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The technical advances of the last decade, particularly in the ficlds of tissue
culture and cytogenctics, have extended the study of induced mutagenesis to
the chromosomal level. Four general classes of exogenous agents exist which
are capable of inducing chromosomal damage, and thereby, also possibly gene
mutations; these include radiation, some viruscs, physical stimuli, and a varicty
of chemicals. This last group of compounds can be subdivided into those which
affect DNA, RNA and protein synthesis, the DNA precursors, antibiotics,
alkylating agents, nitroso-compounds and the heterogenous miscellaneous group
(1to 6). Additionally, recent investigations have focused on scveral types of
common cnvironmental agents including tranquilizers (7, 8) oral contraceptives
(9), fungicides (10), pesticides (11) and air pollutants (12, 13). To categorize
all the chemical agents which have been shown to cause chromosomal damage
is beyond the scope of this presentation, but the feasibility and flexibility of the
use of cytogenctic investigation as an assay for screening exogenous agents will
be demonstrated in this paper. To this end, experiments with three drugs will
be presented: streptonigrin, a streptomyces derived antibiotic; mitomycin C,
also a streptomyces derived antibiotic and, lysergic acid dicthylamide (1.SD-
25), a powerful hallucinogen.

The most frcqucntly used human cytogenetic test system for the investiga-
tion of exogenous agents is the peripheral Iviophocyvte. The obvious advantages
of this cell type derive from its case of access and relatively simple techniques of
culture yielding large numbers of dividing cells suitable for study. The usual
method of cell harvest and slide preparation is that of Moorchead e al. (14)
with slight modifications.  Most modifications have resulted in the use of micro-
methods, necessitating only a few drops of peripheral blood. Tn addition to peri-
pheral lymphocytes, fibroblasts derived from primary cultures of skin and
other organs, as well as bone marrow cells, have also been used.

Two basic approaches to the screening of any agent can be utilized in
such systeins, i.c., in vitro and in vivo experimentation.  In vitro studies necessi-
tate the use of peripheral lvmphocytes from normal individuals who have not
been exposed to the agent in question (nor any other known chromosome
breaking agent), radiation or recent viral infections.  Such ‘normal’ cells are
are cultured and the test agent is added to the culture medium at various times
and concentrations during the normal 72-hour culture period.  In this wav, a
dosc-response relationship can be established berween chromosomal damage and
both concentration of the drug and length of exposure time. Additionally,
drug cffects on the rate of mitosis are readily apparent. Several slides from each
culture are prepared and coded. Usually 25 metaphases per slide ate obtained
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by individuals who do not pqrnupltc in the actual microscopic scoring of the
cells, and a minimum of 100 cclls per treatment is studied. Well-spread mitoses
are sclected under low magnification (250 ). and chromosomes are scored for
abnormalitics under oil immersion phase contrast mMicroscopy (1ppr0\mntclv
1560 X). Once a cell is selected under low power, it is included in the study.
, Abnormalities of the chromosomes (Fig. 1) are scored as breaks only if a
5 clear discontinuity and chromatid nomlmnmcnt are visible. Breaks arc classified
P as ‘chromatid’ if onlv once chromatid is affected, and ‘isochromatid’ if both
4 . sister chromatids are broken at the same location.  Both these abnormalities are
: scored as single breaks. Single fragments are included with chromatid breaks
while ‘double fragments’ arc “scored as isochromatid breaks. Dicentric chromo-
sonics and quadnmdml or exchange configurations are considered as containing
two breaks. Attenuated, pale- 5mmm<r chromosomal regions, other than normal
; sccondary constrictions without distal nomh(rmncnt, are scored scparatcl) as
; ‘gaps’ but are not included in- the calculation of breakage rates.  VWhenever

p0551blc cach break is assigned to a given identifiable chromosome or chromo-
5 some group according to the Denver classification (15). However, in some
: cases, unidentified fr.lgmcnrs are observed which are not classifiable.

Streptonigrin (SN)

SN, a derivative of Streptomyces flocculus, exhibits both antitumor and
i antibiotic activities but has rarcly been used clinically duc to its extreme cyto-
' toxicity.  Previous inv CSUU:]I’]OIIS indicate that SN has profound effects on
macromolecular svnthesis in microorganisms. The drug induces bacteriophage
production in lysogenic bacteria w hile mhlb]tmg the net synthesis of bacterial
DNA (16). In the presence of SN, a marked increase in genetic recombination
is observed during mixed bacteriophage infections (17). Furthermore, SN
initiates rapid in vivo degradation of E. coli DNA (18). Because of these
striking effects on macromolecular svnthesis, tests of the activity of SN on

hmmn chromosomes secemed warranted.

