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The Toxicology of Chemosterilants
WAYLAND J. HAYES Jr 1

Sterilization of males can in certain circumstances be more efficient than killing as a
method for control of insects and perhaps other pests. A number of chemicals (chemo-
sterilants) show promise of producing sexual sterility in insects without some of the
practical limitations of radiation. The most important compounds are alkylating agents.
These have little immediate pharmacological action, but are notable for their selective
action against haematopoietic and some other proliferating tissues. A number of alkylating
agents have been shown to be mutagens in insects, bacteria, fungi, and higher plants;
carcinogens in mammals; and teratogens in insects, birds, and mammals. Some produce
sexual sterility, possibly in mammals as well as in insects, at doses too low to produce the
other effects. Some have an established reputation as drugs for palliative treatment of
leukaemia and other neoplasms.

The development of insect sterilization as a vector control technique has been handi-
capped in part by lack of scientific information on the acute and long-term hazards that
might be associated with the use ofchemosterilants. In this paper the author brings together
the available knowledge on the toxicology of the alkylating agents.

INTRODUCTrION

It is possible to show by mathematical models that
sterilization of males is ultimately more efficient than
killing as a method of controlling insects and perhaps
other pests (Knipling, 1955, 1959). The reason is
that, although both dead and sterile males fail to
reproduce, some portion of the sterile ones will
effectively prevent the reproduction of females that
were not directly affected by the sterilizing agent.
The degree of advantage will depend on many factors,
including the reproductive physiology and ecology of
the insect (Knipling, 1955). The housefly is especially
suited to such control because both sexes frequently
travel considerable distances before mating2 and
the sperm from the first mating, stored in the seminal
receptacles, are used for all the remaining life of the
female so that subsequent matings are ineffectual.
Obviously, not every species is adapted to this kind
of control. The suitability of the technique for the
control of disease vectors has been discussed by
Smith (1963).

1 Chief, Toxicology Section, Technology Branch, Com-
municable Disease Center, Public Health Service, US
Department of Health, Education, and Welfare, Atlanta,
Ga., USA.

'The males begin active mating on the second day and
the females on the third day after emergence.

The sterile-male technique requires that the
treated male compete with other males and that the
sterile sperm function normally enough to prevent
subsequent effective mating and yet not normally
enough to permit reproduction. No matter what
agent is used, the dosage must be adjusted to cause
just the right degree of injury. However, this is
possible and with at least one compound l(apholate)
sterile male houseflies that were perhaps more com-
petitive than normal ones have been produced
(LaBrecque et al., 1962).
The concept of insect control or eradication

through the use of sexually sterile males is credited
to E. F. Knipling by Bushland & Hopkins (1951),
who reported the first laboratory study of the
method. The practicability of the technique was
demonstrated in a series of brilliant experiments
with the screw-worm fly (Callitroga hominivorax)
sterilized by radiation. The species was first eradi-
cated from the island of Curacao (Baumhover et al.,
1955) and later from Florida and the south-eastern
United States (Knipling, 1960) with the result that
farmers in the area are now free of this fly that for-
merly caused $20 million worth of damage to cattle
each year. To achieve this eradication, screw-worm
flies were grown under factory-like conditions; the
pupae were irradiated from a cobalt source, and
3250 million adults which emerged were released
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systematicaUy over approximately 85 000 square
miles (220 000 km2) during a period of 17 months
(Lindquist, 1961).
An effort is now being made to broaden the

method so that sterilization can be produced by a

chemical rather than by radiation. A chemical used
in this way is called a chemosterilant. Even if used
in a " sterile-male factory ", the chemical approach
might be cheaper and would certainly permit greater
mobility of the " factory ". The insects could be
reared near the point of use, reducing the stress of
shipment and ensuring full vigour.
The degree of regulation that can be imposed on a

control agent decreases as the degree of dispersal
of that agent increases-i.e., from laboratory or

"factory ", to baits or lures, to area treatment.
Depending on whether safety can be ensured, the
chemical approach might extend the ways of using
the sterile-male technique to baits or lures and
perhaps even to area treatment, which are com-

pletely impracticable in connection with gamma
radiation. The advantages of having the insects rear

themselves in nature rather than having to set up a

factory for the purpose are obvious. Quite aside
from expense, some species such as the tsetse fly
are technically difficult to rear.

Even though the use of chemosterilants will
necessarily be limited by the physiology of different
insect species and by the toxicology of different
chemicals, these agents promise to open up a new

era in insect control (Knipling, 1959; Lindquist,
1961). What they will mean in terms of toxicology
will depend on the compounds ultimately selected
for use. The chemicals that have already shown
significant value in laboratory tests fall into three
classes: alkylating agents, antimetabolites, and
miscellaneous compounds including some alkaloids
(Borkovec, 1962, 1964). Eleven of them are shown
in Table 1. Table 2 gives the chemical identity of
other compounds referred to in the text by common
name. An extensive list of promising compounds
and a review of the entomological tests used in their
evaluation have been presented by Smith et al.
(1964).
The sterile-male principle is based on a single end-

result and not on any one mode of action. However,
the compounds that have received greatest attention
are alkylating agents, and this brief review is con-
fined largely to the toxicology of this class of com-
pounds. Alkylating agents that are biologically active
may be classified as sulfur mustards, nitrogen mus-
tards, epoxides, etheleneimines, methanesulfonates,

,-lactones, and possibly diazo compounds (Ross,
1958). Promising chemosterilants have been found
among the phosphorus ethyleneimines and methane-
sulfonates. Possibilities may lie in other groups,
notably the sulfur ethyleneimines, that have been
little explored.

HISTORY OF THE ALKYLATING AGENTS

Significant interest in the chemical alkylating
agents began with the application of mustard gas
(bis(2-chloroethyl)sulfide) as an irritant and vesi-
cant in the First World War. Although the systemic
toxicity of mustard gas was observed during that
war, little emphasis was placed on it by the majority
of investigators. The advent of the Second World
War, the inclusion of nitrogen mustard and its
analogues among potential war gases, and the " Bari
disaster " led to a careful reappraisal of the systemic
toxicity of the group.
As a result of aerial bombardment on 2 December

1943, mustard gas from a cargo ship was mixed
with the oil-slick coating the surface of the harbour
of Bari, Italy. Many casualties, who were able to
keep afloat in the water before rescue, were later
kept wrapped in blankets until medical treatment
was possible. The conditions favoured dermal
absorption. Early casualties showed a shock-like
syndrome that did not respond to treatment. A
second peak of mortality associated with extreme
leukopenia occurred eight to nine days after exposure.
A survey left little doubt that the unique clinical
findings represented systemic poisoning by mustard
gas (Alexander, 1947).

