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The technical advances of the last decade, particularly in the fields of tissue
": culture and cytogene_ics, have extended the stud)" of il]duced mutagenesis to

the chromosomal level. Four general classes of exogenous agents exist which

are capable of inducing chromosomal damage, and thereby, also possibly gene
mutatmns; these include radiation, some viruscs, physical stimuli, and a variety
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-compoum'ts and the heterogenous miscellaneous group
(1 to 6). Additionally, recent investigations have focused on scveral types of
common environmental agcnts including tranquilizers (7, 8) oral contraceptives
(9), fungicides (10), pesticides (I1) 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 cytogenetic invcstigation 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, i
also a streptomyccs derived antibiotic and, lysergic acid diethylamide (I,SD- i
25), a powerful hallucinogen, i

The most frequently used human cvtogenetic test system for the investiga- !
tion of exogenous agents is the peripher_d lx"inphocvte, q'he obvious advantages '
of this cell type derive fi'om its ease ,)f access and re'latively simple technktues of
culture yielding large numbers of dividing cells suitable for stud,,'. The usual
method of cell harvest and slide preparation is that of ._loorehea[l et al. (14)
with slight modifications. *lost modifications have resulted in the use of micro-

methods, necessitating only a few drops of peripheral blood. In 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 systems, i.e., in vitro and in vivo experimentation. In vitro studies necessi-
tate tim use of peripheral hmphocvtes from normal individuals who have not
bccn exposed to the agent in qucTstion (nor any other known chromosome
brealdng agent), radiation or recent viral infccti'ons. 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 way, a
dose-responserelationship can bc established between chromosomal damage'and
both concentration of the drug and length of exposure time. Additionalh',
drug effects on the rate of mitosis are rcadih" apparent. Several slides from each
culture arc prepared and coded. Usually 5_5mct._phases per slide :ate obtained
JSubst:mce of the Ammal Invitation Lecture given to the Genetics Society of Canada, at the University of
Manitoba. \Vinnipcg, Nl:miloba. May 16, 1965.
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i_ ' cells, and a nmmmun of 100 cells per treatment Is stu&ed. \\ ell-spread mitoses
are selected under low magnification (250 >(), and chromosomes are scored for
abnormalities under oil immersion phase contrast microscopy (approximately
1560 X). Once a cell is selected under low power, it is included in the study.

Abnormalities of the chromosomes (Fig. 1) arc scored as breaks only i(a
clear discontinuity and chromatid nonalignment arc visible. Breaks are classified
as 'chronmtid' if'onh" one chromatid is affected, and 'isochromatid' if both
sister chromatids are i_rokcn at the same location. Both these almormalities are

scored as single breaks. Single fragmcuts are included with chromatid breaks
while 'double fragmcnts' arc scored as isochromatid breaks. Dicentric chromo-
somcs and 'quadriradial' or cxchangc configurations are considered as containing
two breaks. Attenuated, pale-staining chroinosomal regions, other th:m normal
secondary constrictions without distal nonalignment, are scored separately as
_aps btJt are not includcd in. the calculation of breakage rates. \Vhenever
possible, each break is assigned to a givcn identifiable chromosome or chromo-
some group according to the l)enver classification (15). However, in some
cases, unidentified fragments are observed which are not classifiable.

Streptonigrin (SN)
SN, a derivative of Streptomyces [loccuhts, exhibits both antitumor and

antibiotic activities but has rarcly been used clinically due to its extreme cyto-
toxicity. Previous investigations indicate that SN" has profound effects on
macromolecular synthesis, in microorganisms. The drug induces bacteriophage
production in Ivso,_enic bacteria whilc inhibiting the net synthesis, of bacterial
DNA (16). In the prescnce of SN, a markcd 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 thcse
striking effects on macromolecular synthesis, tests of the activity of SN on
human chromosomes seemed warranted.

Figure 2 illustrates the effect of SN on mitosis of peripheral lymphocytes
derived from normal individuals. The cells were exposed 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.
The lowest concentration of SN showed no statistically significant deviation
from the mitotic rate in the control cultures. However, at both the 0.01 and

the 0.10 ,g/ml level, a statistically significant suppression of mitosis occurred.
This depression was linearalh" correlated with the length of exposure time.