Figure 2 illustrates the effect of SN on mitosis of peripheral lymphocytes
derived from normal individuals. The cells were C\'poscd to three concentra-
tions of the drug (0.10, 0.01 and 0.001 «g/ml for 6, 12, 18, 24, 30 and 36 hours.

G The lowest concentration of SN showed no stmsnullv significant deviation
A from the mitotic rate in the control cultures. However, at both the 0.01 and
the 0.10 wg/ml level, a statistically significant suppression of mitosis occurred.

9 ‘ This dcprcssmn was linearally correlated with the length of exposure time.
; A total of 395 SN induced chromosome breaks and rearrangements of
various types were observed in 701 treated cells (0.56 breaks/cell) as opposcd to
' four chromatid breaks in 1350 control cells (0.03 breaks/cell). This latter figure
compares favorably with the range of centrol breakage rates of 0.0-6.0%, en-
countered in most ¢y togenctic laboratorics.  Both the mcan number of breaks
per cell and the pur(.mta% of cells with breaks increased with concentration.
The mean number of breaks per cell was 0.28, 0.70 and 1.00 for concentrations
of 0.001, 0.01 and 0.1 xg/ml of SN respectiv cl\ whereas 19.7, 35.1 and 42.29%

E ) of the cclls exhibited Lhmmmmml breaks at thcsc same concentrations. An in-
; creased number of abnormalities was also observed upon ]cngthcncd exposure
time (19).

The assignment of SN induced chromosomal aberrations among the seven
groups of Lhmmr)somcs according to the Denver system of nomenclature (1%)
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Fig. 1. Meraphase cells illustrating types of chromosomal damage due to SN. Cells
a through ¢ were treated with 0.01 wg/ml of SN for 24 hr, while cell f was treated with
0.1 pg/ml of SN for 6 hr. Arrows indicate tvpe of chromosome damage: (2) chromatid
break and acentric fragments; (b) isochromarid break; (¢) translocarion” cross, ‘end-to-end’
fusion, and chromatin strand; (d) centromere attenuation and ancoiled chromosome seg-
ment; (¢) and (f) fragmentation and degeneration of chromosomes.
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Fig. 2. The effect on mitotic rate with three concentrations of SN for varying lengths
of exposure. The curves drawn are least square lines calculated by regression analysis;
cach point indicates the average mitotic rate for approximately 6,000 cells.
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demonstrated an apparent nonrandom distribution according to length. If the
drug were acting randomly per unit of chromatin then the distribution of
breaks should be according to the size of the chromosomes. The analysis in
Table 1 indicates that the chromosomal groups were not affected r:111d011xl)‘.
This observation was extended to the examination of intrachromosomal localiza-
tion of abnormalities (20). Since it is known that i(mizing radiation causes
chromosomal breakage in a random fashion, a comparison between the effects
of SN and X-ravs was undertaken.  In this study, chromosome selection was
limited to the members of Group 1-3 in order to insure positive identification
of individual chromosomes. An_arbitrary total of 500 breaks among these
three chromosomes constituted the sample size.  The cells treated with X-ravs
were exposed to SOR or 75R delivered at a rate of 200R /minute calibraced as
dose 1n air, while the SN produced abnormalities were derived from cells as
treated above.

When a chromosome of Group 1-3 was found with a break, the following

measurements were 1ade using a calibrated ocular micrometer: (1) tortal
length; (2) length of cach army; (3) distance from the centromere to the break,
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TaLE 1

‘Goodness of Fit’ test for random distribution of chromosome breaks induced by streptonigrin,
based on unit chromosome lengths given in the Denver report |
Chromosome ‘
group 1-3 4-5 16-12, X} 13-15 | 16-18 | 19-20 | 21-22,Y | Total
— 1
Observed 111 59 152 29 30 2 5 l 388
Expected 96.68 | 47.63 | 140.54 | 39.46 | 33.69 | 17.79 | 16.21 | 388.00
x? 3.62 2.71 0.93 2.77 0.410 14.01 7.75 . 32.19

P < 0.00S; df = 6.

