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favours the assumption of an enhanced metabolism of ibu-
profen, although the difference is not statistically significant.

Liver enlargement, as observed by Adams et al. [3] after
many weeks treatment, might indicate an inducing property
of ibuprofen, since many inducers increase liver weight [14].
This is true even for typical microsomal inhibitors like SKF
525-A [15] or phenylbutazone [16].
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Drug-induced lesions in trypanosome fine structure: a guide to modes of trypanocidal action

{Received 4 March 1974; accepted 18 June 1974)

Trypanocidal drugs have incompletely known modes of
action derived mainly by surmise from their effects on non-
trypanosomal systems [ 1, 2]. In the present study, represen-
tative drugs wre chosen from the main classes of trypano-
cide: diamidine (pentamidine, hydroxystilbamidine, Ber-
enil); adenine nucleoside (Puromycin, Puromycin
aminonucleoside, Cordycepin(3'-deoxyadenosine), Nucleoci-
din); aminoacridine (acriflavine); amino-phenanthridine
(Ethidium); aminoquinaldine (Antrycide); naphthylamine
sulphonate (suramin) and arsenical (tryparsamide, Maphar-
side). Most of them were assayed under standard conditions
in vitro, using only one monomorphic strain of trypanosome
(Trypanosoma rhodesiense (N) [3]), so that comparative inhi-
bition of parasite motility, infectivity, respiration and glyco-
lysis could be recorded (Table 1). As the bloodstream form
of this trypanosome does not multiply in vitro, infectivity was
used as an index of cell division; motility correlates well
with respiration and glycolysis, so that simple in vitro tests
of effects on infectivity and motility with this strain can
show if the primary action of a trypanocidal drug is likely
to be on macromolecular synthesis or on energy-yielding
reactions.

The trypanocides were also used to treat the same trypano-
some strain in vivo, and the ultrastructural lesions produced
were analysed as a further guide to drug action. Infected
mice were treated with curative intraperitoneal drug doses,
and blood samples were taken 5-6 hr after treatment and
processed for electron microscopy as described elsewhere
[3]; in the case of Mapharside, which acts rapidly, the
sample was taken [ hr after treatment. All fixation and pre-
parative procedures were rigidly standardized, and as none

of the lesions to be described were found in the normal un-
treated trypanosome, these lesions have been ascribed to
drug action; the lesions have also been found to be detect-

, able and reproducible with other fixation and preparative

methods (unpublished work with Dr. D. J. McLaren, to
whom we are indebted for Figs. 1, 2a and 3).

In vitro, only Ethidium, Antrycide and suramin affected
trypanosome infectivity (cell division) more than respiration
or glycolysis (Table 1). Like the highly active acriflavine and
the thiol-reactive phenylarsenoxide Mapharside, Cordycepin
affected all four activities equally but was even more
strongly inhibitory; its rapid cytotoxicity may be due to in-
corporation into and inactivation of adenine nucleotide co-
enzymes as occurs with the related Tubercidin [4]. The
remaining drugs were not markedly selective, but nitrofura-
zone, an active electron-acceptor [5], inhibited respiration
much more strongly than glycolysis, and pentamidine
showed preferential inhibition of glycolysis. Puromycin and
Puromycin aminonucleoside tended to affect infectivity
more than respiration or glycolysis; like Ethidium [6] and
Antrycide[7], both are powerful inhibitors of macromole-
cular biosynthesis[8,9]. Acriflavine and Cordycepin are also
known. to inhibit nucleic acid synthesis [10, 11], but strong
inhibition of energetic processes is obviously an additional,
if not a primary cause of rapid cytotoxicity.

Further insight into trypanocidal action was provided by
study of characteristic drug-induced lesions in fine structure.
Various cytotoxic agents produce injuries in the mam-
malian cell which can be correlated with their biochemical
properties. For example, Puromycin{12] and ethionine [13]
are protein synthesis inhibitors and cause changes in polyri-
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Fig. 1. Kinetoplast (KP) of normal T. rhodesiense, with
fibrillolamellar DNA core (C).

bosomal patterns, suggestive of altered protein synthesis.
Nucleolar micro- and macro-segregation (separation of
granular and fibrillar elements) is almost invariably pro-
duced by inhibitors of nuclear RNA polymerase activity
[14]; this is an important diagnostic lesion, as the nucleolus
produces 80-90 per cent of the cell RNA.

The principal lesions found in 7. rhodesiense were in the
ribosomes, nucleus, kinetoplast (a secondary DNA-contain-
ing “nucleus-mitochondrion”, Fig. 1), lysosomes and endo-
plasmic reticulum. The nature of these lesions permits some
deductions about possible modes of trypanocidal action.