A total of 395 SN ind'uced chromosome breaks and rearrangements of
various t)'pcs were observed in 701 treated cells (0.56 breaks/cell) as opposed to
four chromatid breaks in 150 control cells (0.03 breaks/cell). This latter figure
compares favorably with the range of control breakage rates of 0.0-6.0% en-
countered in most cytogcnetic laboratories. Both the mean number of breaks
per cell and the percentage 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 ,,g/ml of SN respectively, whereas 19.7, 35.1 and 42.23{
of the cells exhibited chromosomal breaks at these same concentrations. An in-

creased number of atmormalitics was also observed upon lengthcned exposure
time (19).

The assignment of SN induced chromosomal aberrations among the seven
groups of chromoson_es according to the l)cnver system of nomenclature (I 5
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1!_ Fig. 1. 3Ietaphasc cells ilhl_tl'aril_g types of chrom()s()mal d.ml:lge title to S._'. Cells
a through c wcrc treated with 0.01 /_g/nii of SN for 24 hr, while cell f W:lS trcatcd with
0.1 /_g/nll of SN for 6 hr. Arrows indicate type of chr()nlOSOmC danlagC: (a) chrl)matid
Ilrcak and accntric fragnicnts; (ll_ isochr(,n_arid blcak; (c) "tr;u_sh):':lriolf cry)%, "clld-to-clld'
fusioll, :llld L'hronl;Ithl Stl'a]ld; (d) cCntl'()mcre ;ltteiltLItio[1 ;lipid dncoilcd chrolnosoiile seg-

nlcnt; (e) and (f) fragnlcnr;ition and dcgcncratio_ ()f chl'()mosomcs.
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Fig. 2. The effect on mitotic rate wkh tllree concentrations of SN for varying lengths
of exposure. The curves drawn are least square lines calculated by regression analysis;

each point indicates the average mitotic rate for approximately 6,000"cells.

demonstrated an apparent nonrandom distribution according to length. If the
drug were acting randomh', per unit of chromatin then the distribution of
breaks should t)e according to the size of the chromosomes. The analysis in

Table I indicates that the chromosomal _,_roups were not affected ran_tomlv.
This ot)servation was c.xtcnded to the examination of intrachromosomal localiza-

tion of abnormalities (20). Since it is known that ionizing radiation causes
chromosomal breakage in a random fashion, a comparison between the effects
of SN and X-rays. was undertaken. In this study, chromosome selection was
limited to the mcmt)crs of (-;roup 1-3 in ordcr to insure positive idcntification
of individual chromosomes. An arbitrary total of 500 breaks among these
three chromosomes constituted the sample size. The cells treated with X-rays
wcre exposed to 50R or 75P, dclivcrcd at a ratc of 200R/minute calibrated "as
dose in air, while the SN pr.duccd almormalitics were derived from cells as
treated above.

\Vhen a chrom,so,ne of (;roup 1-3 was found with a break, the following
measuremcnts wcrc madc usin_r calil)rated ocular micromctcr: (I) total

lcngth; (2) length ofcacharm; (3 disrancefiom thecentromcre to the break.
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TABLEI

'Goodness of Fit' test for random distribution of chromosome breaks induced by strepton rin,
:;_ based on unit chromosome lengths given in the l)enver report

Ch o,oo omoI I I I t I
] group 1-3 4-5 6-12, X 13-15 16-18 19-20 21-22, Y Total

Observed 111 59 152 29 30 2 5 3
Expected 96.68 47.63 ] 140.54 t 39.46 ] 33 69 I 17.79 t 16.21

7.75

P < 0.005; df = 6.

The location of each break was then expressed as that percentage of the brok .'rt
chromosome arm from the centromere to the break, for example,

Distance from the ccntromere 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 eliminates 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 pcriccntromcric region (segment 0)
included the centromere and 103_ of the length of cach chromosome arm. The
rcmainder of the arm (90_) was divided into five equal segments. Chromo-
some breaks were thcn allocatcd to that segment of the arm encompassing. _ rlm
breakage point. Distribution of the brcaks according to chromosome scgments
was tested for randonmess by chi-square. The t'se of arm-ratio measurement
allows the calculation of the'total number of expected breaks per chromosome
arm. After assigning 103; of the total number of observed breaks of each
chromosome as the number expected in the periccntric region (segment 0), the
cxpccted number of breaks for each of the fire segments of each arm was
calculated from the rcmaining 903/° of the observed brcaks on the basis of arm
ratios.