The location of cach break was then expressed as that percentage of the broken

chromosome arm from the centromere to the break, for example,

Distance from the centromere to break

- X 100. All measurcments were made
Length of the entire chromosome arm

using the centromere as the origin and progressing along the chromosome arm
in both directions. This percentage index climinates the normal variation in

chromosome size from cell to cell and allows the data to be pooled.
Upon collection of the samples, the breaks were assigned to 1 of 11 chro-

-mosomal segments, as shown in Fig. 3. The pericentromeric region (segment 0)

mcluded the centromere and 109, of the length of cach chromosome arm. The
remainder of the arm (90%) was divided into five cqual scgments.  Chromo-
some breaks were then allocated to that segment of the arm cncompnssing che
breakage point. Distribution of the breaks according to chromosome scgments
was tested for randomness by chi-square. The use of arm-ratio measurement
allows the calculation of the total number of expected breaks per chromosome
arm. After assigning 109 of the total number of observed breaks of cach
chromosome as the number expected in the pericentric region (segment 0), the
expected number of breaks for cach of the five segments of cach arm was
calculated from the remaining 905, of the observed breaks on the basis of arm
ratios.

The array of breaks among chromosomes 1, 2 and 3 indicates a localized
distribution after SN treatment (P<0.001). There was an excess of breaks in
chromosome 1 with a corresponding deficiency in chromosome 3. X-ray in-
duced breaks were distributed randomly among these chromosomes (0.90 > P >
0.80). A random distribution of breaks was also obscerved within each chromo-
some treated with X-ray. TIn the SN wreated cultures, however, both chromo-
somes 1 and 2 showed significant deviations from the random distribution with
an cvident concentration of breaks in the: centromeric regions (Fig. 4). In
chromosome 1 the number of breaks caused by SN increases at both telomeric
regions. The greatest concentration of breaks appears at the centromere and
the secondary constriction which lics in segment 1 of the long arm.  Chromo-
some 2 shows a different distribution pntrcr;\ of breaks when SN is used. Again,
the greatest number of breaks occurs in the centromeric region.  However,
there is a striking paucity of breaks in the short arm. There is also a decrease
in the number of SN induced breaks in the telomeric region of the long arm
of No. 2. In chromosome 3, although the distribution of breaks caused by SN
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docs not deviate signiﬁcnntly from randomness, there is a tendency for the
telomeres to appear relatively resistant.  These data suggest a marked difference
in the response of the centromere regions of the three chromosomes to treat-
ment with SN, The centromeric segments of chromosomes 1 and 2 scem
highly susceptible to breakage in contrast to the centromere of No. 3. This
study indicates that SN induces chromosome breaks in No. 1 more frcqucntly
than expected; the distribution of breaks within the chromosome is localized.
Chromosome 2 breaks in proportion to its length; however, there is a non-
random distribution to breaks within the chromosome. The short arm of No.
2 scems resistant to SN breakage. Alth(mgh there is significant dcﬁcicncy in
the number of breaks in chromosome 3, these breaks are randomly distributed
over the Icngth of the chromosome.

Mitontycin C (MC)

MC is a chemically reactive antibiotic derived from Streptonryces caepito-
sus. This drug sclectively inhibits DN A svnthesis (21-29) and degrades cellular
DXNA, but does not affect the synthesis of RNA nor protecin (30-32). MC
induces bacrcriophngc production in l_\'sogcnic bacteria (33, 34), increases the
rate of genctic recombination among mutant forms of E. coli (22,29, 35), and
possesses antitumor activity (22,35). In various other types of cell culture
systems, MC inhibits mitosis, reduces cell viability and produces nuclear dis-
organization and giant cells (37). Several models for the mechanism of MC
activity have been suggested.  Reich et al. proposed that MC acts through
scission of the DNA strands, thereby preventing replication (31). This unplies
that the template competence of the DNA is destroved (30). The depoly-
merization of DNA and the accumulation of acid soluble fragments suggests
that the DNA polymerase svstem is the possible targer of MC activity (24, 31).
Recentlv, it has been proposed that the primary action of MC is the ‘cross-
linking’ of the complimentary strands of the DN'A molecule, and that degrada-
tion of DNA may be of a sccondary nature (38).

