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“Given complexity, we may yet avoid turning it into obscurity”’
[D. Mazia, 1960 (142)].

Since the classical contributions of Politzer (180) and Gavaudan (85), the
chemical inhibition of mitosis has been the subject of many review articles (13,
16, 37, 56, 70, 90, 105, 106, 122, 127, 135, 206). A monograph has been devoted
to the most extensively studied and utilized mitotic poison, colchicine (76). New
drugs are daily tested for their effects on mitosis, in normal or neoplastic tissues.
Throughout the literature, innumerable but often incomplete data on “mitotic
inhibition” are to be found, resulting from the search for specific inhibitors of
neoplastic growth.

The present review does not aim to be complete. It will mention some of the
interesting findings of the last ten years, and discuss them, as far as possible,
in the light of the improved knowledge of normal mitosis. This has been de-
scribed in a masterly way by Mazia in 1961 (143). Frequent references will be
made to this important contribution. Progress in the study of cellular division
has come from different directions. The synthesis of deoxyribonucleic acid
(DNA) during the S-phase of intermitosis is better understood, thanks to
Watson and Crick’s (224) molecular model, and has benefited from the radio-
autographic studies with tritiated precursors of nucleic acids. Mazia and his
group (139, 141, 142, 145, 226, 227, 233) have improved considerably our under-
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standing of the structure and the chemical composition of the achromatic appa-
ratus of mitosis (spindle and asters) by isolating this “mitotic apparatus’ (MA)
of invertebrate eggs. Electron microscopy has brought to light the intricate
structure of the centriole, its relation to the spindle fibers, and the complex
mechanism of its reproduction (10, 53, 82). It has also helped to understand the
modifications of the cytoplasmic structure during the phases of cellular division.

Any review of the literature on antimitotic agents encounters difficulties
arising from the different approaches used in this field. Various techniques and
various types of cells have been studied. The direct microscopical approach has
sometimes been neglected for indirect methods, such as the incorporation of iso-
topes or the microchemical determination of nuclear constituents. These may be
of little value without proper morphological control. Radioautography with
tritiated precursors provides a good instance of structural and biochemical
integration.

Other difficulties arise from the fact that mitosis, although implying similar
complex and coordinated series of changes leading from one to two daughter
cells, may not be identical, at the biochemical level, in all types of cells. The
cytoplasmic origin and the anchoring of the achromatic apparatus are different
in plant cells, which have no centrioles, and in animal cells. These do appear to
have a similar behavior during mitosis (181), although it is far from certain that
they all derive the energy required for division from the same sources, and that
the sequence of events leading to division is always the same. Furthermore, it is
evident that in the same animal, each tissue has its proper mitotic regulation,
and consequently, may react differently when confronted with some inhibitors of
mitosis (30, 214).

These facts, which are not always seen in their proper perspective, indicate
that cells grown in culture at a maximal rate cannot be compared to cells in
whole tissues, where the mechanisms of mitotic regulation may interfere with
the action of pharmacological agents. The studies of developing eggs have yielded
most interesting data (201, 205), although their rapid succession of divisions
with a very short intermitotic period is quite different from what is found in
other cells. Neoplastic cells have been the subject of much work, complicated by
the fact that they often spontaneously display mitotic irregularities similar to
those induced by antimitotic drugs.

For these reasons, it does not appear necessary to analyze all the types of
mitotic inhibition. It is better to limit this review to those discoveries which can
be related to the fundamental changes of mitosis, and also to papers which give
a detailed account of the morphology of the modified mitosis, without being con-
tent with vague terms such as “mitotic inhibition” or “mitotic arrest.” Many
findings have resulted from apparently simple experiments in which growing
cells were directly in contact with inhibitors, especially plant cells, tissue cul-
tures, and eggs. Some of these agents may cause toxic effects that restrict their
study in whole animals—cyanide for instance. A systematic survey of hundreds
of substances by these techniques may be useful, although it often indicates the
lack of specificity of many antimitotic actions.
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From personal experience, the author believes that the pharmacology of anti-
mitotic substances acting in whole organisms is not without interest. The pur-
pose of much recent work has been the search for specific poisons of cancer cells.
These may be of some use only if they do not affect normal tissues. The fallacy
of the chemotherapy of cancer with drugs which poison most normal mitotically
growing tissues is apparent from the results of the last decade (64). Experiments
on whole animals may, on the other hand, help to understand better the still
obscure problem of the normal regulation of mitotic growth (39, 213, 214).

Emphasis will be laid on substances of which the mechanism of action, at the
biochemical level, is the best understood. Naturally occurring substances—
whether antibiotics, alkaloids, plant extracts, or hormones—deserve attention as
indicators that mitotic inhibition is a problem for general biology, as suggested
by Lettré in 1947 (121). Special attention will be given to the substances affecting
the “mitotic apparatus” (143), which controls all the mitotic movements. The
poisons directly affecting the chromosomes will be considered in their relations
to the basic processes of cell division.

I. RECENT DISCOVERIES ABOUT NORMAL MITOSIS

The mitotic cycle, that is, the sequence of events which take place from one
consecutive mitosis to another in the same tissue, implies the perfect partition
between daughter cells of the material present in the mother cells, and especially
of the genetic information carried by the chromosomes.

The mitotic cycle has a much longer duration than mitosis, and its principal
events take place long before any morphological changes are seen. The timing of
the main events is summarized in Table 1. Some of these take place very early—
for instance, the formation of new centrioles, which may be completed at the end
of the preceding division.

Electron microscopy has shown that the centrioles are complex cylindrical
structures built of nine groups of tubules of about 20 mu diameter, which is

TABLE 1
The maitotic cycle: main events
Preparation Prophase Metaphase Anaphase Division
Nucleolus RNA synthesis Disappear- Reappear-
ance ance
Chromosomes | DNA synthesis| Coiling and Alignment Separa- | Uncoiling
and repro- condensa- tion
duction tion
Nuclear mem- Breakdown Reappear-
brane ance
Mitotic Synthesis | Aster and spin- | Spindle elon- Breakdown
apparatus | dle forma- gation
tion
Centrioles ’ Reduplication | Poleward sepa- |
‘ | ration |
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about the diameter of the spindle fibers as seen with the electron microscope
(10, 190, 191). These fibers may be spun out by the centrioles, in the same way
as the fibers which constitute ciliae and flagellae originate from the basal gran-
ules, which have a closely related structure. In intermitotic cells new centrioles
(procentrioles) are formed at right angles to the old ones (10, 82). The dividing
cell is probably already provided with four centrioles, two which will orient the
spindle and two procentrioles which will play their part only in the further
divisions of the sister cells (144).

Complex mechanisms take place at the molecular level in the chromosomes.
During the intermitotic period, the formation of new DNA, as demonstrated by
radioautographic detection of the incorporation of precursors, takes place during
the S or synthetic phase, preceded and followed by two “gap’’ intervals, G! and
G? (216). It is generally accepted that in the formation of new threads of DNA,
one new molecule is built along one old one, a process which implies the un-
winding and rewinding of the Watson-Crick spiral structure of DNA (225).
Whatever the exact process, it is not certain whether the chromosome represents
a double or a quadruple thread of DNA, conveying the genetic information, or
whether the chromosomal structure is not much more complex, and multi-
stranded. Studies on the replication of DNA in viruses and bacteria favor the
simple mechanism of unwinding and rewinding (32). Coiling plays a great part
in mitosis, as evidenced by the structure of chromosomes.

All synthesis of DNA, for simple mechanical reasons, must be completed long
before the chromatids shorten at prophase. The discovery of the role of folic acid
derivatives in the biosynthesis of DNA and RNA explains some antimitotic
actions. Tetrahydrofolic acid (THF) plays a manifold role in the transport of
one-carbon atom groups. The step leading from deoxyuridylic acid to thymidylic
acid, controlled by THF and taking place shortly before the polymerization of
DNA, might provide the cell with ‘“‘a very sensitive means of controlling DNA
synthesis” (156). It may also explain a fact which has not been clearly under-
stood, i.e., why DNA synthesis is more sensitive to folic acid antagonists and
other poisons than that of RNA (68).