The array of breaks among, chromosomcs 1, _ and 3 indicates a localized
distribution a}ter SN treatment (P<0.001). There was an exccss of breaks in

chromosome 1 with a corrcsponding dcficicncv in chrom_some 3. X-ray in-
duced brcaks were distributed randomly am(mg'thcse chr(mu_somcs (0.90 3; P >
0.80). A random distrit)ution of breaks was also obscrvcd within each chromo-
some treated with X-ray. In the SN treated cultures, however, both chromo-
somes 1 and 2 showcd significant dcviations from the random distribution with
an evidcnt concentration of breaks in the centromeric rcgions (Fig. 4). In
chromosome 1 the number of brcal_s causcd b\ SN incrcascs at l_oth_tel0mcric

regions. The grcatcst conccntration of brcaks appcars :at the ccntromere and
the secondary constriction whicla lies in scgmcnt 1 of the long arm. Chromo-
sonic 2 shows a diffcrcnt distribution pattern of brcaks whcn SN is used. _\gain,
the greatcst numbcr of breaks occurs in thc ccntromcric rcgion, ltowcvcr,
thcre is a striking paucity of breaks ia thc short arm. Thc,'c is also a decrease
in the numl)cr of SN induced I)rcaks in thc tclomcric rcgion of the hmg arm
of No. 2. In chromosome 3, although the distrilmtion of brcaks caused by SN
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' does not deviate significantly from randomness, there is a tendency for the
telomeres to appear relatively resistant. These data suggest a markd difference
iI_ the response of the ccntromere regions of the three chromosomes to treat°
mcnt with SN. The ccntromcric segments of chromosomes I and 2 seem
highl.v susceptible to tweakagc in contrast to the centromere of No. 3. This
study indicates that SN induces chromosome breaks in No. 1 more frequently
than" expected; the distribution of breaks within thc chromosome is localized.
Chromosome 2 breaks in proportion to its length; however, there is a non-
random distributio,_ to breaks within the chromosome. The short arm of No.

2 seems resistant to SN breakage. Alth(mgh there is significant deficiency in
the number of breaks in chromosome 3, thcse breaks are randomly distributed
over the length of the chromosome.

' Mitomycin C (MC)

' MC is a chemically reactive antibiotic derived from Streptolnyces c,repito-

sus. This drug selcctix:e]v inhibits I)NA synthesis (21-29) and degrades cellular
I)NA, but does not affect the synthesis'of RNA nor protein (30-32). MC
induces bacteriophage production in Ivsogenic bacteria (33, 34), increases the
rate of genetic recombination -mmn,, mutant forms of E. coil (_9, 29, 35), and
possesses antitumor activity (22,35). In various other types of cell cu!ture
systems, .\IC inhibits mitosis, reduces cell viability and produces nuclear dis-
organization and giant cells (37). Several models for the mechanism of _IC
activity have been suggested. Reich et al. proposed that .\IC acts through
scission of the DNA strands, thereby preventing replication (31). This implies

D. A is destroyedthat the template competence of the N (30). The depoly-
meriT.qtion of DNA and the accumulation of acid soluble fragments suggests
that the DNA polymerase system is the possible target of .\IC activity (24, 31).
Recently, it has been proposed that the primary action of .\IC is "the 'cross-
]inking"of the complimentary strands of the I)NA molecule, and that degrada-
tion of I)NA may be of a secondary nature (38).