Information gathered during the Second World
War on the chemistry, biochemistry, pharmacology,
and pathology of the alkylating agents led to the
proposal that some of them be used in the treatment
of cancer. Their success as palliative therapeutic
agents led, in turn, to more detailed studies. Investi-
gations of the mutagenic action of alkylating agents
apparently was the independent result of academic
exploration of external factors that influence
heredity. Study of the carcinogenic action of
alkylating agents may have followed from theoretical
considerations about the relationship between
mutagenic and carcinogenic action. The compounds
were at one time considered in the search for anti-
fertility substances for man and are now being
studied actively as chemosterilants for insects.
Some alkylating agents-for example, Dibena-

mine hydrochloride and phenoxybenzamine-have
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TABLE I
COMPOUNDS PROMISING AS CHEMOSTERILANTS

ALKYLATING AGENTS

CH3-

1. Metepa: tris[1-(2-methylaziridinyl)] phosphine oxide
(MAPO; methaphoxide; USDA ENT-50,003)

2. Tepa: tris(1-aziridinyl) phosphine oxide; triethylene phos-
phoramide
(TEPA; TEF, aphoxide, SK-3,818; NSC-9,717;
USDA ENT-24,915)

CH-CH3

0
II

R-P-R
I
R

3. Morzid: bis(1-aziridinyl) morpholino phosphine sulfide;
N-3-oxapentamethylene-N',N"-diethylene thiophosphora-
mide
(OPSPA; MSPA; NSC-10,429; USDA ENT-25,301)

4. Apholate: trimeric bisethyleneimido phosphonitrile;
2,2,4,4,6,6-hexahydro-2,2,4,4,6,6-hexakis(1 -aziridinyl)-
1 ,3,5,2,4,6-triazatriphosphorine
(SQ 8388; Olin No. 2174; NSC-26,812; USDA ENT-26,316)

5. Tretamine: triethylene melamine; 2,4,6-tris(l-aziridinyl)-s-
triazine; 2,4,6-triethyleneimino-s-triazine
(TEM; TET; R-246; SK-1,133; M-9,500; Persitol Ho 11193;
triamelin; NSC-9,706; USDA ENT-25,296)

CH2-CH2
s

/\l~~~~~~~II
0 N-P- R

\/
I

C12- CH2

R N oR

R' R

N

R-C~'~ N~C-R
I 11

R
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TABLE I (continued)

ALKYLATING AGENTS (continued)

H H 0
6. CB 1506: 2-chloroethyl methanesulfonate I Ii

(NSC-18,016; USDA ENT-26,395) I I-SC
NH 0

ANTIMETABOLITES

7. Aminopterin: 4-aminofolic acid; 4-aminopteroylglutamic
acid; N-{p-{[(2,4-diamino-6-pteridinyl)methyl]amino}ben-
zoyl}-glutamic acid
(APGA; NSC-739; USDA ENT-26,079)

8. Methotrexate: 4-aminomethylpteroylglutamic acid;
N-p-{[(2,4-diamino-6-pteridinyl)methyl)methylamino}-
benzoyl}-glutamic acid
(amethopterin; A-methopterin; MTX; NSC-740; USDA
ENT-25,299)

9. 2-Thiouracil: 2-mercapto-4-hydroxypyrimidine;
2-mercapto-4-pyrimidone
(USDA ENT-25,474)

10. Fluoroorotic acid: 5-fluoro-orotic acid

(RO 2-9945; NSC-31,712; USDA ENT-26,398)

HO OC-CHl-NH-4

CH2 rf
1 1

HOOC-0H2 'z

As above, but -CH3
substituted for -H*.

N SH

N

OH

OH

NF

HORN COOH

MISCELLANEOUS

11. Thiourea: thiocarbamide S
(USDA ENT-3,582) 1I

H2N-C-'NH2

NH2

NH2
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TABLE 2

CHEMICAL IDENTITY OF COMPOUNDS MENTIONED
IN THE TEXT

Compound Chemical identity

Dibenamine hydrochloride a N-(2-chloroethyl)dibenzylamine
hydrochloride

Phenoxybenzamine b N-(2-chloroethyl)-N-(1r-methyl-
2-phenoxyethyl)benzylamine

Melphalan b p-(N,N-di-2-chloroethyl)amino-
L-phenylalanine

Busulfan b 1,4-dimethanesulfonoxybutane

Thiotepa b triethylene thiophosphoramide

a A trade name.
b Proposed International Non-proprietary Name.

well-established use as adrenergic blocking agents
(Nickerson, 1949). Their prolonged effects have been
attributed, at least in part, to irreversible alkylation
of adrenergic receptor sites.
At least on an experimental basis, vaccines pre-

pared by treating Eastern equine encephalitis, fixed
rabies, and hog cholera viruses with sulfur mustard
successfully immunized test animals against chal-
lenging doses of the respective viruses (Tembroeck
& Herriott, 1946). The use of methyl-bis(2-chloro-
ethyl)amine is effective for the sterilization of stored
blood or plasma but has certain theoretical dis-
advantages (Philips, 1950). Other uses have been
considered in relation to the effects of alkylating
agents on immune reactions (Philips, 1950).

TOXICOLOGY OF ALKYLATING AGENTS

Alkylating agents are notable for their delayed
effect accompanied by a selective action against
some proliferating tissues: haematopoietic cells of
the bone marrow and lymphoid tissues, the intestinal
mucosa, germ cells, embryos, and tumours. There
are notable exceptions. For example, the earliest
studies by Ehrlich (1910) and others (Gabriel &
von Hirsch, 1896) revealed that the most striking
pathology produced by ethyleneimine in the rat is
complete necrosis of the renal papilla, a tissue that
is not notably proliferative. The marked suscepti-
bility of some embryonic cells is apparently not
related to their mitotic activity (Murphy et al., 1958).
The following paragraphs describe the few acute

and the many delayed effects.

Acute effects
Some of the sulfur mustards and nitrogen mustards

have cholinergic, paralytic, and central-nervous-
system stimulatory effects. The methanesulfonates
can cause convulsions, and supralethal doses of
tretamine are convulsant and paralytic (Philips,
1950). These actions may be the cause of early death
if doses well above the LDw are given to animals,
and the actions may give rise to side-effects following
therapeutic doses for man. Some of the mustards
may produce the same clinical effect twice in suc-
cession following a single dose as the result of
separate pharmacological actions (Philips, 1950).

Effects on haematopoiesis
Following a dose in the range of the minimal

lethal dose, cessation of mitosis and disintegration
of all but the most primitive elements appear in the
lymphoid tissues and bone marrow within six to
eight hours following mustards (Philips, 1950) or
within a few days following the more slowly acting
ethyleneimines (Sternberg et al., 1958). Changes in
the circulating blood parallel those in the haemato-
poietic system. The lymphocytes tend to disappear
first and recover last; the granulocytes and thrombo-
cytes show an intermediate reaction; and anaemia,
if it occurs, is delayed in appearance and only
moderate in degree. Haematological recovery after
toxic doses of radiation appears to be less rapid
than that following comparable intoxication with
mustards (Philips, 1950).