Another problem closely linked to antimitotic action is that of the ‘“energy
requirements” for mitosis (87, 88, 89). Apparently, energy is stored in the cell
before the beginning of the mitotic movements themselves. It has been suggested
that some substances prevent mitosis by acting at this period (38). The exact
nature of the energy required, the respective roles of glucose (28) and ATP (123),
are still under discussion (87). Substances which simply prevent cells from
entering mitosis, whether by a specific action or by their general toxicity, have
been grouped under the heading of ‘“pre-prophase poisons” (13, 37). The hy-
pothesis that the energy would be stored in the form of the mitotic apparatus
itself (spindle and asters) (213) is attractive. The MA is known to behave like a
contractile protein, perhaps under the influence of adenosine triphosphate
(ATP). Comparisons with muscle have actually been abandoned, the spindle
contractility being more akin to that of the flagellae and ciliae. These, as men-
tioned above, originate from structures similar to the centrioles, and biochemical
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data point to some resemblances between their proteins and those of the spindle
(42). Identical antigens have been found in the spindle of the egg and the flagellae
of the sea-urchin sperm (192).

In considering mitosis in complex tissues, the problem of the “trigger’” (142,
143) cannot be neglected. At some moment during the intermitotic period, the
cell is instructed to divide. It is clear that some special event is necessary, and
that mitosis does not follow automatically the preparations of interphase-DNA
reduplication, centriole formation, cytoplasmic growth. Cells ready to divide
may be maintained in intermitosis (89). Most organs are controlled by homeo-
static mechanisms which prevent the occurrence of mitosis except when needed
(for instance, in liver, kidney, skin). These mechanisms may operate through the
action of natural mitotic inhibitors (70). This problem will be discussed in rela-
tion to some actions of the adrenal cortical hormones. In some cases, the “trigger”’
action may be the lifting of an inhibition, in others a true stimulation (for in-
stance by hormones). The intracellular mechanisms that are specifically linked
with the onset of cell division remain unknown.

II. DEFINITION AND CLASSIFICATION OF ANTIMITOTIC AGENTS

Much has already been written about the classification of mitotic poisons. For
Biesele (13), to this category belongs “any agent affecting mitosis.” Such a defi-
nition is imprecise and neglects the most important fact that only the phenomena
related to division are altered. As proposed earlier (70), antimitotic agents (or
“mitotic poisons”’) will be defined as those substances nearly specifically affecting
dividing cells, while leaving unharmed the resting cells (i.e., postmitotic, differenti-
ating cells or intermitotic cells not preparing for division).

From what has been said above, antimitotic agents may affect either the
events taking place during intermitosis, such as the reduplication of DNA and
centrioles and the synthesis of the future achromatic apparatus, or during mitosis
itself. This definition, and the types of substances known, lends itself to a classifi-
cation in two great groups: the spindle poisons and the chromosome poisons.
This does not ignore other possibilities of injuring dividing cells. It takes into
account the far greater sensitivity of the spindle and the chromosomes than
that of other cellular components towards noxious agents.

There is still no specific poison of anaphase, and it seems that the late stages
of mitosis are much less sensitive, either because they require less energy or
because they do not imply such complex movements as the metaphase: “ana-
phase proceedings (are) events that are extraordinarily difficult to stop once they
have started” (143).

Classifications always dangerously tend to over-simplify. Some substances may
affect both spindle and chromosomes, according to the type of cell. For this rea-
son, mitotic inhibitors will be grouped empirically, following their supposed
molecular action, the similarity of their effects, or their origin in nature. Problems
of classification have lost most of their importance, for pharmacology is tending
towards another goal: defining antimitotic action in chemical terms.

One might be surprised, in the light of the modern knowledge of the ultra-
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structure of the cytoplasm, that so few cytoplasmic changes will be mentioned.
It is remarkable that little is known about the multiplication and division of the
Golgi apparatus and the mitochondria, and about their partition between the
daughter cells. This may be an evidence of our ignorance: the complex budding
of the centrioles has been known only a few years (10). Toxic agents, specifically
disturbing this centriolar mechanism, may be discovered one day. The same may
be true for the mitochondria, their division, and its regulation.

III. POISONS OF THE ACHROMATIC APPARATUS (SPINDLE POISONS)

In order to assure the proper movements of the chromosomes, a complex
fibrillar apparatus must be built before mitosis. It has been demonstrated that
the main components of spindle and asters are already present in some cells
before the formation of visible fibrils (139, 142). At the beginning of mitosis,
these will be anchored to the centrioles, which have moved to the poles of the
nucleus, and to a special region of each chromosome, the kinetochore (or centro-
mere). The movements of the chromosomes towards the metaphase plate at
prophase, towards the poles at anaphase after the division of the kinetochores,
result from the activity of this fibrillar apparatus. It appears to pull the kineto-
chores towards the centrioles, while elongating at the same time (196). The
fibrillar structure of the spindle and the asters disappears first between the two
anaphase groups of chromosomes and fades progressively at the end of anaphase.
The so-called spindle poisons of the colchicine type interfere with the fibrillar
structure of the mitotic apparatus, without affecting the synthesis of its specific
components. When this action is complete, in place of the spindle, a globular
mass of material is found [“pseudo-spindle” (133)], which has lost the main
physical property of the spindle, namely, its birefringence (108). The movements
of the centrioles are also modified and they may come to lie in the middle of the
cell (55), surrounded by the chromosomes. Eventually each chromosome may
reform a micronucleus [caryomery (76)] or may divide in the absence of cyto-
plasmic division, resulting in the doubling of the number of chromosomes.

In plants, the cells without fibrillar spindles may undergo repeated chromo-
some reduplication, and become highly polyploid (133). In animals, on the
contrary, it is apparent that many of the poisoned cells eventually degenerate;
this is particularly true in mammals (176, 177).

Until recently the cause of this cellular degeneration occurring after a few
hours of mitotic arrest was poorly understood. The discovery (182) that all
(or most of the) cytoplasmic RNA is synthesized in the nucleus, and that this
synthesis stops shortly before mitosis, and does not take place in colchicinized
cells arrested at metaphase, may explain the irreversible changes which are
observed.

Although colchicine and its derivatives have been the subject of an extensive
literature (76), their mode of action is by no means understood in chemical terms.
For this reason, sulfhydryl reactants will be considered first, for their action may
be related to the chemical structure of the spindle and asters.
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A. Sulfhydryl reactants

Relations between the sulfhydryl groups of glutathione and mitosis were sug-
gested by Rapkine (183), the formation of S—S links explaining the contraction
of the spindle. About the same time, following the observations of Watjen (223)
on the cellular destructions in lymphoid tissues of animals injected with arseni-
cals, it was discovered (179) that arsenous oxide and sodium cacodylate increase
the number of mitoses in growing tissues of mice. This was the consequence of an
arrest in metaphase resulting from the selective inactivation of the spindle, the
other mechanisms of cell division (and, in particular, the changes associated with
prophase and early metaphase) remaining unaffected. It was demonstrated that
the inhibition of mitosis by sodium arsenite could be reversed by dimercapto-
propanol (BAL) (61). Other work had indicated that arsenical derivatives are
active in tissue cultures (26) and in plants (49). Other specific sulfhydryl re-
actants, such as chloracetophenone, monoiodoacetate (91), heavy metals such
as mercury (202, 233) and cadmium (65), were found to have similar effects on
the spindle. The importance of —SH groups was further suggested by the fact
that SH-substances themselves, such as dimercaptopropanol (61), and sodium
diethyldithiocarbamate (65) were also toxic for the spindle. This was supposed
to indicate that a certain balance between SH and S—S is necessary for maintain-
ing the integrity of the spindle fibers (65).

The isolation of the “mitotic apparatus” (MA) by Mazia (138, 142) brought
further evidence to bear upon these relationships. The first results, with sea-
urchin eggs, were obtained by dispersion of the cytoplasm after a short fixation
in ethanol. Later, a better method was devised on the basis that “the chemical
bonds of the mitotic apparatus having some properties of S—S bonds must be
‘protected’ and that they could be protected by an excess of an S—S compound”’
(143, 145). The substance chosen was dithiodiglycol. The mitotic apparatus thus
isolated, without any fixation, was stable only in the presence of dithiodiglycol,
a fact suggesting that this chemical may be “mimicking a comparable, though
of course not identical, condition within the dividing cell” (143, p. 245). Histo-
chemistry has repeatedly confirmed the presence of sulfhydryl groups in the
spindle of the eggs of Arbacia (114): ‘“The spindle and astral fibers are composed
of proteins rich in —SH groups which arise from S—S protein in the region of
the centrosphere.”

Further work by Sakai and Dan (193) has suggested that a SH— polypeptide
may be responsible for the properties of the MA. The hypothesis of Rapkine
(183) that glutathione plays an important part in mitosis has been discarded
(141).