The effects of MC were tested on human leukocyvte chromosomes similarly
to that outlined for streptonigrin (39). Treatment with 5 ug/ml of MC resulted
in total cell destruction. At | ug/ml, the mitotic rate was signiﬁcantly lower
than normal, and numerous chromosomal breaks and exchange figures were

observed, while at the concentration of 0.1 ug/ml chromosome damage was’

less marked. At comparable molar concentrations, MC is less potent than
streptonigrin: 2.0 X 10°M SN for 24 hours resulted in chromosome fragmenta-
tion and cell disintegration (19), whereas cultures treated with 1.8 X 10°M MC
(1 ug/ml) contained some normal appcaring chromosomes. MC did not break
the chromosomes randomly in proportion to the relative length but, as with
streptonigrin, showed a localized distribution of brcakﬂgc. The lnrgcst devia-
tion from randomness was found among chromosomes 1, 9, and 16. Figure §
shows the distribution of MC induced chromosome: breaks within these three
chromosomes.  As noted by many authors (40-43), the human chromosomes 1,
9, and 16 possess prominent sccondary constrictions.  These arcas appear to be
focal points of MC activity since high percentages of chromosome breaks
occurred in these ‘targer areas.” Upon removal of the breaks found in these
secondary constriction regions and subsequent retesting of the chromatin com-
plement, the distribution of breaks was random (0.50 > P > 0.25).

s
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Streptonigrin induced breaks in chromosomes 1, 2 and 3 arc indicated by arrows.

Numbers refer to chromosomal segment including the breakage point; S = short arm and
L = long arm.
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Fig. 4. The distribution of chromosomal breaks caused by SN and X-ray in chromo-
some Nos. 1, 2, 3.

More striking than the chromosome breaks, however, was the exaggerated
appcarance of the secondary constrictions after mitomycin treatment as indi-
cated by Fig. 6. Other chromosomes of the complement, in addition to numbers
1, 9 and 16 in which heterochromatic regions have been described, were
apparently not strongly atfected by MC.

In some MC treated cells, chromosomal exchanges (quadriradial figures)
were obscrved which resembled the pachytene cross configurations scen after
a reciprocal translocation in mciosis.  The frequency of these exchange config-
urations increased with MC concentration.  Among 118 exchanges mmlyzcd,
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Fig. 5. The distribution of breaks within chromosomes Nos. 1, 9, and 16. The sccondary
constriction lies in segment 1 of the long arm in each chromosome.

60.2%, of the ﬁgurcs '.11)})'.1rcntly occur between h(nnnl()gs or apparent honm]ogs.
Similar figures have been observed following MC treatment (44) and they have
been rarely obscrved in untreated leukocvte cultures (43). Therefore, a study
was undertaken concerning the types of exchanges ()l)sm'ycd, the chromosomes
involved, and the pomts of breakage in interchange. These data indicate that
homologous exchanges occur far in excess of what might be expected by chance
and that the genetic consequences of some of these exchanges may be analogous
to somatic crossing over (46). .

A sample of 238 exchange figures was obrained and rcprcsenmti\'cs of such
exchanges as shown in Iig. 7. These exchanges were clssified into five tvpes
on the basis of homology and tvpes of reunion. These are illustrated in Fig. 8.
Classes I, 1T and HT comprise homologous chromosomes, Classes Tand 11 yiclding
S_\'mmctricn] figures but ditfering in the arrangement of the centromerces,
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Fig. 6. Exaggerated secondary constrictions and breaks at s
chromosomes Nos. 9 and 16 induced by mitomycin C.
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EFFECTS OF DRUGS ON HUNIAN CHROMNOSOMES 11

whereas Class TII yields an asymmetrical figure. Class IV includes exchanges
between chromosomes which arc nonhomologous.  The fifth type of classifica-
tion involves exchanges including more than two chromosomes or complex
exchanges. A total of 238 exchange figures was studied. As shown in Table II,
220 were simple two-chromosome cxchanges while the remaining 18 were
complex configurations involving more than two chromosomes. As can be seen
from Table II, 110 of the 220 exchanges involved real or apparent homoldgs.
This is 2 marked excess, not only of homologous exchanges in general, but|of
* exchanges between certain pairs of chromosomes. Table IIT indicates the
detailed breakdown of the types of exchanges observed. Of the 110 homolo-

ous exchanges, 36 involved the two No. 1 autosomes and 36 occurred in the
No. 9 pair. It is also noteworthy that 14 of the nonhomologous exchanges
occurred between Nos. 1 and 9.  Several statistical tests were performed to
show that the exchanges were not random with respect to: (1) individual
chromosomes involved; (2) relative chromosomal length; and (3) frequency of
breakage of spccific sites with random reunion of the broken ends.