Effects on intestinal epithelium and other organs
Usually less striking than the blood changes are

changes in the intestinal mucosa. Following
mustards, atrophy and erosions may occur. Ethylene-
imines produce similar but less prominent changes
(Sternberg et al., 1958).

In addition to the destructive changes, hyper-
trophy of the adrenal may occur (Philips, 1950).

Delayed lethal syndrome
It might be supposed that the severe suppression

of haematopoiesis and the anorexia, diarrhoea, and
profuse vomiting that may accompany intestinal
changes would be adequate to explain death that
characteristically occurs three to seven days after a
single dose in the LD50 range. However, there is no
overwhelming sepsis and the fluid changes do not
approach in magnitude the range associated with
fatal shock following burns, trauma, or haemorrhage.
By occluding a portion of the circulatory system for
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only a few minutes, it is possible to protect the
corresponding portion of the haematopoietic system
or intestine from injury, and yet animals treated in
this way go on to die after the same interval as
animals given the same dose and no protection.
However, bacteria-free mice are more resistant to
the delayed lethal effects of nitrogen mustard than
normal mice. This finding supports the hypothesis
that intestinal bacteria play an important role in
the systemic toxicity of such compounds, but the
relative immunity of germ-free mice can be over-
come by increased dosage (White & Claflin, 1963).
It is true that analogues that do not derange prolifer-
ative tissues usually do not cause the delayed lethal
syndrome (Philips, 1950). However, one analogue
of sulfur mustard (fl-chloroethyl-/3-(bis(8-hydroxy-
ethyl)sulfonium)ethyl sulfide chloride) causes
delayed deaths with no involvement of the bone
marrow (Anslow et al., 1948). As shown in the
review by Philips (1950), no completely satisfactory
explanation for the characteristic mode of death has
been found.
The manner of death following repeated doses of

alkylating agents resembles the delayed lethal
syndrome following a single dose except that gastro-
intestinal signs and pathology are less prominent.

Mutagenesis

Modem concepts of mutation and the whole array
of mutagenic agents have been reviewed by Zamen-
hof (1963), while the relation of chemical structure
to mutagenic action has been reviewed by Rohrborn
(1960). In addition to the alkylating agents, typical
mutagens include radiation, heat, nitrous acid,
hydroxylamine, various base analogues (e.g., sub-
stituted uracils), deuterium, formaldehyde, and even
ferrous ion (Zamenhof, 1963). All types of genetic
effects known from other sources, including X-ray
and ultraviolet radiation, can be produced by
chemicals.
Although the monofunctional alkylating agents

are generally effective as antitumour agents only at
concentrations 50-100 times those of polyfunctional
compounds (Auerbach, 1958; Roberts, 1958), certain
monofunctional mustards are even more effective
genetically than the corresponding bifunctional ones
(Auerbach, 1958). However, monofunctional com-
pounds may be less efficient than difunctional ones
of the same chemical series in inducing small
deficiencies and deletions (Fahmy & Fahmy, 1959b).
Although mutagenic action may affect proliferating
cells, mustard gas is very effective in producing

genetic change in mature sperm stored in the
seminal receptacles of female Drosophila. On casual
examination, the similarities between the genetic
effects of X-rays and mustard gas are more striking
than the differences. However, the more detailed the
study, the more frequent and significant the differen-
ces appear (Auerbach, 1958; Fahmy & Fahmy,
1958). It has been shown that of two genes in the
same nucleus, one responds preferentially to one
mutagen, the second to another (Auerbach, 1958;
Fahmy & Fahmy, 1958) and this is true even at a
subgenic level (Fahmy and Fahmy, 1959a). Alkylat-
ing agents have produced visible mutations that were
new in the sense of being different from those pre-
dominantly encountered in radiation experiments.
The results indicate that some of the visible loci res-
ponsive to alkylating agents are less mutable or
possibly even refractile to radiation (Fahmy &
Fahmy, 1958). Treatment of mature sperm of
Drosophila with either monofunctional or polyfunc-
tional alkylating agents produces a higher proportion
of mosaic mutations and a lower propertion of
whole-body mutations than are produced by radia-
tion under anoxic conditions (Oster, 1963).
Using a bacterial system to test mutagens, tepa,

morzid and tretamine were found active (Szybalski,
1958). Successful studies have been carried out in
higher plants as well as in bacteria (Philips, 1950;
Ross, 1962), but chiefly in the fruit fly (Drosophila
melanogaster) and in the slime mould (Neurospora)
(Auerbach, 1958). In some studies, chemicals under
test may be injected into the flies around the gonads
(Fahmy & Fahmy, 1958) or used to soak the mould.
Mustard gas, tretamine and CB 1506 are mutagenic
in Drosophila (Auerbach & Robson, 1947; Fahmy &
Fahmy, 1958). CB 1506 produces an unusually high
proportion of visible mutations (Fahmy & Fahmy,
1956). Some of the surviving mutants have been
sterile but others have transmitted morphological
abnormalities to the F2 generation (Auerbach &
Robson, 1947).
Auerbach & Falconer (1949) speculated that a

mutation in the progeny of mice treated with
methyl-bis(2-chloroethyl)amine was caused by the
treatment, but the senior author failed to confirm the
important finding in a later review (Auerbach, 1958).
Cattanach (1957, 1959b) reported that some of the
F1 progeny of male mice treated with tretamine
showed hereditary semisterility and that this trait was
associated with cytologically demonstrable chromo-
somal translocations. The semisterility was associ-
ated with survival of the sperm but death of the
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zygote or embryo. He speculated that incomplete
spermatogenesis and complete sterility in other F1
offspring of treated male mice were caused by a
dominant mutation. The injection of tretamine be-
fore mating also reduced the fertility of female mice,
but a larger dose was necessary than in males.
Cattanach (1959a) considered that the mechanism of
action was the same in females as in males although
direct evidence was not available. Only one F1
progeny of treated mice was morphologically ab-
normal and it did not breed (Cattanach, 1959b).
Apparently no transmission of a chemically induced
morphological change in mammals has been re-
ported.

Teratogenesis

Superficially similar in final result to mutagenic
effects are the teratogenic effects observed in insects
(Bodenstein & Abdel-Malek, 1949), mammals and
birds (Murphy et al., 1958). At least one candidate
chemosterilant, tretamine, and several related
materials have been studied in this regard. For
different compounds doses of 0.40 to 0.57 of the
maternal LD50 in rats caused resorption of half of
the litters (litter LD50). Dosages less than about
one-third of the litter LD50 produced no observable
damage to the foetuses, while higher dosages pro-
duced more and more severe effects. For different
compounds, dosages ranging from 1.3 to 2.0 times
the litter LD50 were fatal to 100% of litters. Some
antimetabolites, including aminopterin, were far
more toxic to the foetuses. The litter LD50 for
aminopterin was only 0.167 times the maternal
LD50, and this factor for 6-diazo-5-oxy-L-norleucine
was 0.0019 (Murphy et al., 1958). There were some
differences in the kind of injuries shown by rats
surviving to term after treatment by different com-
pounds, and few, if any, corresponded to the injuries
produced by X-rays. More severe and consistent
teratogenic effects were produced by X-rays.