The relations between mitotic poisoning and this work on the isolated mitotic
apparatus have been analyzed by Zimmerman (233). The MA was dissolved
by mercury compounds, such as.p-chloromercuribenzoate [a spindle poison (13)]
and Salyrgan (mersalyl, a mercurial diuretic), and by thioglycolate. On the
contrary, mercury acetate and mercaptoethanol [which has been shown to
destroy reversibly the MA of eggs (140, 146)] did not affect the isolated MA. Its
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destruction took place very rapidly: with Salyrgan at the concentration of
2 X 1073 M, it was complete in 12 minutes; in a 10~2 M solution, it was immedi-
ate; this was true only for the recently isolated MA. For Zimmerman (233),
“thiol groups play an essential role in the assembly and maintenance of the
spindle and aster.” What remains unclear, however, is the exact nature of the
sulfhydryl bonds in the MA fibrils, and their participation in the polymerization
leading to the fibrillar structures of mitosis.

These results provide a closer insight into the action of this group of spindle
poisons, comprising sulfhydryl reactants and substances with reactive sulfhydryl
groups. This may lead to a better understanding of the similar changes induced
by more complicated molecules.

B. Colchicine and colchicine derivatives

The tropolone derivative (44, 229), colchicine, was the subject of a mono-
graph in 1955 (76). Since then, the number of papers devoted either to aspects
of its action on cells, or to its use as a tool for the study of growth and mitosis,
has increased by several hundred. Modern cytogenetics owes much to the use
of colchicine for increasing the number of visible mitoses displayed by cells in
culture, and for facilitating the study of the chromosomes (220).

H5CO
NH-COCH3
H3CO

H3CO

<0
OCH3

Colchicine

Colchicine was described in 1955 as a spindle poison of great potency (76):
solutions of 10~® g/ml (27) are still capable of inactivating the spindle in tissue
cultures, and even larger doses, acting in isolated cells, seldom modify other
events of mitosis.

The study of colchicine derivatives had so far yielded no molecule of simpler
structure with a similar activity. The deacetyl-N-methylcolchicine derivative
(colcemide) widely used now, is slightly less toxic for animals, but also less
potent on the spindle. Among the active derivatives, colchicamide (57) and
N-deacetylthiocolchicine (23) should be mentioned. The principal known re-
quirements for activity were: 1) at least one oxymethyl group on ring A; 2) the
esterification of the amino group of ring B; 3) a seven-membered ring C, and 4)
a methoxy group on ring C or its replacement by an esterified amino or sulfhydryl
group, preferably esterified (76). However, recent work on deacetylamino-
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TABLE 2

Metaphase arrest in tissue cultures of a mast cell tumor after colchicine and
deacetylamino-colchicine

Anaphase and

|

: Telophase*
Control........ ... ... ... ... ... .. ........ S 1.36 1.15
Colchicine (3 X 1078 umol/ml)........................... 23.5 0.53
Deacetylamino-colchicine (3 X 107 umol/ml)........... 30.6 0.36

* Percentage of total cells.

colchicine, which has no acetylated amino group on ring B, has shown, contrary
to previous findings, that the mitotic inhibiting effect was not only preserved,
but increased (195a). The cell growth of in vitro cultures of a transplantable
murine mast cell tumor was strongly depressed, and deacetylamino-colchicine
was approximately ten times more active than colchicine. The percentage of
arrested mitoses was of the same degree as that produced by colchicine (Table 2).
Another finding by the same author (195b) is that the carbonyl of ring C is
indispensable: if C=0 is replaced by C=N, all activity is lost.

Although no important discoveries about the molecular basis of the action of
colchicine have been made recently, some data from studies of the isolated
mitotic apparatus, the resistance of the hamster, and substances acting as
antagonists, will be discussed.

The action of deacetyl-N-methylcolchicine (colcemide) has been studied on
the mitotic apparatus of the sea urchin, Strongylocentrotus purpuratus (194).
Cleavage is inhibited in 95 to 100 % of all cells, with a concentration of 2.7 X
10-% M. This is irreversible, even if the eggs are washed within 5 minutes after
the treatment. The asters are involved before the spindle, and lose their fibrillar
orientation. The MA isolated from eggs treated for 20 minutes does not show
any fibrillar spindle. In its place is found a spherical body, similar to the ‘“hyaline
globules” reported earlier in grasshopper neuroblasts treated by colchicine (84).
The MA, isolated by the alcohol-digitonin method, resists destruction by the
direct action of colchicine. The antigenic composition of the MA treated by
colchicine in the living egg does not show any abnormalities. It was also demon-
strated, in eggs treated with colcemide, from which the MA had been isolated
by the dithioglycol method, that the ATP activity linked to the spindle proteins
is not affected by the changes in form brought about by the drug (194). Further
developments in this most promising field should clarify the interrelation between
colchicine and the isolated MA. The fact that colchicine effects are so similar in
all cells tested so far, from unicellular forms to man, suggests some simple
relation to the structure of the spindle.

There are some remarkable cases of cellular resistance to colchicine. Orsini and
Pansky (159) described the resistance of the golden hamster, Mesocricetus aura-
tus, to colchicine. Doses as great as 10 and 20 mg/kg did not affect mitoses; these
are more than ten times higher than those effective in other rodents (mouse,
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rabbit, rat). de Harven (50) was able to arrest mitoses in the bone marrow of the
hamster by injecting still larger doses (30 and 50 mg/kg), which were well
tolerated by the animal; thus, 50 mg of deacetyl-N-methylcolchicine per kg
arrested 94 % of all divisions at metaphase. An important finding was that
another spindle poison, podophyllotoxin, was also inactive in the hamster in
doses (10 mg/kg) that were effective in the mouse; mitotic arrest was observed
only with doses of more than 30 mg/kg. On the contrary, sodium cacodylate was
equally active in the mouse and the hamster, a fact pointing towards a special
resistance of the latter species towards colchicine and podophyllotoxin, without
any fundamental difference in spindle structure and biochemistry. The lethal
dose of colchicine for the hamster was found to be as high as 700 mg/kg (221);
however, the hamster is not resistant towards other toxic effects of colchicine,
unrelated to mitoses (vide infra).

Wrba (230) studied the action of N-methylcolchicamide on the Walker tumor
of the rat grafted to the golden hamster. Surprisingly, it was found that the cells
of the heterograft became as resistant as those of the host. This could be ex-
plained by the existence of a detoxication mechanism preventing the drug from
reaching the graft in effective quantities. However, the following results are more
surprising (231). The Walker carcinoma of the rat, after passage in the hamster,
was grafted back to normal rats. An acquired resistance towards N-methylcol-
chicamide was indicated by the fact that the injection of 100 to 200 mg, a dose
which normally arrests all metaphases, had no action on its mitoses. This is not
true for all tumors. In the case of the Ehrlich carcinoma of the mouse, only some
cells became “resistant” when grafted to the hamster, and the tumor recovered
its normal sensitivity when grafted back to the mouse. These results deserve
further study. It would be interesting to find out whether some resistance to
podophyllotoxin is also acquired, and what the mechanism of the resistance is at
the cellular level.

The protection of mitosis against the action of colchicine has been subject to
conflicting claims. Thus, mesoinositol (8) and ATP (124) have been considered
to be colchicine antagonists. Some of the data concerning ATP indicate that this
substance exerts a nonspecific inhibition of cell division, rather than a true an-
tagonism. Any chemical that depresses the number of cell divisions will render
the cytological action of colchicine less visible; a true antagonist, by itself, should
have no action on mitosis. According to Lettré (123), ATP slows the action of
colchicine on tissue cultures; thus, 9 hours after 0.04 g of colchicine per ml,
27.4 mitoses were observed in tissue cultures of chick embryo, while only 9.4
mitoses were seen with the same concentration of colchicine in the presence of
1 mg of ATP per ml. After 14 hours of exposure to these agents, the mitotic
counts were 38.4 and 23.2, respectively, a finding which indicates a slight an-
tagonism of colchicine by ATP. These results could not be confirmed by Benitez
et al. (8). These authors also studied the antagonistic action of mesoinositol. This
was tried because gammexane (hexachlorocyclohexane) was known to arrest
mitosis at metaphase (35), and because of the structural analogies between the
molecules of gammexane and inositol. In tissue cultures of rat fibroblasts,
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treated with colchicine, mesoinositol has no effect during the first 12 hours, but
later, the mitotic index decreases sharply. A similar effect has been observed
with tropolone (8). Here also, a decline in arrested metaphases is observed be-
tween 16 and 22 hours after the beginning of the experiment. It is not clear
whether or not cellular destruction could explain these results.