Diamidines. Although diamidines such as pentamidine did
not appear to affect macromolecular synthesis selectively in
vivo, all three diamidines produced a characteristic lesion in
the kinetoplast where the looped fibrillolamellar DNA core
was condensed terminally (“sliced sausage” profile) (Fig. 2a).
Pentamidine also produced nucleolar segregation (Fig. 3)
(indicative of inhibition of YfRNA synthesis), extensive ribo-
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somal alterations (aggregation, depopulation, loss of elec-
tron density, hypertrophy), and occasional cytoplasmic
clefts (Fig. 4).

Adenine nucleosides. All four drugs characteristically
produced electronlucent cytoplasmic clefts (Fig. 4) which
were generally acicular, with one side bounded by a mem-
brane of the endoplasmic reticulum. In addition, Cordycepin
and Nucleocidin produced nucleolar segregation and riboso-
mal alterations; clumping and peripheral margination of
nuclear chromatin were also produced by Nucleocidin.

Aminoacridines. Acriflavine, like the diamidines, produced
terminal condensation of kinetoplast DNA (Fig. 2a), and
also massive disruption of nuclear DNA, with loss of the
nuclear membrane, scattering of chromatin into the cyto-
plasm and extensive nucleolar segregation. The ribosomes
were altered extensively.

Aminophenanthridines. The only effect of Ethidium was to
attack the kinetoplast DNA core, but the condensation was
amorphous (Fig. 2b) and different from that produced by
the diamidines (Fig. 2a).

Aminoquinaldines. Antrycide produced the same kind of
kinetoplast DNA condensation as the diamidines (Fig. 2a).
It also caused focal loss and aggregation of ribosomes.

Naphthylamine sulphonates and arsenicals. Suramin, try-
paramide and Mapharside affected the ribosomes primarily

. and extensively, producing general and focal depopulation.

The arsenicals also produced cytoplasmic clefts (Fig. 4).

All drugs induced considerable proliferation of lyso-
somes, mostly vacuolated, and all drugs except ethidium
caused loss of configuration of polyribosomes.

Those drugs which affect the kinetoplast are cations
known to bind to DNA. Binding by Ethidium is primarily
intercalative [ 15]; aminoacridines like acriflavine can inter-
calate, but may bind also by external attachment across the
major groove of the helix [16]. Diamidines appear to be
nonintercalative [17]; structurally they are, like Antrycide,
potential cross-linking agents, so that the two forms of kine-
toplast DNA core condensation (Figs. 2a, b) may reflect
non-intercalative and intercalative modes of binding re-
spectively; the prediction of non-intercalative binding of
Antrycide will await confirmation by physical analysis. All
these drugs, except acriflavine and pentamidine, attacked
kinetoplast rather than nuclear DNA, perhaps because of
the former’s circularity, combined with lack of histones, dif-

Table 1. Effect of drugs on trypanosomes (T. rhodesiense) in vitro

Minimum drug concn (log,,M ~ ') inhibiting (90-100%)

Drug Motility Infectivity Respiration Glycolysis
Pentamidine 4 4 4 5
Puromycin 3 3-4 3 3
Puromycin aminonucleoside 3 34 3 3
Cordycepin 5 67 6 67
Acriflavine 5 5-6 6 5
Ethidium 4 5 4 4
Antrycide 3 >35 4 3
Suramin <3 4-5 3 3
Mapharside 5 5 5 5
Nitrofurazone 3 4 4 <2

Incubations (50 min) at 37° of 108 trypanosomes/2 ml 50/50 inactivated horse serum/Krebs—Ringer—0-1%, glucose in air,
in Warburg manometer flasks with CO, absorption in centre well. Respiration was measured manometrically, motile forms
were counted with a haemocytometer initially and after incubation, and glycolysis was determined with glucose oxidase;
infectivity was assessed by injecting mice with the remaining contents of each flask, followed by daily blood examination.
Drug effects were related in each case to the behaviour of control drug-free incubates.
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2(b)

Fig. 2. (a) Kinetoplast (KP) of diamidine-treated T. rhode-
siense. The DNA core is condensed in “sliced sausage” pro-
files (CS) (b) Kinetoplast (KP) of Ethidium-treated T. rhode-
siense. The DNA core (C) shows amorphous condensation.

ferent base composition and position adjacent to the ac-
tively absorptive cytostome-like flagellar “reservoir” [18].
In addition, as in liver cells {19, 20], the mitochondrion-like
kinetoplast DNA and RNA polymerases may be more drug-
sensitive than the nuclear enzymes; kinetoplast DNA syn-
thesis is known to be selectively inhibited by Berenil [21],
acriflavine [22] and Ethidium [23] and possibly Antrycide
[24].