It was possible to destroy the viability of sarcoma
180 by giving any of several alkylating agents at
one-fifth the LD50 dose to 12-day chick embryos
without great injury to the embryo. No such selec-
tive action was seen with X-rays, which damaged the
tumour severely only at doses that killed the embryo
(Murphy et al., 1958).
Lutwak-Mann & Hay (1962) proposed a rapid

screening test for compounds that affect the early
embryo when administered to the mother. Thiotepa
gave positive results. Sokal & Lessmann (1960)
reviewed the effects of cancer chemotherapeutic

agents, including alkylating agents, on the human
foetus. Busulfan and 6-mercaptopurine adminis-
tered throughout pregnancy produced multiple
severe abnormalities even though neither drug alone
produced major foetal damage. There were no re-
ports of important foetal damage in cases in which
chemotherapeutic drugs were given only after the
first trimester of pregnancy, and in fact these drugs
have proved far less toxic than would be anticipated
from animal experiments.

Carcinogenesis

Because many of the effects of alkylating agents
resemble those of radiation, these compounds have
been examined to learn whether they too are car-
cinogenic. Several nitrogen mustards (Boyland &
Horning, 1949; Heston, 1949, 1953; Griffin et al.,
1950; Koller, 1953), sulfur mustard (Heston, 1953),
several simple N-acylethyleneimines and some other
monofunctional ethyleneimines (Walpole et al.,
1954), and a few polyfunctional ethyleneimines in-
cluding tretamine (Walpole et al., 1954) and busul-
fan (Koller, 1953) have proved to be carcinogenic.
Most investigators found that various sarcomas pre-
dominated. Most of the sarcomas occurred at the
injection site but some metastasized or were trans-
plantable. A smaller number of adenomas, carci-
nomas, and other neoplasms have been reported
(Boyland & Horning, 1949; Heston, 1949; Walpole
et al., 1954), but even many of these were associated
with the injection site. In general, maximal sublethal
doses are required to produce the effect. It is of
interest that some of the carcinogenic monofunc-
tional alkylating agents have no demonstrable
tumour-inhibiting action (Walpole et al., 1954). As
yet, there is no evidence that any alkylating agent
has caused tumours in man (Walpole, 1958). In fact,
it appears that no highly active carcinogen, even for
animals, has been found among the alkylating agents.
Their action tends to be slow. It has been claimed
(Griffin et al., 1950) and denied (McDonald, 1961)
that a single dose of nitrogen mustard is as effective
as multiple doses in promoting the occurrence of
neoplasms. In fact, nitrogen mustard may be a
cocarcinogen and not a carcinogen at all (Mc-
Donald, 1961).
The nature and significance of chromosomal ab-

normalities in tumours produced in rats by aromatic
mustards have been discussed by Koller (1953). In
1950, Philips concluded that the relationship between
mutagenicity and carcinogenicity remains to be
established, and in spite of very extensive discussion

8
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(Haddow, 1958, 1959) the conclusion remains valid
today.

Sterilization
In experimental animals an entire range of steriliz-

ing effects has been produced by alkylating agents.
These effects have been most fully explored in the
rat. However, the mouse (Cattanach, 1957, 1959a,
1959b; Cattanach & Edwards, 1958), the rabbit
(Jackson, 1959; Fox, Jackson et al., 1963) and the
dog (Hendry, Homer et al., 1951) as well as insects
are susceptible to the sterilizing effects of tretamine.
Busulfan and isopropyl methanesulphonate have
produced aspermia in rabbits (Fox, Jackson et al.,
1963). The lowest effective daily dosage of treta-
mine tested in the rabbit was 0.01 mg/kg/day intra-
venously (Jackson, 1959), a dosage of about the same
magnitude as that used to treat cancer in man (Sykes
et al., 1956).1 In contrast, a single dose of tretamine
at the rate of 0.2 mg/kg intraperitoneally produced
subfertility promptly and sterility most marked
22-26 days after the dose and ending about 35 days
after the dose (Bock & Jackson, 1957; Craig et al.,
1958; Jackson, 1958). The effect was thought to be
on spermatocytes; mature sperm present at the time
of treatment were not affected (Craig et al., 1958;
Jackson, 1959). When the frequency of dosage with
tretamine was increased to 0.2 mg/kg/day for five
days, intraperitoneally, recovery occurred five to six
weeks after treatment (Bock & Jackson, 1957; Craig
et al., 1958), but there was apparently a second brief
period of sterility about nine weeks after the dose
(Craig et al., 1958). Thus, the effect resembled the
combined action of single doses of tretamine and
busulfan. The first period of sterility was thought
to be caused by destruction of spermatocytes, the
second by destruction of spermatogonia (Jackson,
1959). However, a quantitative, histological study
(Steinberger, 1962) showed that the initial lesion
caused by this dosage of tretamine (0.2 mg/kg/day
intraperitoneally for five days) involved early
generations of type A spermatogonia and began at
least as early as the second day after initiation of
treatment. A sharp decrease in the number of resting
spermatocytes occurred on the tenth day after the
start of treatment and this decrease was soon reflected
in the more mature spermatocytes. It appears that
the effect of such doses on fertility involves a combi-
nation of this maturation depletion and the more

1 The standard initial testing dose for flies is 5 mg/kg
(1 1 of 10% solution per 20-mg fly)-C. N. Smith, personal
communication.

subtle effect on the more mature germinal cells
which is also produced by low doses (Steinberger
et al., 1959).
When the same dosage of tretamine (0.2 mg/kg/

day) was given a total of 21 times in the course of
57 days, the rats remained sterile for at least eight
weeks after dosage was stopped (Jackson & Bock,
1955) and, in fact, only one was fertile 75 days after
the last dose (Bock & Jackson, 1957).

Forty-one doses of tretamine at the lower rate of
0.05 mg/kg/day intraperitoneally during 57 days
produced complete sterility in male rats beginning a
few days after the first dose and lasting for three to
four weeks after the last dose, when full recovery
took place (Bock & Jackson, 1957; Jackson & Bock,
1955). During the sterile period, the sperm were
normal in number and motility and were able to
penetrate ova, but the ova failed to develop to a
significant degree. The sexual behaviour of the
males remained normal (Jackson & Bock, 1955).
No histological damage to the testis was observed
following a dosage of 0.05 mg/kg five times each
week (Jackson & Bock, 1955; Steinberger et al.,
1959). The action of tretamine that permits fertiliza-
tion but leads to early death of the resulting zygotes
or embryos involves mature spermatozoa as well
as other germinal cells.
When a similar experiment with tretamine

(0.05 mg/kg/day intravenously for 29 days) was
carried out in rabbits, the sperm were infertile but
otherwise normal for about 50 days, after which
matings became abruptly aspermic, although the
volume of seminal fluid remained normal (Jackson,
1959).
Most of the effects of tretamine on fertility just

mentioned were confirmed by Steinberger et al.
(1959), who found, in addition, that the F1 progeny
of males that had regained fertility developed nor-
mally and were fully fertile, as was the F2 generation.