The antagonism between colchicine and cortisone is interesting in the light of
similar observations with the spindle poison, vincaleukoblastine (vinblastine).
This antagonism, discovered in a study of the mitotic activity of bone-marrow
eosinophils (51, 54, 73), contradicts previous findings by Lettré et al. (127) in
cultures of chick fibroblasts. Here a synergism between colchicine (0.01 mg/ml)
and cortisone (added to cultures in crystal form) was noted (9 mitoses with
colchicine alone, 31.3 with cortisone added).

In rats, colchicine and deacetyl-N-methylcolchicine had little effect on the
mitoses of eosinophilic leukocytes, although all other mitoses were arrested.
de Harven (51), supposing an intervention of the adrenals and cortisone, studied
the mitotic index in the bone marrow of rats, 6 hours after deacetyl-N-methyl-
colchicine. In controls, and in adrenalectomized animals treated with cortisone,
no mitotic arrest was evident, whereas in adrenalectomized animals, the per-
centage of cells in metaphase was increased and the number of eosinophil mitoses
was up to nine times higher than that seen in the controls. For this type of cell,
corticosteroids appeared to have a protective action, the spindle poisoning being
visible only after adrenalectomy. Piscitelli et al. (178) studied further the action
of deacetyl-N-methylcolchicine on the bone marrow of intact and adrenalecto-
mized rats. It became clear that during the first 4 hours of action of the spindle
poison, the mitotic arrest was about equal in the two groups. Later, in intact
animals, the mitotic index dropped rapidly, and returned to normal after about
8 hours. In adrenalectomized animals, on the contrary, the mitotic index con-
tinued to rise until the eighth hour, with great individual variations. These
results were not considered to express a simple pharmacological antagonism be-
tween cortisone and deacetyl-N-methylcolchicine, but rather to indicate a
favorable action of cortisone on the recovery of the spindle. The mitoses in the
hair-bulbs of the skin of rats were affected in the same way by cortisone: in
adrenalectomized animals, the numbers of anaphases and telophases were higher
8 hours after deacetyl-N-methylcolchicine when cortisone was injected (52).

Colchicine acts similarly on most cells. Even unicellular organisms like Chlamy-
domas, which had been considered resistant (45), display mitotic abnormalities
when treated with 0.2 % solutions (24). Some differences in sensitivity may be
linked differences of permeability; in the case of Amoeba sphaeronucleus, the
typical spindle effect is observed only after intracellular injection of the drug
(43). In mammals, cell sensitivities may vary from one tissue to another and are
often related to the rate of cell division and the duration of mitosis. Immature
eosinophils in the bone marrow of the rat, which had been thought resistant by
de Harven (51, 54, 73), show arrested mitoses much later than other bone-
marrow elements. This may be explained if these cells have a longer intermitotic
time and a longer duration of mitosis. It has been estimated that the mitosis of



460 DUSTIN

eosinophil granulocytes lasts about 2 hours, while the other bone-marrow cells
divide in 45 minutes on the average. The intermitotic time for eosinophils is also
probably two or three times longer. It is possible that still other cells may show
similar differences in behavior, without being truly resistant to colchicine. This
has been suggested for mastocytes (2), as an explanation of the fact that Padawer
(161) was unable to find any mitoses in the mastocytes of colchicine-injected rats.

Colchicine may affect cell growth by indirect effects, quite unrelated to mitosis.
It had been observed that colchicine modified the process of axon-sprouting in
denervated muscles, apparently by reducing the viscosity of the cortical layers
of the axon (104). Singer et al. (210) found that locally injected colchicine in-
hibited the regeneration of limbs in adult T'riturus. This was the consequence of
the degeneration of the axon, and lasted far longer than any mitotic effects.
Although the nerves of the opposite limb showed some degeneration, it appears
that the local concentration of colchicine was much higher than that required to
affect cell division. By local infusions of colchicine (0.1 M) in the sciatic nerve
of the mouse at the rate of 0.005 ml/hr, Angevine (1) found axonal degeneration
after 24 hours, followed by myelin destruction, and Schwann cell proliferation.
Smaller concentrations (0.01 to 0.04 M) produced more diffuse nervous altera-
tions. These could be antagonized neither by mesoinositol nor by ATP, which
appeared to increase the neuropathy. The intracerebral injection of colchicine
(8.6 mg/kg) is rapidly fatal, as had been found by early authors (59). The re-
sistance of the hamster towards the antimitotic effect was unrelated to this type
of toxicity, for the intracerebral injection was rapidly fatal, with the same mani-
festations after a dose similar to that which killed the mouse. The changes in
the nerves were also affected in the same way as in the mouse with similar
concentrations (0.1 m and 0.2 M).

C. Other spindle potsons of natural origin

Colchicine is by no means the only spindle poison found in plants; moreover,
antibiotics with similar properties have been described.

1. Vinblastine. In 1955, Beer (7) reported that certain extracts of the Jamaican
periwinkle (Vinca rosea) injected into rats produced a severe leukopenia with
infectious complications. Because of the frequent association of growth depres-
sion of the bone marrow and potential chemotherapeutic effects against tumors,
these extracts have been in recent years the subject of many publications (34, 47,
48, 58, 103, 112). Cutts, Beer and Noble (47) found that not only the bone
marrow but also the intestinal mucosa was damaged. The most active of the
alkaloids isolated from Vinca rosea, originally named ‘‘vincaleukoblastine,”” and
now called vinblastine, had an infrared spectrum nearly identical to that of an
equimolecular mixture of two substances present in the plant, catharanthine
(C24H240:N;) and vindoline (CyH3y0eN2). The exact chemical formula is not
yet known, but these substances are pentacyclic derivatives of indole; they
belong to a new family of mitotic poisons (153, 154). Vinblastine has the general
formula CHssOoN4 (112). After favorable results with leukemic mice, human
cases of leukemia were treated with vinblastine. Arrested metaphases were ob-
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served in the bone marrow of two such patients (103). Hepatic regeneration in
the rat was not affected (47). In cultures of human cancer cells a linear increase
of the mitotic index, up to 45 %, followed the addition of vinblastine. This effect
lasted as long as 53 hours (170). Anaphase bridges and pluricentric mitoses were
also observed (112, 170). The inhibition of neoplastic growth #n vitro could be
partially antagonized by tryptophan or by preparations containing coenzyme A.
A complete antagonism was found with glutamic acid, aspartic acid, a-ketoglu-
taric acid, ornithine, citrulline, or arginine (112).

Cutts (48) compared the action of vinblastine with that of colchicine on the
bone marrow of the rat and on ascites tumors of the mouse. The action of the
new drug lasted longer than that of colchicine. Arrest in metaphase, secondary
to an inhibition of the spindle activity, led to an accumulation of mitotic figures.
The antagonism of this action by tryptophan and glutamic acid was studied in
Swiss mice bearing the Ehrlich ascites tumor. The percentage of arrested mitoses
was decreased from 9.2 with vinblastine alone to 1.84 with tryptophan, and to
1.39 with glutamic acid (controls: 0.93 % mitoses). This was the consequence of
an incomplete metaphase arrest, for up to 27.1 and 22.2 of postmetaphase stages
per hundred cells could be seen, while none was present without antagonist,
12 hours after the injection. At 24 hours, however, smears of ascitic cells showed
that the number of arrested mitoses was as great as in animals receiving vin-
blastine alone, indicating that the antagonism was only temporary.

Cardinali et al. (34) found similar effects on mitosis. In leukemic cells, vin-
blastine decreased the number of prophases during the first hours of its action,
as demonstrated by the slow rise of the mitotic count. The mitotic activity in
the Ehrlich ascites tumor was further studied in animals which received 0.025 mg
of vinblastine per kg daily for four consecutive days, and cortisone, at doses of
25 and 50 mg/kg. The number of arrested mitoses was lower in the cortisone-
injected animals. This may be evidence of a true antagonism or of some inhibi-
tion of mitotic growth before prophase. The mitotic index was followed for only
4 hours and it is not known whether poisoning is of shorter duration in animals
receiving cortisone. A temporary antagonism between glutamic acid, glucose, or
p-ribose, and vinblastine was also observed (58). These findings are interesting
in relation to the above-mentioned work of de Harven (51) (section III B),
which was apparently unknown to the Italian workers.