The effects of ._IC were tested on human leukocyte chromosonaes similarly

to that outlined for streptonigrin (39). Treatment w_th 5 ,g/ml of .\IC resulte'd
in total cell destruction. At 1 ,g/ml, the mitotic rate was significantly lower
than normal, and numerous chromosomal breaks and exchange figures were
observed, while at the concentration of 0. I u_/ml chromosome dama,,e was

less marked. At comparable molar concentrations, ._IC is less potent than
streptonigrin: 2.0 X 10-:.\I SN for 24 hours resulted in chromosome fragmenta-
tion and cell disintegrati(m (19), whereas cultures treated with 1.8 X 10"M MC
(I ,g/ml) contained some normal apt)carin(* chromosomes. ._IC did not break

the chronmsomes randomh" in proportion to the relative length but, as with

streptonigrin, showed a localized distribution of breakage. The largest devia-
tion from randomness was found among chromosomes 1, 9, and 16. F'igure 5
shows the distribution of .\IC induced chrom(Jsonae breaks within these three

chromoso,_ms. As noted by many auth(_rs (40-43), the human claromosomes 1,

9, and 16 possess prominent secondary constrictions. These areas appear to be
focal points of .\IC activity since high percentages of chrom(Jsome breaks
occurred in these 'target areas.' Upon removal of the breaks found in these
secondary constriction regions and subsequent rcresting of the chromatin com-
plemcnt,'tlac distribt, tion of breaks was random (0.50 2> P > 0.25). e
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Fig. 4. The distribution of chronmsomal breaks caused by SN and X-ray in chromo-
some ,N'os. 1, 2, 3.

More striking than the chromosome breaks, however, was the exaggerated
appearance of the secondary constrictions after mitomvcin treatment as indi-
cated I)), Fig. 6. Other chromosomes of the complement] in addition to numbers
1, 9 and 16 in which hererochromatic regions have been described, were
apparently not strongly affected by .\IC.

In some .\IC treated cells, chromosomal e×changcs (quadriradial figures)
were observed which resenibled the pacla)'tene cross configurations seen after
a reciprocal translocati,m in meiosis. The frequcnc)" of these exchange config-
urations increased with .\IC concentration. Among 118 exchanges analyzed,
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Fig. 5. The distribution of breaks within chromosonies Nos. 1, 9, and 16.The secondary
constriction lies in segment I of tlae tong arm in each chromosome.

60.2% of the figures apparently, occur between homologs, or apparent homologs.
Similar figures have been obscrved following .\IC treatment (44) and they have
bccn rarcly obscrvcd i,_ untrcatcd lcukocvtc, cultures (45). Thercforc,;{ study
was undcrtakcn concerning the typcs ¢)f exchanges ol)scrved, thc chromosomcs
involvcd, and thc points of brcakagc in intcrcha,agc. Tl{csc data indicatc that
homologous cxch:mgcs occur far in cxccss of what/night bc cxpcctcd by. chance
and that the gcnetic consequenccs of some of these exchanecs. . may be analogous
to somatic crossing, ovcr (46).

a sample of 238 exchange figurcs was ol)taincd and rcprcscntatives of such
exchanges as shoxvn in Fi_. 7. 'lhcse cxch:mgcs wcrc classified into five types
on the basis of homolo_v_, and typcs of reunion. These arc illustrated in I,'i,_.,.g.
Classes 1, II and III comprise homoh_gous chromosomes, Classes I and 1! .yielding
symmetrical figures bur dil'fcring in the arrangement of the ccntromcres,
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Fig. 6. Exaggerated secondary constrictions and breaks at secondary constrictions of
chrotnosomes Nos. 9 amt 16induced by mltomvcin C.
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whereas Class III yields an as),mmetrical figure. Class IV includes exchaOges
between chromosomes which arc nonhomologous. The fifth type of classi_ca-
tion invotvcs exchanges including more than two chromosomes or coml_lex
exchanges. A total of 238 exchange figures was studied. As shown m Tabl_ II,
220 were simple two-chronaosomc exchanges while the remaining 18 Were
complex configurations involving more than two chromosolnes. As can be seen
from Table II, 110 of the 220 exchanges involved real or apparent homolo_gs.
This is a marked excess, not only of homologous exchanges in general, butlof

exchanges between certain pairs of chromosomes. Table III indicates _he
detailed breakdown of tim types of exchanges observed. Of the 110 homolo-