Tretamine at a dosage of 0.2 mg/kg/day for five
days before mating did not affect the fertility of
female rats (Jackson & Bock, 1955), However, a
single dose of 1.6 mg/kg did reduce the fertility of
female mice (Cattanach, 1959a).

Several of the compounds, including tretamine,
produce teratogenic effects or complete abortions
when given after fertilization (see above). For
tretamine, the required dosage in rats (0.2 mg/kg/day
for five days beginning four days after mating)
(Jackson & Bock, 1955) was larger than that needed
to produce sterility in the male and increasing doses
were required as the foetus grew older.
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The various alkylating agents show a selective
effect on the different stages of spermatogenesis.
The ethyleneimines may interfere with the function
of spermatozoa or spermatids or they may interfere
with early development and even lead to atrophy
of the seminal epithelium (Jackson et al., 1959).
Busulfan and other relatively complex alkane sulfonic
esters act on spermatogonia and lead to aspermia.
By contrast, certain simple alkane sulfonic esters
(methylmethanesulfonate, ethylmethanesulfonate,
and CB 1506 (the sixth item in Table 1)) act on sper-
matids and spermatozoa with no histological or
functional evidence of action on earlier stages. The
first two compounds produce complete sterility
with no loss of libido when given in appropriate
dosage by mouth. The sterility is completely
reversible. So far no side-effects, including carcino-
genesis or mutagenesis, have been found in spite of
search (Jackson et al., 1961).

Alkylating agents differ qualitatively in their
effect on the mouse testis when judged by production
of chromosomal fragments and bridges (Moutschen,
1961).
There is even considerable variation in the ability

of alkylating agents to produce sterility of any kind
(Jackson et al., 1960). Although the maximal
tolerated dose of methyl-bis(f-chloroethyl)amine
N-oxide produced sterility accompanied by testicular
atrophy (Goldeck & Hagenah, 1951), two aromatic
nitrogen mustards-melphalan (Jackson, 1958; Jack-
son et al., 1960) and p-(N,N-di-2-chloroethyl)amino-
phenylbutyric acid-did not interfere with the
fertility of male rats, even when given at dosages
that produce transient leukopenia and inhibit
tumour growth (Jackson, 1959).

Different alkylating agents vary also in their
effects on the sperm and eggs of certain invertebrates,
including sea urchins (Fox, Partington & Jackson,
1963).

Carcinostatic effect

Alkylating agents have a firm place in the treat-
ment of many neoplasms. The therapeutic aspects
have been reviewed by Sykes and her colleagues
(1956) and by Hall (1962).

Different alkylating agents may have different
effects on the haematopoietic tissues of the same
species. In general, busulfan and similar compounds
have their most marked effects on neutrophils and
platelets, while the nitrogen mustards affect chiefly
the lymphocytes. Each finds use against correspond-
ing tumours-granulocytic leukaemia and lympho-

mas, respectively. By combining a compound from
each series it may be possible to simulate more
exactly the effects of radiation (Elson, 1958). The
possibility of combining carcinostatic drugs for
improved therapy is just beginning to be explored
(Ross, 1962).

Quantitative toxicity

It has been suggested by Ross (1962) that the
various observed effects characteristic of alkylating
agents can be related to dosage and described under
three headings representing increasingly severe in-
jury: (1) cytostatic effect in which mitosis of a resting
cell is delayed or entirely prevented, (2) mutagenic
effect in which division proceeds but the new cells
have altered properties, and (3) cytotoxic effect in
which damage is so great that the cell dies. Dosage
effects may be very precise as long as other conditions
of experimentation remain the same. Direct applica-
tion of sulfur mustard to the eyes of rats at the rate
of 0.01 _g/cm2 causes only suppression of division of
epithelial cells; if the inhibition is continued for a
week by daily applications, the tissue as a whole con-
tinues to grow at the normal rate but still with no
cell division. A dosage of 0.1 pg/cm2 results in
nuclear fragmentation, and a dosage of 1.0 [4g/cm2
causes pyknosis of all cells and permanent scarring
of the epithelium (Friedenwald et al., 1948).

It is suggested that the action of alkylating agents
on primitive blood cells to produce temporary
leukopenia or on germ cells to produce temporary
sterility are cytostatic effects. Mutagenesis and
carcinogenesis are mutagenic effects by definition.
Killing of tumour cells or normal differentiated
blood cells is obviously cytotoxic. The difficulty is
that mature blood cells are often killed and primitive
ones spared by the same dose of drug. Whether
teratogenesis is caused by the killing of critical cells
or merely by interruption of the normal rate of cell
division is seldom clear. Under these circumstances,
the naming of " processes " may only serve to con-
ceal our ignorance by making the relation between
observation and theory seem more substantial than
it really is.

Early studies reviewed by Philips (1950) showed
that a mustard gas has the same order of toxicity
for different species when it is given intravenously,
but that the species variation is considerably greater
for dermal toxicity although the amount of a
mustard gas necessary to produce damage is extreme-
ly small. Total absorption of as little as 6 ,Lg/cm2
of sulfur mustard or tris(2-chloroethyl)amine causes
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vesication of 50% of white human subjects (Nagy et
al., 1946). The unreacted vapour disappears within
a few minutes and the amount of vesication is pro-

portional to the amount fixed in the tissue (Philips,
1950).
The toxicity of some candidate chemosterilants,

several of which are also anticancer drugs, is shown
in Table 3. Some of these compounds have a

moderate acute toxicity compared with other
pesticides while tretamine has a high toxicity
similar to that of mustard gas or the insecticide
tetraethylpyrophosphate. Animals may withstand
daily feeding of only a relatively small proportion of

the LD50 dosage of the candidate chemosterilants
without clinical effect or leukopenia. On the con-

trary, the dosage necessary to control tumour growth
is often one that may injure the haematopoietic
system.
From a clinical standpoint, it is usually the effect

on bone marrow that limits the dosage of alkylating
agents used to treat cancer (Sternberg et al., 1958).
However, it is a common finding that animals or

people may recover completely following a single or

repeated dosage sufficient to produce a marked
reduction of circulating white blood cells. Although
this is a convenient and customary basis for monitor-

TABLE 3
TOXICITY OF CHEMOSTERILANTS

Toxic dosage in rats Approximate therapeutic

Compound Single dosage Repeated daily dosage dosagein man

/OralLDk DermalLDg/ mg/kg/day Effect mg/kg Doses Route

10.0 Reduced white blood cells,
(x104; oral) growth suppression and death

in 44-94 days

5.0 Sterility, testicular atrophy and I

Metepaa 136 183
(x104, oral) of 12 died in 89 days Not used

2.5 Subfertility and partial testicular
(x197; oral) atrophy

1.25 None
(x 197; oral)

Tepa 37 a 87 a 1.2-2.0 Total Imusular b

15.0 Reduced white blood cells,
(x 98; in food) growth suppression, testicular

atrophy and 1 of 5 died in
49 days c

Apholate 98 a 400-800 a 7.5 Growth suppression and testi- 0.6 3-6 Oral cl
90 d (x98; in food) cular atrophy c

3.7 Growth suppression and testi-
(x77; in food) cular atrophy c

0.2 Temporary sterility e 0.12 Total Intravenous b
(x 1; intraperiton.)

Tretamine ca. 1 0.2 Continuing sterilityf 0.04-0.08 4 Oral g(x 21; intraperiton.)