2. Podophyllin and other substances of plant origin. The spindle-poisoning activi-
ties of the active principles of the resin of Podophyllum, podophyllin and «- and
B-peltatin, bring more evidence that substances of widely different chemical
structure may suppress the fibrous structure of the spindle. The literature about
podophyllin has been reviewed (115) and only some points will be mentioned
here. The drug itself was discovered following the popular use of the resin in the
treatment of benign papillomatous growths of the skin (77, 212). Colchicine has
similar favorable effects on these tumors (18), as does another spindle poison,
chelidonine (124, 126), extracted from Chelidonium majus, a plant used in
popular medicine for the treatment of warts.

The cytological action of podophyllotoxin is quite similar to that of colchicine,
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though in animal tissues more atypical cells with giant, highly polyploid nuclei
have been described (115). Little is known about the biochemical aspects of the
action of podophyllin (36).
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Studies of the relation between chemical structure and antimitotic action of
derivatives of podophyllotoxin have been carried on by Santavy et al. (137, 197).
The relative toxicity is higher than that of colchicine, a fact which may be ex-
pressed by the index, LD100/smallest dose affecting the spindle. This is 1.5 to
2.7 for podophyllotoxin derivatives, 2.5 for colchicine, and 7 for deacetyl-N-
methylcolchicine. Chemically, it appears that the spindle-poisoning activity
requires 1) a free hydroxyl in position 1 or 8, 2) the integrity of the hydroxyl
attached to carbon 8, and 3) a definite stereochemical configuration, the position
trans (8:7) cis (7:6) trans (6:5) leading to an inactive compound [¢f. the inac-
tivity of zsocolchicine as opposed to colchicine (76)].

There is a slight suggestion of the possibility of a carcinogenic action of podo-
phyllotoxin. The monstrous cells of the uterine cervical epithelium of the mouse
after its administration resemble neoplastic cells found in cervical smears. Pro-
longed application of podophyllin to the mouse cervix was studied. Out of 50
animals, each painted twice weekly with podophyllin in liquid petrolatum, 30
were available for histologic study, and only one epidermoid carcinoma of the
vagina and cervix was found; this animal also developed leukemia (113). How-
ever, podophyllotoxin had been previously found to have neither carcinogenic
nor cocarcinogenic actions on the skin of mice (8).

Several other substances of plant origin have been tested by Lettré (122) in
tissue cultures. Narcotin is a weak mitotic poison, less potent than colchicine
(123) by a factor of 2000. Chelidonin is 80 times less active, and concentrations
of 1 ug/ml of medium inhibit mitoses of chick fibroblasts. The complex structure
of this substance bears some resemblance to that of podophyllotoxin (122). The
cytological effects in human tumor cells of the HeLa strain are typical, with
chromosomes scattered throughout the cell (124), a circumstance that leads to
the formation of multiple small nuclei (caryomery) (126).
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Extracts, yet unpurified, of other plants, have been shown to arrest mitosis at
metaphase; e.g., Chimaphila maculata (reported in the treatment of malignant
disease in 1818) and Sassafras albidum (76).

3. Griseofulvin and other antibiotics. Colchicine can produce hypertrophy of
hyphae and failure to form conidia in several species of fungi, and can profoundly
modify the architecture of the alga, Hydrocyction (92), through a possible action
on cell-wall formation.

The antifungal antibiotic griseofulvin was isolated in 1939 from Penicillium
griseofulvin Dierckx (160) and shown to be like colchicine in inhibiting meta-
phase and modifying the shape of growing mycelium. It was also shown (22) to
disturb the synthesis of the cell wall in plants. Its utilization in medicine results
from its accumulation in keratin, leading to cures of infections caused by some
dermatophytes resistant to all other drugs. In 1958, Paget and Walpole (162)
found that large doses (100 to 200 mg/kg), given to the rat intravenously,
arrested at metaphase the mitoses of bone marrow, intestinal mucosa, testis, and
transplanted tumors. No mitotic action could be observed with oral doses
(140 mg/1b) in the skin and the hair bulbs of man (37). The parenteral injection
of 2 mg/kg in the rat for five consecutive days caused necrosis of the seminiferous
tubules and intestinal lesions (163). The intravenous injection of 200 mg/kg
leads, after 2 and 6 hours, to an accumulation of arrested mitoses in the Lieber-
kuhn glands of the intestine and in the bone marrow (118, 162). In plant cells
(root tips of Pisum), the effect is similar to that of colchicine but less complete
(163).
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The mechanism of action of griseofulvin on dermatophytes has been exten-
sively studied. The inhibition of growth is partially prevented by purines,
pyrimidines, and their nucleotides (131). The structural analogies of griseofulvin
and purine-ribosides have been emphasized. The antibiotic would interfere with
the “polymerization state during the reduplication of chromosomes” and with
the formation of the cell wall (131). This last aspect has been studied with the
help of the electron microscope (17). The youngest and the most active cells of
dermatophytes are the most affected, and the membrane ‘seems to lose its
integrity, although it may become much thickened” (17).

A curious finding is that methylcholanthrene-induced papillomas grow faster
and are more numerous in rats receiving griseofulvin at a level of 1% in the diet;
at a level of 0.01%, given for 6 weeks before methylcholanthrene, the tumors
appeared more rapidly and were larger and more numerous than in controls.
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Griseofulvin alone had no similar effect. In the 1% group, some squamous-cell
carcinomas did develop. Griseofulvin is not carcinogenic (5, 6, 118).
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Patulin, a lactone with a much simpler chemical structure than other spindle
poisons of natural origin, inhibits the mitoses of fibroblasts at concentrations of
5 X 107¢ g/ml (3). In the rat, doses of 0.01 mg/g had a typical action on bone
marrow, lymph glands, and intestine, in which arrested metaphases could be
found 24 hours later (169). In the liver of rat embryos, after an injection of
0.2 mg into the pregnant rat, the mitotic index rose within 12 hours from 39 to
103 per thousand cells, as a result of the metaphase arrest; this was already visi-
ble after 4 hours (169). Similar effects were reported on the developing eggs of
Triturus and Pleurodeles (200), varying somewhat with the concentration. At
1:500 the spindle was destroyed, at 1:1000 multinucleated eggs were formed,
and at 1:2000 multipolar spindles were observed. Chromosome ruptures and
nuclear degeneration were visible at the lowest concentrations used, 1:4000 (206).

D. Partial spindle inactivation: “polar-chromosome’ metaphases

Spindle poisons do not necessarily transform the whole spindle into a structure-
less mass. With small doses, the size of the spindle may simply be reduced, and
chromosomes may be able to move normally to the equatorial plate. Often some
chromosomes appear to be “lost” in this movement towards the equator, and
remain undivided in the region of the centrioles; these are usually the smallest
ones. Mitoses with lost chromosomes had long been known to occur spontane-
ously in malignant cells (74). A renewed interest in this type of abnormality
stems from the demonstration in the mouse (166), that hydroquinone arrested
the cells of the intestinal glands at metaphase, with an apparently intact and
fibrillar spindle and small groups of chromosomes at each pole. This disposition
of the chromosomes, which could be observed in tissue cultures treated with
hydroquinone (165), appeared to be related to the mitoses with ‘“lost’’ chromo-
somes described by von Moellendorff in his work on the action of steroid hor-
mones on tissue cultures (149, 150). It was later (168) demonstrated that the
metaphase plate could divide normally, the small chromosomes remaining at
each pole (metaphase and anaphase with “polar chromosomes”). The interest
in this problem was renewed with the finding that some early neoplastic changes
in the cervical epithelium of the human uterus were frequently associated with
this type of “polar chromosome mitosis” (74, 75, 98, 99, 167). Only some of the
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phenols cause this effect (164), which is related to their spindle-inhibitory prop-
erties. Polar chromosomes were found after injection into the mouse of the
following in order of decreasing activity: hydroquinone, toluhydroquinone,
o- and m-cresol, and phenol. Related substances such as pyrogallol and amino-
phenol are inactive. The spindle disturbances are observed only during the first
hours of action of hydroquinone, which later depresses all mitotic activity and
leads to extensive nuclear degeneration similar to that observed with ‘“‘chromo-
some poisons.” The effect of hydroquinone varies from one species of animal to
another (164). Phenol causes mitotic abnormalities also in dividing eggs (204).