gous exchanges, 36 involved the two No. 1 autosomes and 36 occurred in l lae
,No. 9 pair. It is also noteworthy that 14 of the nonhomologous exchan_ es
occurred between Yos. 1 and 9." Several statistical tests were performed' :o

show that the exchanges were not random with respect to: (1) individual
chromosomes involved; (2) relative chromosomal length; and (3) frequency )f

breakage of specific sites with random reunion of the broken ends.
If all chromosonaes had an equal prohability 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 complement. Thus, an average value for the two sexes is
0.124 which asserts that, on the assumption of equal probability for each chro-
mosome, there is less than one chance in eight that the two claromosomes chosen
randomly will be real or apparent homologs. Clearly, 110 of 220 (50%) is a !i
significant excess of homologous exchanges, and apparently claromosomal asso- i
elationin theseexchangesisnotb)"chance.

The probabilit)" that any chromosome is involved in an exchange could be
relatcd to the total chromatin length, if tim drug acted uniformh" throughout
the cbromatin material to produce exchange. Again, the data argue against such
an interpretation. Using the mcasurcnlcnts of the Denver nomenclature (15),
it may be calculated that chromosome 1 constitutes approximately 93/0 of the

• " " o"length of the X-contamm a haploid complenacnt. Thus, two .No. 1 chromo-
1,o at a time (0.09_). Insomcs would bc expected to be excha,_gcd less than o/

fact, 16.4_o of the two chromosome exchanges involve chromosome 1 which

is greatly in exccss of the prediction.

"FAlmV. II

Frequencies of various classes of mitomycin induced chromosome exchanges

Class* Number observed

Simple exchanges:
Class I 45 ....
Class11 57 ....
Class I I I 8 ....
ClassIV 1I0 . •

Subtotal 220

Complex exchanges:
Class V .. 18

Total .... 238

*See Fig. 1 for definition of classes.
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It is probable that the obscrvcd cxchangcs result from brcakage and rcunion
without subsequent separation of newly formed chromosomes. It has also been
shown that mitomycin C causes a nonrandom excess of breaks in chromo!omes

!

I, 9 and 16, primarily in the heterochromatic regions of the long arms. I_ it is
assumed that breakages are equal in 1 and 9 and that reunion of brokemends
is random from cell to cell, then two thirds of the expected exchanges _would
involve 1 and 9 together, while one third of the exchanges would consist o_fthe
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 N_. 9.
Much of this association may be due to a disproportionate contribution or[the
'target chromosomes" (f and 9) which are most frequently affected. Therefore, ,'
chromosomes 1 and 9 were omitted from consideration, and a recalculatioO of
the break frequencics of the remaining chromosomes was obtaincd. Chi-sq_mre "
calculations demonstrated that these residual exchanges were still preferenti_llv
homologous, indicating that exchange figures are not due to random reunioq of
breaks, and another explanation is I_ceded.

A possible explanation for such occurrence may be the existence of sore}tie
pairing in human cells. If somatic pairing occurs normally, or if MC inddces
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
sites during DNA synthesis, and if homolog synchrony occurs in the sequence
of human chromosome replication, the interaction of homologs may be expected

TABLE III

Distribution of 220 mltomycln induced exchanges involving two chromosomes

Second chromosome or group involved
Chromosome Total

or group 2 ]I exchanges

1 3 B 9 C D 16 F G Y

•36 1 0 |4 4 3103310 82

2 1 | 1 | I 0 0 0 0 1 0 6

'3 , , , , 0 , 0 0 0i0_ .'36 ,, _ _ 0 '3 ,_ 0_ 00
C . . 12" 4 2 0 0 5 01 23
D .I ...2101110 5
16 .1 ..... 5 0 0! 01 0 5

E i ...... 2 1 0 0 3F ..... 8 2 0 10
G .I ....... 1 0 1
Y . I 0 0To,a,_,,a,_ _0,__ __0_, 3i _,,_ , ,_ ,_ 0 2,0
Total chromosomes 118 " 8 40 1114 54 20 29 8 29- 1'3 0 440

I

• Five of these exchanges involved definite nouhon'iologs (e.g. 6 and 12).