Of the drugs producing nucleolar segregation, Pentami-
dine, Cordycepin and aminoacridines are known to inhibit
in vitro RNA polymerases from other cells {25, 26] and Cor-
dycepin specifically terminates rRNA production and inhi-
bits synthesis of mRNA [27. 28], but the specificity of RNA
synthesis inhibition by Nucleocidin is not known; it is a
powerful protein synthesis inhibitor with little effect on
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RNA synthesis in liver cell preparations [29]. Nucleolar
segregation was accompanied by extensive ribosomal alter-
ations (aggregation, depopulation, loss of electron density,
hypertrophy) with three of the drugs but not with nucleoci-
din; the latter’s effects may be exerted, like Puromycin
(which did not affect ribosomes), via tRNA, reputedly asso-
ciated with the fibrillar component of the nucleolus [14].
The combination of nucleolar and ribosomal lesions sug-
gests that the other drugs affect y/RNA production in try-
panosomes.

Puromycin and tryparsamide, which did not affect the
nucleolus, produced fine, very dense microspheres scattered
in the cytoplasm, similar to those described in mammalian
cells treated with drugs inhibiting rRNA synthesis, and con-
sidered to be “structural manifestations of template inacti-
vation” [30]. The inability of pathogenic trypanosomes to
synthesize adenine [2], suggests that they will be especially
vulnerable to the adenine nucleoside drugs. The trypanoci-
daleffects of Puromycin and Nucleocidin are therefore more
likely to be on nucleotide anabolism than on peptide syn-
thesis; tryparsamide with its arsonic acid substituent may
participate similarly as an organic phosphate analogue [31].

Ribosomes were primarily affected by Antrycide, suramin
and arsenicals. In the case of Antrycide, this behaviour
accords with its effects on the trypanosomatid flagellate
Crithidia oncopelti [7]. Suramin is known to inhibit RNA
polymerase activity, but as no nucleolar lesions and no mic-
rogranule production were found, the ribosomal alterations
may be due to competition with mRNA binding at the ribo-
some, as with other polyanions [32]; trypanocidal syner-
gism with Puromycin, to which suramin-resistant trypano-
somes become hypersensitive [33], might also suggest a
ribosomal locus for suramin. The effects of the arsenicals
may arise from interaction with ribosomal protein thiol
groups {34].

The cytoplasmic clefts produced by the nucleoside drugs,
diamidines and arsenicals (Fig. 4) closely resembled those
described in rat jejunal cells after absorption of long chain
saturated fatty acids [35]; the cleft was considered to be an
immobile, saturated, and hence osmiophobic, triglyceride
deposit. T. rhodesiense cannot synthesize long chain fatty
acids and may be vulnerable to drugs affecting their absorp-
tion or intracellular disposal. Recent autoradiographic
studies [36] show that Cordycepin blocks *H-oleic acid
uptake into the endoplasmic reticulum and greatly stimu-
lates incorporation of 3*H-palmitic acid, about a third of
which appears in the cytoplasmic clefts.

All thirteen drugs, except the rapidly-acting arsenoxide,
Mapharside, - induced abnormally large numbers of lyso-
somes, most of which were vacuolated, indicating enzyme
release [37]. Various trypanocides (diamidines, Ethidium,
Antrycide and suramin) are rapidly taken up by lysosomes
of mammalian cells and trypanosomes [2], so that intracel-
fular damage due to activation and release of lysosomal
enzymes seems likely. Stabilization of lysosomal membranes
and subsequent inhibition of mitosis [ 38] is possible; stilba-
midine, but not suramin, has this effect [39]. The persistence
of lysosomes in otherwise severely drug-damaged trypano-
somes [40] supports the possibility of lysosome stabiliza-
tion, but drug-lysosome interaction in trypanosomes
requires much further experimental investigation.

Not all the structural lesions can be linked directly with
a lethal action on the trypanosomes. Drug-induced conden-
sation of kinetoplast DNA will obviously prevent transmis-
sion of those African trypanosomes which undergo cyclical
development in the tsetse vector, where the necessary kine-
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Fig. 3. Nucleus of diamidine-treated T. rhodesiense with
dispersed nucleolus showing segregation into fibrillar (dark)
and granular (light) masses.

toplast-mitochondrion proliferation [41] is dependent on
an intact kinetoplast DNA core, but so-called dyskineto-
plastic forms, with a highly condensed kinetoplast core, can
still multiply effectively in a mammalian host, although they
are not capable of cyclical development. Drugs which attack
the kinetoplast, like acriflavine, Ethidium and Antrycide
must therefore kill trypanosomes by additional mechanisms,

Fig. 4. Cytoplasmic clefts (CC) in Cordycepin-treated T.
rhodesiense.
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some of which are indicated by effects on respiration and
glycolysis as well as on cell organelle structure.