Polar chromosome metaphases have been observed with several other sub-
stances that are toxic to the spindle: deacetyl-N-methylcolchicine (72), cheli-
donine (125); carcinogens (croton oil, benzpyrene) (195), adrenochrome (96) and
maleuric acid (157, 158). This last substance bears a structural resemblance to
orotic acid, and may interfere with nucleoprotein metabolism. It acts on a variety
of cells, animal and vegetable. In mice bearing the Ehrlich carcinoma, intraperi-
toneal injection of maleuric acid produces within 3 to 6 hours typical polar-
chromosome metaphases and arrested metaphases of the colchicine type. Orotic
acid does not protect the cells, but the injection of reduced glutathione prevents
the cytological effects, although it cannot reverse the arrest of mitosis. Maleuric
acid may act as an alkylating agent (158).
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The action of hormones on tissue culture mitoses, studied by von Moellendorff
(149, 150) and by Lettré (122, 127) has been extended by Siebs (208), who has
given excellent illustrations of mitosis with polar chromosomes. Cultures of chick
fibroblasts and of two strains of human malignant cells were treated with ste-
roids, a small crystal of the hormone being placed in the medium, close to the
culture. All types of metaphase arrest of the colchicine type and of partial arrest
of the hydroquinone type could be observed 24 and 48 hours after the combined
action of diethylstilbestrol and testosterone. The first arrested metaphases, while
the second had no visible effect: the polar-chromosome metaphases were found
in the zone influenced by the two steroids. Multipolar mitoses were also observed
24 hours later (209). Diethylstilbestrol alone may induce polar chromosome
metaphases.

Several other substances of natural origin were found to have similar effects on
tissue cultures, in particular adrenochrome in solution (80 to 120 ug/ml), alone
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or in combination with testosterone, and adenosine (0.02 M). Of the other sub-
stances having similar action, dichlorbenzimidazole (in solid form), colchicine
and colchicine derivatives, 6-puryltryptamine (125) and 6-(8-indolylethyl)-
aminopurine may be mentioned (208, 209). The abnormal mitoses may lead to
the formation of trinucleated cells, each of the three groups of chromosomes
building a nucleus. A study of the abnormal metaphases in living cells by phase
contrast confirmed that the migration of the chromosomes towards the equa-
torial plate at early metaphase was disturbed (208).

E. Carbamates

The mitotic arrest at metaphase produced by phenylurethane (phenylethyl-
carbamate) was studied by Warburg on sea-urchin eggs in 1910 (222). The rather
extensive literature on carbamates, following the discovery of the therapeutic
properties of ethylcarbamate in human leukemias (171), has been reviewed by
Cornman (46). While methylcarbamate is devoid of any cellular action and has
a very low toxicity in mammals, ethylcarbamate has a complex action on spindle
and nuclei (62).

An extensive study of the antimitotic action of phenylurethane on the eggs of
Triturus and Pleurodeles has been made by Sentein (207). Complex actions on
the spindle and the asters have been described. These indicate an antagonism
between the formation of fibers and the reduplication of the centrioles. When
phenylurethane inhibits the achromatic apparatus, the centrioles undergo a rapid
multiplication which results, after the drug has been removed, in the appearance
of multicentric mitoses. The hypothesis of a nuclear control of the multiplication
of the centrioles has been suggested. This is somewhat comparable to the atypi-
cal spermatogenesis of snails, where multiple centrioles are formed only in the
cells in which the chromosomes become detached from the spindle, without con-
tributing to the formation of the spermatozoal nucleus (82).

F. Nonspecific spindle inhibition

Only a few of the hundreds of drugs acting on the spindle have been men-
tioned. From the extensive work which has been carried out on plant cells, it
appears that a great number of chemicals, quite unrelated to one another, may
prevent normal spindle activity if their concentration is high enough. This non-
specific inhibition, however interesting it may be for cytologists, is outside the
field of this review (56, 128).

Some results are confusing—for instance, spindle inhibition by folic acid
antagonists, such as aminopterin. This drug, when injected into animals, acts
mainly on nuclei and chromosomes. However, following the work of Hughes on
the immediate action of various drugs on cells in culture (105), aminopterin has
often been described as a spindle poison (110). Its action is quite different from
that of a drug like colchicine. It has an immediate and transient effect on the
spindle in tissue cultures, without any accumulation of arrested mitoses (8, 110).
It would be premature, however, to discard any possibility of a role of folic acid
in the activity of the spindle. Mazia (143), confirming other observations on the
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basophilia of the spindle, has shown that there is a RNA fraction associated with
the mitotic apparatus. Aminopterin may interfere with the formation of this
RNA, the exact significance of which awaits further research.

The findings of Taylor (215) on the action of chloramphenicol indicate an
altogether different type of spindle inhibition. This antibiotic inhibits the syn-
thesis of proteins; in tissue cultures it has no action on the already formed
spindle of cardiac cells of Triturus viridescens, while the cells treated before
mitosis develop only very small spindles or none at all. The small spindles lead
to a rosette arrangement of the chromosomes ‘‘around a small birefringent body’’:
this may be similar to the ‘“‘star-metaphases’ after colchicine, where the centri-
oles occupy the center (55). This appears to result from the inhibition of the
synthesis of the proteins of the mitotic apparatus.

Other examples of spindle inhibition will be mentioned in reviewing the cellu-
lar action of the so-called alkylating agents.

IV. CHROMOSOME POISONS

Under this heading will be considered a vast group of substances which modify
the structure of the chromosomes or induce nuclear destruction in mitotically
dividing tissues. For the microscopist, these effects have much resemblance to
these of ionizing radiations; hence the expression ‘“radiomimetic poisons,” which
has been widely used and criticized (67, 117, 119). As there are reasons for be-
lieving that on the molecular level the changes may be quite different—the
chromosome poisons intervening mainly during the synthesis of new DNA or the
assembly of chromosomes and the ionizing radiations being capable of altering
already formed chromosomes—the expression “radiomimetic’ will no longer be
used.

The chromosome poisons belong to several groups, and their mode of action
is certainly varied. They act mainly during the intermitotic period of DNA re-
duplication. The consequences are visible only during the succeeding cell divi-
sion. The overall effect will often be one of severe mitotic depression, the mitotic
index falling to zero in the most sensitive tissues. One difficulty is to distinguish
such mitotic inhibition from a toxic or lethal effect unrelated to chromosome
synthesis. For this reason, research on whole animals may be preferred to the
study of isolated cells, for it will clearly indicate whether the cellular lesions are
limited to zones of active growth, without damage to postmitotic cells.

A considerable difficulty arises from the fact that many substances of this
group have been tested for their inhibitory growth only on neoplastic tissues,
without any precise description of their action on normal cells.

A. Inhibitors of nucleic acid synthesis

Recent work on the pathways of RNA and DNA synthesis explains how cell
growth may remain unaffected, while the synthesis of DNA is halted (156). Folic
acid antimetabolites of the aminopterin type prevent the onset of mitosis, while
the cells continue to enlarge with a large nucleus and nucleolus and a normal
cytoplasmic (RNA) basophilia (66, 70, 71, 93, 94).
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In mammals, this type of inhibition affects the most rapidly growing tissues
(bone marrow and intestine). It results first in a sharp decrease of the mitotic
index. In the subsequent hours, the cells of the germinative regions, those which
are not differentiating and are not in a postmitotic condition, undergo a rapid
destruction, with a sudden condensation of their chromatin into irregular
masses; this is followed by necrosis. In mice, this is most striking about 8 hours
after the injection of a chromosome poison: the cells appear unable to resist the
increased duration of the intermitotic period (70). A similar effect is observed
after irradiation with X-rays. It may not be fundamentally different from the
death after metaphase of arrested mitoses without spindles.

The antagonists of folic acid (173) (aminopterin, Methotrexate, etc.) have the
best understood action of all chromosome poisons. The inhibition of mitoses,
leading to aplasia of tissues such as bone marrow, intestine, testis; the pycno-
necrosis appearing after the cessation of mitotic activity (66); and the persistence
of nuclear, nucleolar, and cellular growth without increase in the amount of
DNA, have been thoroughly described (93, 94). The inhibition of spindle activity,
shortly after the addition of antifolic substances to tissue cultures (110), which
has been already mentioned, is not visible in whole animals (66). The metabolic
pathways in which the active form of folic acid, tetrahydrofolic acid (THF), is
involved in the synthesis of nucleic acids, have been reviewed recently (156).
The synthesis of thymidylic acid is especially sensitive to inhibition by aminop-
terin. It is by no means the only reaction interfered with by this substance, which
inhibits the transformation of folic acid to dihydrofolic acid (DHF) and affects
particularly the conversion of DHF to THF, catalyzed by DHF-reductase. The
binding of aminopterin to this enzyme “is undoubtedly the single most impor-
tant action of the (antifolic) drugs” (156).