0.05 Temporary sterility, and without 0.3-0.6 Total Oral b
(x 41; intraperiton.) atrophy e

a Gaines & Kimbrough (1964); see the article on page 737 of this issue.
b Sykes et al. (1956).
c Gaines, T. B.-unpublished data.
d Olin Mathieson Chemical Co.
e Craig et al. (1958).
f Jackson & Bock (1955).
g Hall (1962).
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ing people with occupational exposure to the com-
pounds, Table 3 shows that testicular atrophy and
failure to gain weight at a normal rate may be more
sensitive measures of injury in the rat. Other, more
sensitive criteria may be found as attention is turned
to the long-term effects of low dosages.
Furthermore, species differ in sensitivity. Calves

were killed by a single intramuscular dose of apholate
at the rate of 2.5 mg/kg (Khan, 1963). All sheep
were killed by apholate or metepa at a daily oral
dosage of 2 mg/kg (Younger & Radeleff, 1964),
although either compound produced inconspicuous
injury to rats when given in slightly larger dosages
for longer periods (see Table 3). The sheep showed
focal necrosis and other lesions of the liver, kidneys
and lungs (Younger & Radeleff, 1964). Whether
these lesions, which are unusual for the ethylene-
imines, reflect a mode of action peculiar to sheep is
not clear.

Distribution, storage, andfate

When mustards are injected intravenously, they
are eliminated from the blood and fixed within a few
minutes. Cross-circulation of the blood of dogs
begun as early as 30 minutes after intoxication and
maintained for 45-180 minutes permitted the non-
poisoned member to survive without untoward effect
even though the other dog had received enough
sulfur mustard intraperitoneally to cause death in
five hours (or death of both dogs in other tests where
cross-circulation was present at the time of injecting
the dose) (Black & Thomson, 1946). Occlusion of
the blood supply of the legs of rats for less than
15 minutes after a dose of the same drug or tem-
porary occlusion of the arterial supply of the in-
testine protected the bone marrow or intestinal
epithelium distal to the clamp but not the life of the
animal (Karnofsky et al., 1948).
Rapid disappearance from the blood has also been

demonstrated by measurement of activity of samples
following both intravenous and oral doses of radio-
active tretamine, tepa, and busulfan in man. The
proportion of the intravenously injected dose in the
blood falls to less than 5% within 30 minutes and
then remains essentially stable for at least 48 hours.
Approximately the same proportion of an oral dose
is reached in the blood, beginning about four hours
after the dose (Nadkarni et al., 1959). However, it
seems likely that most, if not all, of the activity is
from metabolites soon after a dose by either route.
Using analytical methods specific for the two

drugs, Mellett & Woods (1960) found that when

thiotepa was given to dogs either intravenously or
orally it disappeared rapidly from the plasma, but
the tepa metabolized from it reached a higher con-
centration and persisted longer. Thus the concentra-
tion of tepa at four hours was as great as or greater
than the concentration of thiotepa at two hours. At
least 50% of the oral dose of thiotepa was absorbed
intact.
From a chemical standpoint, the alkylating agents

are moderately to highly reactive. Tepa is explosive
under certain conditions. Since enzymes attack
some molecules that are chemically quite inert, one
would expect all alkylating agents to be actively and
rapidly metabolized. Apparently metabolism is
rapid and essentially complete in some instances but
limited in others. Species may differ widely in the
degree to which they metabolize the same compound
even though no significant difference may be ap-
parent between the toxic action of the compound in
one species and that in another. Some metabolism
may be extraneous to toxicity, and species that
rapidly excrete a high proportion of unreacted drug
may hold the key to understanding essential reac-
tions. Thus, Craig & Jackson (1955) suggested that
the cytotoxic activity of tepa may be associated
with interference by a very small proportion of the
dose with some highly susceptible cellular mecha-
nism.
Using isotopically marked tepa and paper chroma-

tography, no unchanged tepa was detected in the
urine of mice, and 80% was degraded to the inorg-
anic phosphate. The animals excreted 60 %-80%
of the radioactive phosphorus from tepa in 24 hours
(Nadkarni et al., 1957). No unchanged tepa was
excreted in human urine, but only about 30% of the
dose was recovered (Nadkarni et al., 1959). Of the
recovered material, 88 % or more of the radioactivity
was present as inorganic phosphate (Nadkarni et al.,
1959). A high proportion of tepa can be recovered
from the urine of rats (Crossley et al., 1953; Craig
& Jackson, 1955); however, the majority is in the
form of unchanged drug (Craig & Jackson, 1955).
Thus, tepa is not highly reactive in the rat although
a small fraction of the dose is probably metabolized
extensively. In the dog, 13 %-15% of oral doses were
recovered unchanged in the urine (Mellett & Woods,
1960).
Mice are moderately efficient in metabolizing

metepa. In an experiment in which 65% of the dose
of metepa was recovered in the urine, only a little
over 16% of the total dose was excreted unchanged
(Plapp et al., 1962).
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The metabolism of thiotepa is similar to that of
tepa in rats. This species excreted at least 95% of the
drug and its metabolites within eight hours of intra-
venous or intra-arterial injection. The remainder
was excreted about equally in the faeces and expired
air. Between 70% and 80% of the drug in the urine
was unreacted, while 20 %-30% was in the form of
tepa. There was evidence of traces of two or three
other unidentified metabolites (Boone et al., 1962).
In the rat, about 2% of injected thiotepa is expired
as carbon dioxide (Boone et al., 1962) and this may
come from the 20 %-30% metabolized to tepa. Dogs
excrete 0.3 %-0.7 % of thiotepa in the urine un-

changed and 8%-15% as tepa (Mellett & Woods,
1960). Craig et al. (1959) studied the metabolism
of thiotepa in the mouse, rat, rabbit and dog in such
a way that the results were strictly comparable. Each
species converted the compound to tepa and each
produced some inorganic phosphate and at least
traces of other metabolites; however, the details of
the biotransformation were not the same either
quantitatively or qualitatively in any two of the
species.