Fig. 7. Chromosomal exchanges .bscrvcd as 'translocation' c,mfigurations. Group A,
exch:mgcs between apparent pairs of homologucs; sccond row d¢lllOliStlatcs exchanges at
secondary constrictions in chromosome pair No. 9; Group B, exchanges between non-
honmlogous Cl]I't}Ill(ISOIlICS; (]Jroup C, exchanges involving lllOrC thatl txvo chr(ml(_sonles.
This is a composite platc with xa,ialflc magnifications.
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wirhoutrecourseto somaticpairing.The dataIcndcrcdcnccto both thcorics
and cannot discriminatebctwccn them. Furthcrmorc,somaticpairingand

homolog synchrony in DNA synthesisarc not necessarilymutually exclusive
events.

It might be argued that the Class I configuration (Fig. 8) rcprescnt mere
chromosome association without actual breakage in the exchange of segments.
Scveral cytological observations argue against this interpretation. If Class I
figures were far in excess of Class 1I, then it might be concluded that pairing
without breakage and reunion occur. In a]l the Class |I figures, howcvcr, there
is cytological evidence for brcakagc and exchange as shown by thc possible
emergence of diccntric chromosomes and acentric fragments (Fig. 9). It docs
not seem reasonable to prcsmnc, therefore, that breakage never occurs in Class I
but always occurs in Class II exchanges. Figure l0 diagrams the three possible
outcomes of breakage and reunion in two non-sister homologous chromatids.
Random reunion of the four free chromosomal ends would result in equal fre-
quencies of restitution, Class I and Class II figures. However, thc rcstitutcd
breaks should not remain in a cross configuration and would not bc detected at
mcraphasc. Therefore, ttie expected distribution of C]ass I and Class II ex-
change figures would approximate a l: 1 ratio. In other words,/or cvcry Class
II exchange which is observed, there should bc a corrcsponding Class I figure

, which resulted from breakage and reunion and not merely homologous pairing
: without exchange. In point of fact, there were 45 Class'I figures and 57 Class

i ClassI CrossII

Homologous-alternate symmetrical Homologous-adjacent symmetrical

(o) (b)

Crossrrr ClassN"

Homologous -_osymmetrlcol Non homologous

(¢1 In}

Fig. 8. Chmnmsomc exchange Classes I to IV..N'orc rh.at symmetry, in (a) occurs ill
both vertical and horizontal planes while the axis of symmetry in (b) is only in one diag-
onal plane through the exchange points.
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Fig. 9. Photomicrographs of'chronlosoule exchanges induced by initoiTIvci]l C. (a)

Class I; (b) Class 11; (c) Class I (arrow indicarcs unhealed break :it point of exchange);
(d) Class IV (short arm of No. 2 exchanged with long arln of a C-group chromosonie);
(e-f) Class V (arrows point to acroccntric chromosomes invoh'cd in the exchange at their

SAT-zones).

II figures which fit the expected I: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), combining the cytological cvidcnce with logical :u'gunlcnts, the svln-
metrical homologous cxchangcs with oppositc centromcrcs (Class I) may
represent true cxchangc of genetic material am| that mitomvcin C may indeed

be implicated in inducing or maintaining somatic crossing over. Critic_d proof,
however, will be obtained, of course, only through the use of suit-d)lc genetic

markers. If this phcnonTenon can lie il]duccd ill diploid t]l)rol)last cultures
in vitro from tissues of individuals with inforln:ltional genetic markers, then
many of thc problems in human somatic cell genetics may be :macnal)Ic to cxpcri-
mental attack.

r" "l_
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From consideration of the localization of the induced effects by both
streptonigrin and mitomycin, an apparent nonrandom distribution of chromo-
somal breaks exists. Although the significance of such!specificities is poorly

' understood, some general inferences may be drawn. In a_dition to these agents,
i most specific effects exhibited by other drugs ,aswell hav_ been localized in the
! heterochromatic regions of the chromosomes (e.g. the cen!romeres or secondary

constrictions). These cffccts, however, may not be direct rcsponscs to the
action of spccific agents alone, since the enhancement, exaggeration and, pos-
sibly, brcakagc of hctcrochromatic secondary constrictiol s may also be inten-

: tiffed by various physical and chemical manipulations, c _. fixation treatment
(42), the use of calcium free medium (43), and cold lock (47-49). The

similarity of cffccts induccd by both nonspccific treatment and specific agents
cast some doubt upon the specificity of certain agents.