The implications of the drug-induced lesions in trypano-
some fine structure, together with a preliminary comparison
of inhibitory effects of the drugs on trypanosomes in vitro,
appear in general to confirm some surmised modes of drug
action [2] and to render a few others less plausible; in some
cases, unexpected lesions such as cytoplasmic clefts, indicate
new lines of enquiry.

National Institute for

Medical Research,

London NW7 14A.

Pathology Department,

Western Infirmary, Glasgow,
Department of Biochemistry,
University of Birmingham, England.

JAMES WILLIAMSON

ROBERT F. MACADAM

Honor DixonN

REFERENCES

1. J. Williamson, Exp. Parasit. 12, 274 (1962).
2. Williamson, J. in The African Trypanosomiases (Ed. H.
W. Mulligan), Ch 7. Allen & Unwin, London (1970).
3. R. F. Macadam and J. Williamson, Trans. r. Soc. trop.
Med. Hyyg. 66, 897 (1972).
4. A. Bloch, R. J. Leonard and C. A. Nichol, Fedn Proc.
25, 454 (1965).
5. A. F. Brodie and J. S. Gots, Archs Biochem. 39, 165
(1952).
6. B. A. Newton, J. gen. Microbiol. 17, 718 (1957).
7. B. A. Newton, Symp. Soc. gen. Microbiol. 16, 213 (1966).
8. M. R. Yarmolinsky and G. L. de la Haba, Proc. natn.
Acad. Sci., U.S.A. 45, 1721 (1959). ’
9. A. E. Farnham, Virology 27, 73 (1965).
10. J. Hurwith,, J. Firth, M. Malamy and M. Alexander,
Proc. natn. Acad. Sci. U.S.A. 48, 1222 (1962).
11. H. Klenow, Biochem. biophys. Res. Commun. 5, 156
{1961).
12. P. Gambetti, N. K. Gonatos and L. B. Flexner, J. cell
Biol. 36, 379 (1968).
13. C. M. Baglio and E. Farber, J. mol. Biol. 12, 466 (1965).
14. H. Busch and K. Smetana, The Nucleolus. Academic
Press, New York (1970).
15. W. Fuller and M. J. Waring, Ber. Bunsenges. physik.
Chem. 68, 805 (1964).
16. L. S. Lerman, J. mol. Biol. 3, 18 (1961).
17. M. Waring, J. mol. Biol. 54, 247 (1970).
18. R.F. Macadam and J. Williamson, Ann. trop. Med. Par-
asitol. (in press) (1974).
19. R.R. Meyer and M. V. Simpson, Biochem. biophys. Res.
Commun. 34, 238 (1969).
20. R. R. Meyer, G. S. Probst and S. J. Keller, Archs Bio-
chem. 148, 425 (1972).
21. B. A. Newton and R. W. F. Le Page, Biochem. J. 105,
50 (1967).
22. M., Steinert and S. van Assel, J. cell biol. 34, 489 (1967).
23. M. Steinert, S. van Assel and G. Steinert, Exp. Cell Res.
56, 69 (1969).
24, B. A. Newton, Symp. Soc. gen. Microbiol. 16, 213 (1966).
25. M. J. Waring, Molec. Pharmac. 1, 1 (1965).
26. H. T. Shigeura and G. E. Boxer, Biochem. biophys. Res.
Commun. 17, 758 (1964).
27. M. Siev, R. Weinberg and S. Penman, J. cell. Biol. 41,
510(1969).