Following intravenous injection in man and
animals, tretamine decreased rapidly in the blood
and then the radioactivity maintained a low constant
level in the blood for at least 48 hours. Mice
excreted between 72% and 88% of radioactive
tretamine in 24 hours, mostly in the urine but
1 %-2% as exhaled carbon dioxide. Humans excreted
about 30% in the urine after an oral dose but only
about 20% after an intravenous dose. There was no

unchanged compound in the urine. Chromato-
graphy revealed at least 16 metabolites in the urine,
one of which is cyanuric acid. The metabolic path-
way is unknown, but it has been postulated that the
ethyleneimino group is excreted as the alkylated
derivatives of normal metabolites (Nadkarni et al.,
1959; Smith et al., 1958).
Radioactive morzid was metabolized in both

rats and man to phosphate and morpholine, and the
sulfur was oxidized to form N-(3-oxapentamethy-
lene)-N',N"-diethylenephosphoramide, a compound
of equal potency against a test tumour. In addition,
man excreted a considerable amount of uncharacter-
ized metabolites (Heidelberger & Maller, 1958).
A smaller proportion of the radioactivity was

recovered in the urine of cancer patients treated
with 14C-busulfan (about 30%) than with 35S-
busulfan (about 45%-60%). Methane-sulfonic acid
accounted for 95% of the excreted activity derived
from sulfur. On the contrary 12 radioactive materials

were separated by ion exchange from the carbon-
tagged drug. No unchanged drug was recovered
from the urine (Nadkarni et al., 1959).

Rats injected with carbon-labelled ethylmethane-
sulfonate exhaled 25%-35% as carbon dioxide in
24 hours; only 5%-8% remained in the body (Ro-
berts, 1958), and it may have been metabolized.

Biochemical action and selectivity

Some enzymes are inhibited in vitro but not at
concentrations below 10-4 molar, whereas equal
distribution of a median lethal dose of methyl-bis
(2-chloroethyl)amine, for example, would result
in a concentration of only 10-5 molar in the body
(Philips, 1950). The problem of interpretation is
not confined to enzymes. Mandel (1959) stated:
" The nonspecific in vitro reactions of the agents
with amino acids, purines, pyrimidines, proteins,
RNA, DNA, and many other compounds have
been most controversial in the elucidation of the
in vivo action, largely because such enormous doses
were usually used in order to provoke the desired
response, and physiological conditions were not
duplicated ".
Some investigators satisfied themselves from in

vitro studies that, while reactions with amino and
sulfhydryl groups occur, reaction with carboxyl
groups in proteins and reaction with phosphate
groups in nucleic acids are most characteristic
(Alexander & Stacey, 1958; Stacey et al., 1958).
The same authors concluded that the polyfunctional
character of the carcinostatic compounds enabled
them to produce cross-links in the same molecule
or between molecules which they considered the
most efficient way of altering the function of DNA
and similar molecules. They showed electron micro-
graphs ostensibly of cross-linked DNA (Stacey
et al.. 1958). By contrast, genetic studies mentioned
earlier showed that polyfunctional alkylating agents
were relatively ineffective as mutagens and that the
changes that do occur in living DNA are not brought
about by cross-linkage (Auerbach, 1958). Papir-
meister (1961) has attempted a chemical explanation
of this observed difference, between mono- and
polyfunctional alkylating agents.

Traces of the radioactivity from the ethyl moiety
of tagged ethylmethanesulfonate were associated
in the urine with the amino acids serine, alanine,
and arginine, and with urea; however, the majority
was associated with N-acetyl-S-ethyl cysteine, and a
related compound. This was considered the first
in vivo evidence of plain alkylation in the case of a
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biologically active alkylating agent (Roberts, 1958).
The finding is consistent with the conclusion from
organic chemistry that, in a wide variety of reactions,
alkylation proceeds preferentially on sulfur, then
nitrogen, and least readily on oxygen (Price, 1958).
However, partly because of the rarity of such
findings, Elson (1958) has suggested that a typical
compound does not exert its biological action
through an alkylating mechanism at all.

In 1951 Butler et al. (1951) suggested that esterifica-
tion of phosphate groups might be an important
reaction of alkylating agents with nucleic acids,
but Brookes & Lawley (1960) failed to find evidence
of such a reaction in experiments designed to find
the most reactive centres. Instead, they found that
the only detectable reaction with RNA and DNA
both in vitro and in vivo was at N-7 of guanine
moieties. Later a second reactive site accounting for
about 10% of the total alkylation was found at
N-3 of adenine (Lawley & Brookes, 1963).
The chemical mechanism of action is far from

agreed on. It may be that a very wide range of cell
constituents are reactive (Philips, 1950; Ross, 1958).
The interaction of particularly active enzyme sys-
tems, direct reactions with -SH groups, changes in
the amino acid code of proteins, and influence on
cell permeability, as well as direct action on DNA
have been discussed (Ross, 1962). The present
tendency is to emphasize the importance of action
on DNA (Biesele, 1963; Brookes & Lawley, 1964;
Papirmeister, 1961; Wheeler, 1962), although the
possible importance of other reactions is acknow-
ledged (Biesele, 1963; Brookes & Lawley, 1964),
especially in connexion with acute effects (Wheeler,
1962).
Some evidence has been presented that ionizing

radiations and alkylating agents both act primarily
through an attack on DNA (Philips, 1950) but by
different chemical reactions (Alexander & Stacey,
1958). In fact, it has been proposed that radiation,
carcinogenic chemicals, and cancer viruses produce
the same basic change (Horsfall, 1962). Even if
these broad generalities were eventually proved, the
observed quantitative (if not qualitative) variation
between the effects of different alkylating agents
and between different groups of these agents would
remain. This variation is what one would expect.
In order to undergo a critical reaction, a chemical
or its active metabolite must escape destructive
metabolism until it reaches the exact site of action
with the right chemical and steric configuration still
intact.

There is a tendency to lump all alkylating agents
together and assume that their properties are es-
sentially identical. Several illustrations disproving
this assumption have been cited in the preceding
paragraphs. Ross (1962) devoted an entire chapter
of his recent book to evidence of selectivity of action,
and such action has been noted by others (Mandel,
1959).