If all chromosomes had an cqual probability of being involved in an ex-
change figure, then the probability that any two chromosomes drawn at random
would be members of the same pair is 0.118 for the female complement and
0.130 for the male complcmcnt. Thus, an average value for the two sexcs is
0.124 which asserts that, on the assumption of cqual probability for each chro-
mosome, there is less than one chance in cight that the two chromosomes chosen
randomly will be real or apparent homologs. Clearly, 110 of 220 (50%) is a
significant excess of homologous exchanges, and apparently chromosomal asso-
ciation in these exchanges is not by chance.

The probability that any chromosome is involved in an exchange could be
related to the total chromatin length, if the drug acted uniformly throughout
the chromatin material to produce exchange. Again, the data argue against such
an interpretation. Using the mcasurements of the Denver nomenclature (15),
it may be calculated that chromosome 1 constitutes ;1pproxim-.\tcly 9%, of the
length of the X-containing haploid complement.  Thus, two No. 1 chromo-
somes would be expected to be exchanged less than 19 at a time (0.09°). In
fact, 16.4% of the two chromosome exchanges involve chromosome 1 which
is greatly in excess of the prediction.

Tasre II
Frequencies of various classes of mitomycin induced chromosome exchanges

Class* Number observed

Simple exchanges:

Class | . 45

Class 11 ‘57

Class 111 8

Class IV 110 ..
Subtotal 220

Complex exchanges:

Class V .. 18 L.

Total 238

*See Fig. 1 for definition of classes,

[P
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It is probable that the observed c:\dnngcs result from breakage and reunion
without subscqucnt scpqr'mon of newly formed chromosomes. It has also been
shown that mitomycin C causcs a nonrandom excess of breaks in Chromoﬁomes
1, 9 and 16, primarily in the heterochromatic regions of the long arms. If it is
assumed that breakages arc equal in 1 and 9 and that rcunion of broken\Lcnds
is random from cell to cell, then two thirds of the expected C\Changcs would
involve 1 and 9 togcthcr w hxlc onc third of the exchanges would consist of the
homologs (1/1 pair and 9/9 pair). In point of fact, only one sixth of the total
of these three types of exchanges (14/86) involve one No. 1 and one Nbp. 9.
Much of this association may be duc to a disproportionate contribution of| the
‘target chromosomes’ (1 and 9) which arc most frequently affected. Therefore,
chromosomes 1 and 9 were omitted from consideration, and a recalculation of
the break frequencics of the remaining chromosomes was obtained. Chi-square
calculations demonstrated that these residual exchanges were still prcfcrenti lly
homologous, indicating that exchange figures are not due to random reunio of
breaks, and another explanation is nccdcd

A possxblc explanation for such occurrence may be the existence of somatic
pamng in human cells. If somatic pqiring occurs normally, or if MC induces
somatic pairing, then homologous regions of DNA would be in apposition and
could interact as a result of treatment with MC. Alternatively, if the principal
action of mitomycin C is to induce breakage of chromosomes of preferential

S

sites during DNA synthesis, and if homolog synchrony occurs in the sequence

of human chromosome rcplxc1t10n the interaction of homologs may be expected

TaBLE 11
Distribution of 220 mitomycin induced exchanges involving two chromosomes
Second chromosome or group involved
Chromosome Total
or group ' exchanges
1 23| B9 C|DI/I6IE|F|G|Y .
1 36 1 0 7114 1 3110 3 3 1 0 82
2 1 1 1 1 1 0 0 0 0 1 0 6
3 1 1 1 1 0 1 0 0 0 0 5
B 11 20 2| 2| 0, 0f 31 0} O 20
9 36 | 11 4 5 0 3 1 0 60
C 12% 4 2 0 0 S 0 23
D 2 1 0 1 1 0 5
16 S| 0 0; 0 O 5
E 2 1 0 0 3
F 8| 21 0 10
G 1{ 0 1
Y . . . . . . . . . . . 0 0
Total exchanges 361 2 212054 3115 24 S{19}412}) 0 220
Total chromosomes [118 8 7140 {114 54| 20| 29 8129113] O 110

*Five of thesc exchanges involved definite nonhomologs (e.g. 6 and 12).

Fig. 7. Chromosomal exchanges observed as ‘translocation’ configurations, Group A,
exchanges berween apparent pairs of homologues; second row demonstrates exchanges at
secondary constrictions in chromosome pair No. 95 Group B, exchanges between non-
homologous chromosomes; Group C, exchanges invelving more than two chromosomes.
This is a composite plate with variable magnitications.
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without recourse to somatic pairing.‘ The data lend credence to both theories
and cannot discriminate between them, Furthermore, somatic pairing and
homolog synchrony in DNA synthesis are not necessarily mutually exclusive
cvents.