That localization of specific chromosomal breakage ,lay be a useful tool
in the dctcrmination of chromosome structure may be p_trticularly true for

those agents whose chemical actions are well determined. /Similar knowledge
|

,i

a It ui f?
Restitution Class I Class IT

|:ig. ]0. _rt.akagc in hon_o|ogous rcglons of nonsistcr chromatlds can rcsu]r in three
tyl_cs of reunion, If rcunlon of the four broken ends occurs randomly by twos, then the

three t)pcs will occur equally frequently. Rc,_tittJtion would probabl')" not bc detectable
cytolt_gicall), as an cxchange.
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concerning additional compounds manifesting specificities for different chromo-
soma1 regions (cuchromatic) may lend insight into the structure of these

regions. Although the agents discussed in this presentation appear quite exciting
in experimental studies, one must exercise cautio,_ in the interpretation of their
specificities. Many published reports describe gross morphologic .chromosdmal
alterations which are quite removed from the structural or.funcnonal leve_ of
the genetic material. In addition, the observed effects arc often overlapping and
can bc simulated by many agents capable of causing chromosome breakage.

Since most of these agents affect only heterochromatic regions, one must c_n-
sider the possibility that. the specificity may not reside in the agent but rat_er
may reflect the specific response of the c]_romosome to nonspecific envirc_n-
mental alteration. Therefore, the search for additional compounds which sh_w
localized affinities for euchromatin as well must be pursued. In this way, olae

might hope to find some agents which would increase our understanding _)f

structural or functional regions of the chromosome.
l

Lysergic Acid Diethylamide (LSD-25) I.
To discuss the question of chromosomal hreakage and the pos._ible sigdi-

ficance of those observations associated with ingestion of LSD at the current
level of our understanding, and with an interpretation of the data at hand, is i
very difficult. A number of recent publications dealing with various aspects of

this problem indicate that a definitive answer is not yet available and further
investigative work is needed. Almost all the positive findings which implicate
LSD ,-asa potential excitant of genetic 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 pointiJlg out some of the difficulties en-
countered in the various studies and possible reasons for the discrepancies 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

9°/in vitro control cultures was _._ ,o and a significant inhibition was apparent on
the addition of the drug in most concentrations. However, the longer the
exposure time to LSD, the greater the suppression of mitosis.

The induction of chromosomal damage by LSI) in these in vitro experi-
ments was also clea,'lv demo,_strated. There was no significant difference

among the individuals "nor bctwce,l the sexes so the data were pooled. Among
the controls, 3.9T_o of the cells cxhihitcd chromosomal ahnormalitics, while

among the treated culturcs, the lowcst frcquenc)" of abnormal cells was ahnost
twice the control level r7 7 °/x • /o); it ranged to over four times the control values
(17.5_). The vast majority of thcsc abnormalities were simple chromatid and
isochromatid brcaks, although a few chromatid cxchanges in dicentric chromo-
somcs were ol)served (Fig. 11). It- should be mc,ltioncd that all the morpho-

logic structural rearrangements (diceutrics and quadriradial tigures) were sc6n-
in the treated cultures, and none were seen in the c_,atl'ols. The distributio,a of
chromosome brcaks, both amon._ and within the chromosome _roups, appeared
to bc nonuniform. Such distributions wcrc illustrated abovc with both strcp-

tonigrin and mitomvcin. Thc ccntromcric regions of many chromosomcs
appear to be more vtdnerable to l.SI) breakage than other rcR,ons as were the
obvious hctcrochromatic secondary constrictions.