Selectivity may involve different species or different
tissues in the same organism. There is a lack of a
dependable relationship between effects on germinal
epithelium, haematopoetic tissues, and tumours
(Jackson et al., 1959). The biochemical basis of
selectivity is not understood. Distribution of alkylat-
ing agents is relatively uniform (Craig & Jackson,
1955; Crossley et al., 1953; Plapp et al., 1962) and is
frequently as high or higher to the lung, liver, and
kidney as to sensitive tissues (Boone et al., 1962;
Craig et al., 1959; Smith et al., 1958), so that selec-
tive distribution does not appear to be the cause of
selective action. Bone marrow may be a partial
exception (Mellett & Woods, 1960). In any event,
none of the proposed mechanisms of action has been
correlated quantitatively with cytotoxic effects.
Cells that are naturally relatively immune or that
have acquired resistance may show the same bio-
chemical reactions as susceptible cells. Thus, the
possibility must be considered that even the first or
most sensitive biochemical effect observed so far is
merely an epiphenomenon and that the real bio-
chemical mode of action remains undiscovered.
Wheeler (1962) made these observations with respect
to the anticancer properties of alkylating compounds,
but they apply to other pharmacological effects
also.

Selectivity of action may be evident within the
same cell. Thus synthesis of RNA may continue at
a normal rate at concentrations of methyl-bis
(2-chloroethyl)amine sufficient to inhibit both syn-
thesis of DNA and cell reproduction (Bodenstein &
Kondritzer, 1948). When bacterial cells have been
treated with alkylating agents and subsequently
infected with bacteriophages, which are largely DNA
and proteins, multiplication of the viruses is sup-
ported even though proliferation of the cells is, of
course, prevented (Herriott & Price, 1948). This
situation indicates an extremely delicate and specific
change in the cell.
Another evidence of delicate balance is that

tumours treated with alkylating agents acquire an
immunity so frequently that the phenomenon is taken
for granted in therapy. Although this fact is seldom
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discussed in connexion with the basic mode of ethyleneimine
action of the compounds, it would have to be taken insects althou,
into account in any really comprehensive theory of agents (Chant
action. There is no recognized relation between that the anal
acquired tolerance and inheritable resistance. It is mammals can

not known whether strains of animals could develop already been,,
resistance to an alkylating agent. (trimethylolm
Whether current theories are gradually refined or (R6hrborn, 1

have to be severely modified, the fact remains that the dog (Her
alkylating agents-not to mention antimetabolites, Dimethylsteai
alkaloids, and other compounds-offer some chance are carcinogei
of selective action that may be exploited in develop- compound wi
ing a practical chemosterilant. Particular attention with due attei
has been focused recently on certain analogues of relationships.

RItSUMI2

Parmi les moyens utilises pour lutter contre les insectes, Certains de
et sans doute aussi contre d'autres especes nuisibles, les les mammif6reiproced's bases sur la sterilisation des individus males si les doses i

peuvent se reveler plus efficaces que les methodes de d'autres r6actil
destruction devenues classiques. L'auteur rappelle que les en revanche, n

rayonnements ionisants ont ete employes dans ce but doses qui cepe

aux Etats-Unis et qu'ils ont permis d'obtenirl'6radica- et l'inhibition
tion complete de la lucilie bouch&e. resulter d'une
A cetegard, les proprietes de certains composes chi- un ou plusieur

miques apparaissentegalement pleines de promesses: ils d'une modifica
seraient capables de provoquer la sterilite chez les insectes, sperme: celui-(
sans avoir les inconvenients d'ordre pratique inherents jours mobiles
l'utilisation des rayonnements. Les plus importants de ces ils ne peuvent
sterilisants chimiques sont les agents alcoylants: mou- demier.
tardes au soufre, moutardeslt I'azote, composes epoxy, A un premie
/3-lactones, et surtoutlesethylene-imines et les esters de rait donc comi
l'acide methane-sulfonique. Apres un bref historique, les rayonnemei
l'auteur, sereferant une abondante bibliographie, fait fondie montre
une mise au point des particularites d'action et de la tives. Meme si
toxicologie de ces produits. reactions chimi

Les agents alcoylants ont une activite pharmacologique modalit6s d'ab
immediate assez limitee, mais tous sont remarquables un endroit de't
par leur action selective sur les tissus hematopoietiques dans les deuxc;
et certains tissus doues d'un pouvoir de prolif6rationeleve. non seulemeni
Plusieurs ont un effet mutagene sur les insectes, les bac- constituants dc
teries, les champignons et les vegetaux plusevolues; un base de leurs
effet carcinogene chez les mammiferes, et une action encore entieren
teratogene chez les insectes, les oiseaux et les mammiferes. Par rapport
Chez ces derniers, on a mentionne des cas desterilit6 chimiques qui
complete ou partielle dans la descendance, mais, appa- comme sterilis;
remment, aucun cas de transmission d'une anomalie ou moyen. Ils
morphologique provoqu6e chimiquement. Certains agents sorte que leur
alcoylants peuvent causer des difformites chez les em- I1 reste sav

bryons de mammiferes, mais des doses relativement les mammifbrnelevees. On n'a jamais demontre, par ailleurs, que l'un quantite
oul'autre de ces composes soit l'origine de tumeurs Etant donn6
chezl'homme et en fait, parmi ce groupe, on ne trouve une specificite
aucun produit ayant une action carcinogene vraiment pour divers si
marquee, meme chez les animaux. d'etudier la to)

s that are effective chemosterilants of
gh it is said that they are not lakylating
et al., 1964). However, the possibility

ogues can produce sexual sterility in
not be excluded without study. It has
;hown that a closely related compound
elamine) is a mutagen in Drosophila
962) and causes testicular atrophy in
idry, Rose & Walpole, 1951). NN-
ramide and some related compounds
nic (Walpole et al., 1954). Thus, each
11 have to be judged on its own merits
ntion to its particular dosage-response

ces agents provoquent la sterilite et, chez
s et les insectes, ceresultat s'observe meme
itilisees sont impuissantes a determiner
ons. D'autres produits du meme groupe,
'ont aucune influence sur la fertilite a des
ndant amenent une leucop6nie transitoire
dela croissance tumorale. Lasterilite peut
atrophie testiculaire, d'effetsselectifs sur

rs stades de la spermatogenese, ou encore
ation de nature inconnue des qualites du
ci reste abondant, seselements sont tou-
et capables de penetrer dans l'ovule, mais
assurer un developpement notable de ce

,r examen,l'action de ces composes appa-
neetanttres voisine de celle produite par
nts ionisants, mais une etude plus appro-

des differences quantitatives et qualita-
Jes uns et les autres attaquent1'ADN, les

iques en cause ne sont pas identiques et les
,sorption, derepartition et dereaction en

;rmine sont vraisemblablement differentes
as. De plus, les agents alcoylantsreagissent
avec1'ADN, mais aussi avec d'autres
la cellule. L'action chimique qui esta la
propri6tes pharmacologiques n'est pas

nentelucidee.
aux insecticides ordinaires, les produits
pourraiente tre utiliseseventuellement

ants possedent un degre de toxicit6eleve
s ontmetabolises et excret6s rapidement, de
accumulation dansl'organisme est minime.

oir s'ils auront un effet cumulatif chez
es exposesa en absorber une certaine

que les agents alcoylants peuvent presenter
marquee pour differents tissus etmeme
Lades de la spermatogenese,il convient
cicologie de chacund'euxseparement.
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