Short communications

28. S. Penman, M. Rosbach and M. Penman, Proc. natn
Acad. Sci., U.S.A. 67, 1678 (1970).

29. J. R. Florini, H. H. Bird and P. H. Bell, J. biol. Chem.
241, 1091 (1966).

30. L. Recher, H. Chan and J. A. Sykes, J. iiltrastruct. Res.
44, 347 (1973).

31. H. Patrick, R. H. Voitle, H. M. Hyre and W. G. Martin,
Proc. Soc. exp. Biol. 117, 365 (1964).

32. T. Shinozawa, I. Yahara and K. Imahori, J. mol. Biol.
36, 305 (1968).

33. J. Williamson, Int. Congr. Ser. No. 91, Abstr. no. 77, p.
81. Excerpta Medica Foundation, (1965).

34. J. A. Beeley, Biochim. biophys. Acta 259, 112 (1972).

151

35. D. G. McKay, H. Kaunitz, I. Csavossy and R. E. John-
son, Metabolism 16, 137 (1967).

36. J. Williamson and D. J. McLaren, Trans. r. Soc. trop.
Med. Hyyg. (in press) 1964).

37. S. Shibko, J. Pangborn and A. L. Tappel, J. cell. Biol.
25, 479 (1965).

38. A. C. Allison and L. Mallucci, Lancet 1, 1371 (1964).

39. R. Hirschorn, P. Davies, K. Krakauer and G. Weiss-
man, Clin. Res. 17, 354 (1969).

40. J. Williamson and R. F. Macadam, Trans. r. Soc. trop.
Med. Hyg. 59, 367 (1965).

41. K. Vickerman, Trans. r. Soc. trop. Med. Hyg. 56, 487
(1962).

Biochemical Pharmacology, Vol. 24, pp. 151-152. Pergamon Press, 1975. Printed in Great Britain.

Inhibition of rabbit mitochondrial monoamine oxidase by iprindole*

(Received 27 February 1974; accepted 10 May 1974)

The action of tricyclic antidepressant drugs has been attri-
buted to inhibition of neuronal reuptake of the biogenic
amines, norepinephrine {(NE) and/or S5-hydroxytryptamine
(5-HT), in brain [1-3]. This pharmacological property is
common to the majority of the known antidepressant drugs
in clinical use today. However, it has recently been shown
that the antidepressant agent, iprindole [5-(3-dimethyla-
minopropyl)-6,7.8,9,10,1 1-hexahydro-5-H-cyclooct [b] in-
dole-HCl; WY-3263], is much less effective than other tri-
cyclic antidepressant drugs in preventing the reuptake of
catechol or indole amines in rat and mouse brain and heart
tissue [4-7]. Also, unlike the action of other tricyclic antide-
pressants, iprindole failed to alter the concentration of 5-HT
in human platelets [8]. Thus, the mechanism of the clinical
mode of action of this tricyclic drug is not consistent with
the hypothesis described above.

It has been shown in several laboratories, including our
own, that tricyclic antidepressant drugs inhibit mitochon-
drial monoamine oxidase (MAQO) [9-11]. We recently
reported that the antidepressant, imipramine, reversibly in-
hibited both type A and B forms of rabbit mitochondrial
MAO. The type B form of the oxidase was further shown
to be more susceptible to inhibition by this drug than was
the type A form. Since inhibition of MAQO by tricyclic anti-
depressant drugs may contribute to the clinical action of
these substances, it was of interest to examine the effect of
iprindole on the activity of both forms of the oxidase.

Male albino rabbits weighing approximately 2 kg were
used in all experiments. Preparation of brain mitochondria
and the assay used for MAQ activity have been described
previously {11]. In brief, reaction mixtures containing 1-8
#M '*C-B-phenylethylamine or !“C-S-hydroxytryptamine
and varying amounts of inhibitor were incubated with rab-
bit brain mitochondrial MAO at 37° for varying lengths of
time. The '“C-deaminated products formed were separated

* This investigation was supported by Public Health Ser-
vice Grant 13315 from the National Heart and Lung Insti-
tute.

from the amine starting material by cation-exchange (Bio

" Rex-70) chromatography and the radioactivity of effluents

containing the deaminated products was measured in a
liquid scintillation spectrometer (Packard TriCarb model
3320). All experiments were repeated at least twice.
5-Hydroxytryptamine-2-!“C creatinine sulfate (sp. act., 58
mCi/m-mole) was purchased from Amersham Searle Co.,
Arlington Heights, Ill. and S-phenylethylamine-2-'*C-HCl
(sp. act,, 7 mCi/m-mole) was purchased from New England
Nuclear Corp., Boston, Mass. Iprindole was a gift from Dr.
Michael R. Maise of Wyeth Laboratories, Philadelphia, Pa.
The effect of iprindole on the deamination of phenylethy-
lamine (PEA), a specific type B MAO substrate [12], and 5-
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Fig. 1. Reaction mixtures containing 3-6 nmoles *C-PEA
or '*C-5-HT, 0-45 mg protein and varying concentrations of
iprindole in a total of 2 ml of 0-05 M potassium phosphate
buffer, pH 7-4, were incubated at 37° for 5§ and 60 min re-
spectively. The amounts of phenylacetic acid formed in the
absence of drug were 1-10 and 0-32 nmoles respectively.