This observation indicates that the various antimetabolites which interfere
with cell division inhibit synthesis, not usually as abnormal building-blocks, but
more frequently as inhibitors of the formation of coenzymes (132). This state-
ment applies also to the large number of antimetabolites of purine and pyrimidine
bases which have been tested for their growth-inhibitory properties. These agents,
which have been reviewed in detail by Biesele (13, 14), are mainly analogs
of purines and pyrimidines, such as 2,6-diaminopurine, 2,4-diaminopyrimi-
dines, 8-azaguanine, 6-azauracil (and its ribonucleoside, 6-azauridine), 4-amino-
pyrazolo-pyrimidine, 6-mercaptopurine, 6-thioguanine, 6-(8-indolylethyl)-ami-
nopurine, fluorinated purines and pyrimidines (particularly 5-fluorouracil and its
deoxyribonucleoside, 5-fluorodeoxyuridine), 5-fluoro-orotic acid, 6-selenopurine,
6-chloropurine, efc. The list is long, and the search is still going on for anti-
metabolites which would prevent neoplastic cells from dividing without harming
normal tissues. Most of these substances have in common the property of in-
hibiting mitosis by interfering with DNA metabolism. The most evident morpho-
logical lesions affect the chromosomes at metaphase and anaphase (breakage,
bridges, translocations, etc.). The spindle effects seem always to be negligible.
Several reviews having been written on this subject, no detailed discussion will
be given here (14, 100, 132, 136).
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To this same group belong two substances which are at the same time anti-
metabolites and antibiotics: azaserine and diazonorleucine (DON). These com-
pounds are antagonists (or analogs) of glutamine, which is essential for the
formation of a phosphorylated ribosylamine that reacts with glycine to form
glycinamide ribonucleotide, a precursor of the first purine, inosinic acid (132).
The role of glutamic acid in preventing the action of some spindle poisons should
be recalled here (58). Azaserine decreases the number of mitoses of ascites
tumor cells, although their volume continues to increase (80).

B. Antibiotics

The search for carcinostatic agents has led to the study of many substances
extracted from molds that inhibit mitosis; griseofulvin, patulin, and azaserine
have been mentioned. In this field, few morphological studies are available.

The actinomycins, a group of polypeptides (111), were shown in 1951 to
increase for a short time duodenal mitoses in mice injected intravenously with
2.5 ug of the impure material; the percentage of metaphases was higher than
normal. Later, all mitoses were depressed, including those of neoplastic tissues.
The antimitotic effect leads to an atrophy of thymus, spleen and lymph glands
(97). A recent study of the action of actinomycins on human cells in tissue cul-
tures confirmed the mitotic inhibition. There was a tendency towards nucleolar
fragmentation (11). Intestinal nuclear destruction was observed in mice injected
with 750 ug of actinomycin D per kg (129).

Sarcomycin and numerous derivatives have been tested in animals and
cancerous patients. Pycnonecrotic nuclear degeneration and mitotic arrest have
been mentioned (33).

Mitomyecin, which has been used in the chemotherapy of neoplastic diseases,
inhibits the growth of several transplanted tumors in the mouse, the rat, and
the hamster. In the rat (175), repeated injections induced intestinal and gastric
lesions and thymic atrophy. In the dog, anemia, bone marrow aplasia, and
“severe karyorrhexis in the basal third of the epithelial glands” of the intestine
have been mentioned. This antibiotic is supposed to act selectively on the
synthesis of purines and DNA (175).
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In a recent review (134), more than a dozen antibiotics with possible anti-
mitotic effects in neoplastic growth were listed. It may be regretted that in the
search for a drug that might control at least some forms of cancer, so few precise
morphological descriptions of the antimitotic actions in normal tissues have
been published.

C. Other chromosome poisons

One of the earliest chromosome poisons discovered was acriflavine (trypafla-
vine), described by Hertwig (102) as a “Radiumersatz,” the first mention of a
“radiomimetic” action of a chemical. Basic dyes are known to combine readily
with DNA and RNA, a fact which explains why their noxious effects are com-
plex. The acriflavine group appears to be especially toxic for mitosis (25). Of a
series of derivatives tested on chicken fibroblasts in wvitro, 5-aminoacridine
hydrochloride was most active (120). Divisions under way were not disturbed,
but cells were prevented from starting new mitoses, and pycnotic nuclear de-
generation was observed. These effects were similar to those of small doses of
radiation (120). Meyer (147) described various mitotic and chromosomal anoma-
lies in the cornea of Triturus treated with trypaflavine. This substance also
affects the division of amphibian eggs (199) and fibroblasts in tissue culture (25).

Ethylcarbamate (urethane), already mentioned for its spindle-poisoning
properties, produces alterations of the intestinal mucosa in mice similar to those
of chromosome poisons, 7.e., mitotic arrest (intermitotic inhibition) followed by
pycnonecrotic degeneration of cells of the germinative zone (62). In the Walker
tumor of the rat, a decrease of the number of mitoses and of chromosomal frag-
mentation was observed (20). The injection of thymine (though not of uracil)
decreased the number of abnormal mitoses, suggesting that ethylcarbamate may
interfere with the synthesis of thymine (20). It may also inhibit the incorpora-
tion of uracil into DNA (78).

Ethylcarbamate has also a carcinogenic action [lung adenomas and other
neoplasms in mice (115a, 152, 186)], and it may act as a cocarcinogen (11).
For Cornman (46) ‘‘almost any radical added to the urethan molecule increases
its effectiveness as a mitotic poison and decreases or removes its carcinogenic
action.” The mitotic abnormalities produced by carbamates are varied, and
range from decrease of mitotic activity to spindle inhibition and chromosome
fragmentation. In eggs, segmentation may also be inhibited (46).! In the bone
marrow of mice, an increase in the numbers of metaphases, chromosome bridges,
and telophasic aberrations was found after a single injection of urethane, as well
as giant promyelocytes, after repeated doses (187). These compounds depressed
granulopoiesis more than the formation of red blood cells, a fact confirmed by
the observations of human leukemic patients treated with urethane (63).

1 About the pycnonecrotic effects observed in the intestine (62), Cornman thinks that it
is ‘‘reasonable to suggest caution . . . regarding conclusions drawn from effects on whole
animals.”” Nevertheless, ethylcarbamate having been used in the treatment of human
leukemia and myeloma, it appears on the contrary indispensable to study its effects on
whole animals.
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Another group of chromosome poisons which has not attracted much notice
includes simple quinones and aromatic diamines (164). Apart from the spindle
effects of some of these, mentioned above, very severe destructive effects on
germinative regions, in particular in the intestinal mucosa of the mouse, have
been described (164). Of the diphenols, only the para- and ortho-forms are active.
Pyrogallol is the most potent phenol, while phloroglucinol is without any effect.
The mono-aminophenols are only slightly active. The phenylenediamines are
also strong chromosome poisons, p-phenylenediamine being the most potent.
The possible pathways of biochemical action may be inactivation of SH-sub-
stances, disturbances of oxidation-reduction, or chelation of metal enzymes
(164). Naphthoquinones, which have been shown to inhibit mitosis and rupture
chromosomes in tumor cells (148), were found to be inactive in these experi-
ments (164).

D. Alkylating agents

The so-called alkylating agents, the prototype of which is bzs(2-chloroethyl)sul-
fide, or mustard gas, have complex cellular actions which resemble closely those
of radiation, for they are chromosome poisons, mutagens, and carcinogens, as
well as agents which inhibit some types of malignant growth (228). Several re-
view articles have been devoted to this group of chemicals, which has found many
applications in cancer chemotherapy (13, 15, 19, 79, 83, 107, 116, 174, 188, 189).
The principal cytological effects are chromosomal rupture and a general inhibition
of mitosis. The mechanism of action of these substances is poorly understood.
It appears possible that alkylation may occur at the level of enzymes or cofactors
(132, 228) rather than of DNA molecules, which had been supposed to explain
chromosome breakage (117). The formation of antimetabolites by the alkyla-
tion of purines or pyrimidines has been suggested (219).