It might be argued that the Class T configuration (Fig. 8) represent mere
chromosome association without actual hrcnkagc in the exchange of scgments.
Scveral cytological observations argue against this interpretation.  If Class I
figures were far in excess of Class I, then it might be concluded that pairing
without breakage and reunion occur.  In all the Class 11 figurcs, however, there
is cvtological evidence for breakage and exchange as shown by the possible
emergence of dicentric chromosomes and acentric fragments (Fig. 9). "It does
not scem reasonable to presume, therefore, that brcakagc never occurs in Class [
but always occurs in Class 11 exchanges. Figure 10 diagrams the three possible
outcomes of brcn]cagc and reunion in two non-sister homo]ogous chromatids.
Random rcunion of the four free chromosomal ends would result in equal fre-
quencies of restitution, Class T and Class 11 figures. However, the restituted
breaks should not remain in a cross configuration and would not be detected at
metaphase. Therefore, the expected distribution of Class I and Class II ex-
change figures would approximate a 1:1 ratio. In other words, for every Class
1T exchange which is observed, there should be a corresponding Class | figure
which resulted from brcakage and rcunion and not merely homologous pairing
without exchange. In point of fact, there were 45 Class T figurcs and 57 Class

Closs 1 Class 11

a AL
T =

Homologous- alternate symmetricol Homologous - adjacent symmetrical
(o) (b)
Closs T Closs I¥

i

Homologous- asymmetrical Nonhomologous

(c) ' (d)

S2

Fig. 8. Chromosome exchange Classes I to 1V, Note that symmetry in (a) occurs in
both vertical and horizontal plancs while the axis of symmetry in (b) is onlv in one diag-
onal planc through the exchange points.
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Fig. 9. Photomicrographs of ‘chromosome exchanges induced by mitomyvein C. (a)
Class I; (b) Class II; (c¢) Class I (arrow indicates \mhcalcd break at point of exchange);
(d) Class IV (short arm of No. 2 exchanged with long arm of a C-group cluomo:omc)
(e-f) Class V (arrows point to acrocentric chromosomes involved in the exchange at their

SAT-zoncs).

II figures which fit the expected 1:1 ratio (0.30 > P > 0.20). These observa-
tions suggest that probably all the Class I exchanges must represent a genetic
event somewhat analogous to somatic crossing over.  This study has illustrated
that b} combmmg the cy to]o(rlml evidence with l()w}ml arguments, the sym-
metrical homologous C\C]mntrcs with opposite (cnu omeres (Class 1) may
represent true exchange of (rcncnc material and that mitomycin C mav indeed
be nnphmtcd in mducmg or maintaining somatic crossing over. Cr itical proof
however, will be obtained, of course, onlv through the use of suitable genetic
markers. If this phenomenon can be induced in diploid fibroblast ullnms
in vitro from tissucs of individuals with informational genetic markers, then

many of the problems in hmmn somatic cell genetics may bc amenable to experi-
mental attack.
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16 MAINON M. COHEN

From consideration of the localization of the induced cffects by both
streptonigrin and mitomycin, an apparent nonrandom distribution of chromo-
somal breaks cxists.  Although the significance of such| specificitics is poorly
understood, some general inferences may be drawn. In: qidmon to these agents,
most specific cffccts cxhibited by other drugs as well have been localized i the
heterochromatic regions of the chromosomes (e.g. the ceniromercs or sccondary
consmctnons) Thcsc cffects, however, may not be dircct responscs to the
action of specific agents q]onc since the enhancement, C\aggcrnnon and, pos-

sibly, breakage of heterochromatic secondary constrictions may also be inten-
sified by various physical and chemical nnmpulatlons c.pr. fixation treatment
(42), the use of calcium free medium (43), and cold sxock (47-49). The
similarity of cffects induced by both nonspccxfc treatments and specific agents
cast some doubt upon the specificity of certain agents.

