berghei. Greenberg (1953) 
therefore considers the slight antagonism of folic acid to the anti
malarial effect of Paludrine due to its content of p-aminobenzoic acid. 
The fact that there exists a marked antimalarial synergism of sulfa
diazine and Paludrine (Greenberg et al., 1948) seems to corroborate 
the view that the antimalarial activities of these two compounds are 
linked in some way or another, but any correlation to the phenomena of 
drug resistance can only be of a speculative nature. 

D. B I O L O G I C A L M E C H A N I S M O F D R U G R E S I S T A N C E I N P L A S M O D I A 

The genetic problems in the emergence of drug-resistant plasmodia 
were shortly discussed by Bishop and McConnachie (1948), who 
think that gene mutation might be involved in the development of stable 
strains of high resistance. There was no evidence that selection might 
be essentially responsible for the development of resistant forms in 
experiments that were carried out with Metachloridine in infections 
with P. gallinaceum in chicks (Bishop and McConnachie, 1953), al
though this drug produced sufficiently rapid resistance to suggest the 
possibility of a one-step resistance. This was not, however, the case. It 
was possible to obtain a 20-fold resistance by continuous treatment with 
constant minimal active doses. In experiments with increasing doses a 
100-fold resistance was produced, but the actual observations indicated 
"a gradual increase of the growth rate over a long period rather than a 
series of eliminations of less resistant individuals." Schmidt and Genther 
(1953) describe in detail the rapid development of Daraprim resistance 
in P. cynomolgi and assume that the parasite acquired resistance during 
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the initial "barely subcurative" treatment. In this case selection of 
resistant organisms of the original population appears unlikely. Bishop 
and McConnachie (1953) justly stress the difficulties in analyzing the 
biological processes that accompany the development of drug resistance 
in vivo, which cannot always be controlled by the experimenter. 

IV. Drug resistance in other protozoa 

Of the other protozoa, in which drug resistance has been described, 
might be mentioned trichomonads (T. vaginalis). Adler et al. (1948, 
1952) obtained in vitro strains resistant toward stilbamidine and col
chicine. Details are not given, but it seems that the resistance developed 
slowly, which is in agreement with our own attempts (unpublished) 
to produce resistance of T. vaginalis to arsenoso compounds in vitro. 

It seemed possible to render E. histolytica resistant to sulfonamides 
(Lourie and Yorke, 1939), but recent studies in vitro with emetine 
(Jones, 1952) or Aureomycin, Terramycin and emetine (Shaffer and 
Washington, 1952) did not result in development of resistant strains. 

Babesia cants has been rendered fast to stilbamidine (Fulton and 
Yorke, 1941b). There existed overlapping resistances not only to other 
diamidines, which is not surprising, but also to Acaprine, the sym
metrical urea of quaternized 4-aminoquinaldine. 

Drug resistance of free-living nonpathogenic protozoa, i.e., the 
development of resistance to chemically well-defined compounds, has 
been extensively studied, but most of the experience in this field is still 
based on the work by Jollos (1924), Neuschloss (1920), and Robertson 
(1929) in Paramecium and Bodo. More recent studies by Sonneborn 
(1950) and Beale (1952, 1954) are concerned with genetic aspects of 
adaptation phenomena in Paramecium toward degrees of salinity, tem
perature, and particularly the antigenic changes produced by exposure 
to specific antisera. The experimental conditions maintained in these 
experiments exclude gene mutation as well as selection but can be 
interpreted as cytoplasmic reorganization. The antigenic changes, al
though due to changes of the cytoplasm, are governed, however, by genie 
control, which determines the specificity of the antigens, the range of 
the cytoplasmic types, and their stability. 

V . Concluding considerations 

From the considerable amount of experimental experience, which 
is predominantly based on the resistance of trypanosomes toward 
arsenicals and the fastness of plasmodia towards sulfadiazine and 
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Paludrine, one can conclude that the technique of rendering protozoan 
strains drug-fast is well established. It is evident, furthermore, that the 
general biological properties of drug-resistant strains can be defined. 
The resistance, once obtained is, as a rule, of long duration and persists in 
the majority of instances after passage through insect vectors. Mor
phological changes of the parasites are an obligatory occurrence only 
after treatment with certain drugs and are found before the resistance 
is fully developed. Immunological changes and altered virulence appear 
not to be consistently linked to drug resistance. 

The origin of drug resistance as far as the biochemical or biophysical 
mechanisms are concerned cannot yet be defined. While it is true that 
change of permeability is favored at the present time as the mechanism 
by which the binding of therapeutic agents by resistant strains is pre
vented, there is not sufficient evidence to exclude completely other 
mechanisms. Since the theories on this problem are based almost entirely 
on the resistance of trypanosomes to different arsenicals, it seems pre
mature to offer a definite statement. 

The problems presented by the biological process of drug resistance 
are also still unsolved. It is true that selection of less sensitive members 
of a mixed population may occur in the procedure of rendering protozoa 
resistant, but it does not seem a strict requirement. Emergence of resist
ant strains has apparently been observed without selection. Methods that 
reduce the incidence of selection are generally more suitable for pro
ducing drug resistance, at least in trypanosomes. 

The few biochemical studies available do not permit the identifica
tion of drug resistance on the basis of metabolic changes. 

Why it has been impossible so far to produce drug resistance to 
certain drugs, e.g. tartar emetic in trypanosomes or emetine in E. his
tolytica is unknown, as well as the answer to the problem why high and 
persistent drug resistance comparable to that of protozoa could rarely 
be obtained with certain parasites, particularly spirochaetes. 
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