The substances belonging to this group fall into several categories from the
chemical point of view, but their cytological action is similar, although their
antineoplastic properties may be quite different. The principal groups are the
chloroethylsulfides and amines (“mustards’) and their more complex deriva-
tives, the ethyleneimines, the sulfonoxides, typified by busulfan (Myleran,
sulfone-oxy-butane). Epoxides and certain N-alkyl-N-nitroso compounds with
alkylating properties also inhibit cell division (219).

These substances have complex cytological effects, and their action on chro-
mosomes can be masked by important modifications of the achromatic apparatus,
which have been thoroughly studied in eggs (203). Koller (116), in a study of 18
alkylating agents of the sulfonoxy group, considers three successive cellular
actions: 1) mitotic arrest and suppression; 2) “radiomimetic”’ nuclear damage;
and 3) nonspecific, toxic alterations.

The action of busulfan on tissue cultures has been extensively studied by
Chevremont et al. (41), who found various cytoplasmic changes and disturbances
of DNA reduplication, as measured spectrophotometrically, with abnormally
high DNA contents per nucleus. Observations with tritium-labeled busulfan
indicate that this substance becomes selectively fixed on nuclei (151).
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V. OTHER MITOTIC INHIBITORS

A few substances must be considered here, in particular cortisone and other
corticosteroids of the adrenal gland.

A. Corticoids (cortisone, hydrocortisone, prednisone, elc.)

Mention has already been made of antimitotic effects of hormones (127, 149,
150, 208). The action of the steroids of the cortisone type deserves further
study. The discovery that cortisone may influence dividing cells stems from the
works of A. P. Dustin (60) on “caryoclastic shock,” and of Selye (198) on “stress”
and the ‘“general adaptation syndrome.” It was found that various drugs may
have a nonspecific damaging action on mitotic growth. This is limited to certain
tissues, in particular the thymus and the lymphoid tissues (spleen, lymph glands
and lymphatic tissue of the intestine). Selye (198) was the first to demonstrate
that this action is mediated through the hypophysis and the adrenal, and that
the secretion of adrenocorticotrophic hormone (ACTH) and cortisone was
responsible for the destruction of lymphoid cells. The effects of many poisonous
drugs and nonspecific aggressions (such as cold, excessive heat, and forced im-
mobility) on lymphoid tissue disappear after adrenalectomy.

These changes are similar to those produced by the chromosome poisons, and
involve a selective action on the germinative regions of lymphoid tissue (thymic
cortex, germinative centers in lymphatic follicles), the most striking effect being
the pycnonecrotic destruction of the cells of these regions after a period of
mitotic depression (4, 184, 211). The depression of mitoses has been observed by
several authors (109, 217, 218). The mitotic activity of the regenerating liver of
hepatectomized mice is also strongly decreased by the subcutaneous injection of
cortisone (172). This is paralleled by a marked increase of glycogen content and a
decrease of total proteins in the hepatic cells. The increase of RNA is not affected,
while that of DNA is strongly depressed. The mitotic activity of some other
tissues, e.g., the intestinal mucosa, is not affected, indicating that “any effect of
cortisone on mitosis apparently varies greatly from one tissue to another” (185).

The relations between mitosis and nuclear damage have been discussed
previously (69); it is not cetrain whether or not postmitotic cells in lymphoid
tissue can be destroyed by cortisone. No precise quantitative studies on this
subject are available. In a recent analysis of ‘“‘stress” in new-born rats, a nearly
complete disappearance of mitoses in the thymus has been observed preceding
the nuclear destruction (95).

Although these lesions may superficially resemble those observed after any
chromosome poison, it should be pointed out that cortisone has never been
mentioned as a chromosome-damaging agent. On the contrary, it promotes the
growth of some tissues or cells, e.g., the bone marrow erythroblasts (81, 232).
Cortisone has also been identified as an antagonist of such spindle poisons as
deacetyl-N-methylcolchicine (54) and vinblastine (34). The metabolic effects of
cortisone (e.g., the depression of protein synthesis) may explain the nucleotoxic
effects, but the absence of any depression of mitotic activity in a tissue as sensi-
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tive as the intestinal mucosa indicates a selective toxicity towards the lymphoid
cells. Cortisone, in this respect, is the opposite of the antifolic substances, which
may depress bone marrow and intestinal growth without affecting the thymus
and lymph glands (71, 72).

The antimitotic action of cortisone and the corticoid hormones which are
supposed to act as “‘endogenous mitotic poisons” (70) clearly deserves further
study. It appears that various steroids may stimulate mitosis (estrogens, etc.),
may act as spindle poisons (127, 149, 208, 209), and may be inhibitors of the
“chromosome” type (69).

B. Other substances inhibiting mitosis

Cortisone is not the only endogenous mitotic poison: epinephrine (28), adreno-
chrome, and a closely related substance, trihydroxy-N-methylindole (39), in
some circumstances may inhibit mitosis. For Bullough (29), epinephrine would
be one of the principal endogenous mitotic inhibitors. The mitotic inhibition by
trihydroxy-N-methylindole would result from alterations of the mitochondria,
which become rounded (as observed in tissue cultures) (39). The inhibition of
mitotic growth by the nucleases is of great interest (21, 40), but too little is
known about the mechanisms involved to warrant further discussion. The
already vast literature on mitotic inhibition by compounds such as chloral
hydrate (86, 149) and various substances inducing “cell-narcosis’ will not be
discussed, for it does not apply to mitotic growth in animals.

VI. CONCLUSIONS

At this point, it may appear that, although only a small number of the mitotic
inhibitors has been considered, the problem of antimitotic action remains rather
confused. Clear-cut classifications are no longer possible; in the same group of
substances (e.g., the steroid hormones) actions are to be found varying between
mitotic stimulation and selective inhibition of one of the steps of mitosis. More-
over, several substances may affect either spindle or chromosomes, depending
on the experimental conditions. The biochemical basis of most antimitotic
action is shrouded in obscurity, even though some discoveries about the chem-
istry of the mitotic apparatus, the role of folic coenzymes in nucleic acid me-
tabolism, the structure of the spindle fibers, and the antagonists of mitotic
poisons, open the path for further clarifications of the subject.

It was pointed out several years ago (64) that mitotic poisons appeared far
more promising in the biochemical analysis of cellular division than in cancer
chemotherapy. Since then, thousands of drugs have been tested, and so far, the
only ones which have found some use in medicine remain dangerous, for the
fundamental reason that they are mitotic poisons, and that some normal tissues
grow faster than many neoplastic ones. If an antimitotic substance acting se-
lectively on neoplastic growth is to be discovered, it should have no action on
normal cells. That such a possibility may exist is indicated by the rare examples
of mitotic antagonists with a specific action on some tissues: for instance, cortisone
vs. lymphoid tissue, and griseofulvin vs. skin.
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On the positive side, it must be emphasized that knowledge not only of cell
division, but also of many fundamental biochemical changes related to cellular
growth, has benefited from work with mitotic inhibitors. The study of DNA
synthesis, the isolation of the mitotic apparatus, morphological studies of
chromosomes, have considerably progressed because some of the mitotic poisons
have proven to be useful tools.

Mitotic inhibitors are more than possible drugs for cancer chemotherapy;
they are tools which enable the cytologist to dissect the interrelated phases of
the mitotic cycle. This type of approach would certainly be facilitated if more
nearly uniform methods were used. On the other hand, chance observations, like
those which led to the discovery of griseofulvin and vinblastine (155), will always
play a fundamental part in the development of science.

It should be evident from this review that many important aspects of mitosis
have not been touched by the use of mitotic inhibitors. The reduplication of the
centrioles (a remarkably complex phenomenon), the disappearance and synthesis
of the nucleolus, the mechanisms of cleavage, the modifications of cell surface,
the multiplication of mitochondria and other cell organelles, the control of
mitosis itself in the pluricellular animal, remain poorly understood. Mitosis in
plants and animals appears to be quite similar, and many mitotic poisons,
among them the most active, act similarly on both. Cortisone, however, would
never had been found to have an antimitotic action if only plant cells had been
used. In pluricellular organisms, growth may be controlled by organ-specific
substances that inhibit mitosis, but these remain to be isolated.

Apart from the pharmacological and toxicological aspects of these problems,
it should be pointed out #n fine that the antimitotic properties of so many natural
substances—hormones, plant extracts, antibiotics—indicate that the various
types of mitotic inhibition belong to general biology, and that their study helps
to understand better the normal control of mitotic activity.
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