That localization of specific chromosomal breakage may be a useful tool
in the determination of chromosome structure may be pnrtlcu]arl) true for
those agents whose chemical actions are well determined. | Similar knowledge

A4
IA“I—
o

Restitution Classl ClassI

Fig. 10. Breakage in homologous regions of nonsister chromatids can result in three-

types of reunion. I rcunion of the four hroken ends occurs randomly by twos, then the
three types will occur cqually frequenty. Restitution would probably not be detectable

cytologically as an exchange.
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concerning additional compounds manifesting specificitics for different chromo-
somal regions (cuchromatic) may lend insight into the structure of these
rcgions. Although the agents discussed in this presentation appear quite exciting
in experimental studics, one must exercise caution in the interpretation of their
sPcciﬁcitics. Many published reports describe gross morphologic chromos mal
alterations which are quite removed from the structural or-functional level of
the genetic material. In addition, the observed cffects are often overlapping and
can be simulated by many agents capable of causing chromosome breakage.
Since most of these agents affect only heterochromatic rcgions, onc must cpn-
sider the possibility that. the specificity may not reside in the agent but rather
may reflect the spcciﬁc response of the chromosome to nonspecific envirgn-
mental alteration.  Therefore, the search for additional compounds which show
localized affinities for cuchromatin as well must be pursued. In this way, ope
might hope to find some agents which would increase our understanding lof
structural or functional regions of the chromosome.

Lysergic Acid Diethylamide (LSD-25)

To discuss the question of chromosomal breakage and the poséiblc signli-
ficance of those observations associated with ingestion of L.SD at the current
level of our understanding, and with an interpretation of the data at hand, is
very difficult. A number of recent publications dealing with various aspects of
this problem indicatc that a definitive answer is not yet available and further
investigative work is needed.  Almost all the positive findings which implicate
LSD as a potential excitant of genctic damage have been countered with nega-
tive findings utilizing almost the same test systems. I shall, therefore, attempt
to review the current work on LSD pointing out some of the difficulties en-

-countered in the various studies and possiblc reasons for the discrcp:mcics in

the published material.

In vitro experimentation utilizing six individuals (three males and three
females) showed a marked suppression of mitosis (50). The mitotic rate in
in vitro control cultures was 6.2% and a significant inhibition was apparent on
the addition of the drug in most concentrations. However, the longer the
exposure time to L.SD, the greater the suppression of mitosis.

The induction of chromosomal damage by LSD in these in vitro experi-
ments was also clearly demonstrated.  There was no significant difference
among the individuals nor between the sexces so the data were pooled. Among
the controls, 3.9% of the cells exhibited chromosomal abnormalitics, while
among the treated culrures, the lowest frequency of abnormal cells was almost
twice the control level (7.794); it ranged to over four times the control valucs
(17.5%). The vast majority of these abnormalitics were simple chromatid and
isochromatid breaks, although a few chromatid exchanges in dicentric chromo-
somes were observed (Fig. 11). Tt should be mentioned that all the morpho-

logic structural rearrangements (dicentrics and quadriradial figures) were seen’

in the treated cultures, and none were seen in the controls.  The distribution of
chromosome breaks, both among and within the chromosome groups, nppcnrcd
to be nonuniform. Such distributions were illustrared above with both strep-
tonigrin and mitomycin.  The centromeric regions of many chromosomes
appear to be more vulnerable to 1.SD) breakage than other regions as were the
obvious heterochromatic sccondary constrictions.
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Fig. 11. Types of chromosomal abnormalities observed in both the in vitro experiments
and from the leukocyte cuitures derived from drug ‘users’ showing chromatid breaks (a),
isochromatid breaks (b), dicentric chromosomes (c) (arrows indicate acentric fragments),
exchange figures (d), chromatid breaks giving rise to terminal deletions and acentric frag-
ments (e) and attenuation and breakage at the sccondary constriction in chromosome No.
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20 MAIMON M. COHEN

described who exhibited increased breakage as well as an increase in-structural
rearrangements (quadriradials). A series of five patients treated with pure LSD
showed an elevated frequency of chromosomal breaks and gaps (63). Another
serics of patients recciving pure L.SD for psvchotherapy in known dosages has
demonstrated a statistically signiﬁc.mt difference in structural rearrangements
as well as a transient increase in chromosomal damage berween the L.SD group
and the controls (6+4). Similarly, the report by Sparkes et al. (62), which was
considered negative by the authors, shows that all but onc of the quadriradials
and chromosomal interchanges was observed in the LLSD ‘users’ or those medi-
cally treated wich the drug. :

A sccond major problem is the concommitant use of additional drugs. This
difficulty is obvious in all the studics to date and deserves further investigation.
We have tested several of these agents, notably some of the tranquilizers
(various phenothiazines, diazepam and diazepoxide hydrochloride), both in vivo
and in vitro and find no suggestion of a chromosome breaking potential (8).
Additionally, environmental influences may play an important role. In evaluat-
ing those investigations utilizing ‘hippy populations,” onc must consider the
overall physical status of the subjects. It is well known that these communal
enclaves have high rates of venereal discase, viral infections, and gencral condi-
tions of malnutrition. These may be contributing factors to the results obtained.
However, insofar as .SD ingestion was a common selective factor for the in-
dividuals studied, it scems plausible that this agent may be, indced, the incitant
of chromosomal damage. However, the ultimate evaluation of the cytogenctic
cﬂ'ects of LSD in man will require observations made under rigidly controlled
circumstances.

The significance and potential dangers of chromosome breakage induced
by agents such as those discussed above must be viewed from several aspects.
First, there are the possible consequences to the individual exposed to the
agent. From this point of view, we have no definitive evidence derived from
man, but onc may discuss the problem from our knowledge of analogous situa-
tions which could give rise to similar tvpes of chromosomal breakage and
rearrangement. Chromosomal abnormalitics similar to those induced by the
above agents have been noted to occur spontaneously in three diseascs inherited
in an autosomal recessive pattern: Bloom’s syndrome (65), Fanconi’s ancmia
(66), and ataxia telangectasia (67). Patients with these syndromes show a
high propensity towards developing leukemia or other ncoplnsms. In this
context, cclls of neoplastic origin frequently illustrate a variety of chromosomal
aberrations, manyv of which are not unlike those scen after exposure to various
agents. Morcover, many of the agents known to produce similar aberrations
such as radiation and benzene in man and other species as well as viruses in
laboratory animals are known carcinogens.  Whether or not chromosomal
damage and genesis of ncoplasia are causually related is not known; however,
the association of chromosomal abnormalities in cancer is well documented. One
of the obvious potential dangers, therefore, of exposure to chromosome break-
ing agents is the possib]c furure increase in the incidence of leukemia and other
ncoplasms in the persons exposed. For example, the co-occurrence ‘of chromo-
somal aberration and acute leukemia in 1.SD users has now been observed in two
cascs (68, 69).

In addition, other less evident dangers exist, such as the teratogenic poten-
tial of such chromosome breaking agents. This may be examined through the

P
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roduction of congenital abnormalitics and increased abortions in cxpcrimcntal
animals studicd. Both streptonigrin and mitomycin C possess potential for
inducing tcratogenic deformities in various test systems (70, 71), L.SD, when
injected into female rats, hamsters, or mice carly mn pregnancy results in a
wide range of birth defects among the offspring (72-74). Recently, Alexander
et al. have demonstrated the inherited nature of such abnormalities in LSD
treated rats (75). Although the chromosomces of these malformed fetuses in
cxpcrimcntal animals werc usually not examined, the study of spontancous
abortions in man indicates that a high proportion of such abortuses do carry the
chromosomal abnormalitics (76); therefore, the possibility exists of chromo-
somal damage in utero lcading to an increased number of abnormal offspring.
Perhaps the greatest danger of such agents lics in the potcntial chromosome
damage to the gametes. Therefore, it is important to regard those drugs which
are capable of causing such damage with extreme caution. If chromosomal
damage similar to that observed in leukocytes and other somatic cells occurs
in spcrmatogonial cells and in functional gamectes, then the effects of these
agents may be truly a genetic one. It has been shown with strepronigrin (77)
and with £.SD (53 to 53) that chromosomal damage in rodent meiotic cells may
be induced. Ample evidence already exists in man that scgrcgation of trans-
Jocations results in chromosomal imbalance leading to fetal wastage in a high
pcrcentagc'of offspring with congenital abnormalities and mental retardation.
Since the carriers of such balance translocations are usually clinically normal, as
are many of their offspring, the consequences of this type of chromosomal
abnormality may not be apparent for scveral generations. .
This presentation has demonstrated the possibility of cytogenctic screening
as an assay of activity for various types of drugs. Although data can be

obtained indicating the type and severity of chromosomal damage induced by -

various agents, the implications and porc'ntinl significance of such chromosomal
breakage at present arc still unknown. Although definitive answers to many of
the qucstions raised by such rescarch associated with the effects of exogenous
agents arc not yet available, the present status of our information demands a
cautionary posture. Negative results rcgarding the mumgcnic potcntial of a
particular agent are not conclusive proof of its lack of effect, while positive
results warrant testing for reproductibility by further investigation.
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