: ,g.
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Fig. 11. Types of chromosomal abnormalities observed in both the in vitro experiments
and from the leukocyte cultures derived from drug 'users' showing ehromatld breaks (a),
isoehromatid breaks (b), dicentrle chromosomes (c) (arrows indicate aeentrl¢ fragments),
exchange figures (d), chromatid bre._ks giving rise to terminal deletions and aeentrlc frag-

, ments (e) and attenuation and breakage at the secondary constriction in chromosome No. t
9(f).
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described who exhibited increased breakage as well as an increase in structural

rearrangements (quadriradials). A scrics of five patients treated with pure LSD
showed an elevated frequency of chromosomal breaks and gaps (63). Another
series of patients receiving pure LSD for psychothcrapy in known dosages has
dcmonstrated a statistically significant diffcrcnce in structural rearrangements
as well as a transient incrcasc in chromosomal damage bctwccn the LSD group
and the controls (64). Similarly, thc rcport by Sparkes et al. (62), which was

considered negative by the authors, shows that all but one of the quadriradials
and chromosomal interchanges was obscrvcd in the LSD 'users' or those medi-
cally treated with the drug.

"A second major problem is the concommitant use of additional drugs. This
difficulty is obvious in all the studics to date and dcscrvcs furthcr invcsngation.

\Ve ha('e tcstcd scvcral of thcse agents, notably some of the tranquilizers
(various phenoth_azines, diazcpam and diazepoxide'hydrochloride), both in vivo

' and in vitro and find no suggestion of a claromosome breaking potential (8).
Additionally, enviro,amcntal influences may play an important role. In cvaluat-

! ing those iilvestigations utilizing 'hippy populations,' one must consider the
i overall physical status of the subjects. It is well known that these communal
: enclaves have high rates of venereal disease, viral infections, anti general condi-
' tions of malnutrition. These may be contributing factors to the results obtained.
i However, insofar as LSD ingestion was a common selective factor for the in-

dividuals studied, it seems plausible that this agent may be, indeed, the incitant
of chromosomal damage. However, the ultimate evaluation of the cytogenetic
effects of LSD in man will require observations made under rigidly controlled
circumstances.

' i 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 evidcnce derived from
man, but one may discuss the problcm from our knowledge of analogous situa-
tions which cou'ld give rise to similar types of chromosomal breakage and
rearrangement. Chromosomal abnormalities similar to tlmsc induced by the
above agents havc bccn noted to occur spontaneously" in three diseases inhcrited
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 neoplasms. In this
context, cells o1"neoplastic origin frequently illustrate a variety of chromosomal
aberrations, many of which are not unlike those seen after exposure to various

agents. .\lorcox'er, 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. \Vhether or not chromosomal
damage anti genesis of ncoplasia are causualh" relatcd is not known; however,
the association of chr_mlosomal abnormalities "in cancer is well documented. One

of the obvious potential dangers, therefore, of cxposure to chromosome break-
ing agents is the possible future increase in the incidence of leukcmia and other
neoplasms in the persons exposed. For example, tim co-occurrence of chromo-
somal ;aberration and acute leukemia in I.SI) users has now hcen observed in two

cases (68, 69).
In addition, other less cvident dangers exist, such as the teratogenic poten-

tial of such chromosome breaking agents. This may be examined through the

! _..-
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production of congcnital abnormalities and increased abortions in expcrhnental
animals studied. Both strcptonigrin and nlitomycin C posscss potential for

inducing tcratogcnic deformities in various test s,;stcms (70, 71), I.SD, when
injectcd into female rats, hamsters, or mice carl\, in pregnancy results in a
wide range of birth defccts among thc offspring (72-74). l;'.ecently, Alexander
et al. have demonstrated the inherited nature of such almormalities in LSD
treated rats (75). Although the chromosomes of these malforlned fetuses in

experimental animals were usually not examined, the stud), of spontaneous
abortions in man indicates that a high proportion of such abortuses do carry, the
chromosomal almormalities (76); therefore, the possibility exists of chromo-

somal damage in utero leading to an increased number of abnormal offspring.
Perhaps the greatest danger of such agents lies in the potential 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 spermatogonial cells and in functional gametes, then the effects of these i
agents may be truly a genetic one. It has been shown with strcptonigrin (77)
and with LSD (5 3 to 55) that chromosomal damage in rodent meiotic cells may
be induced. Ample evidence already exists in man that segregation of trans-
locations results in chromosomal imt'_alance leading to fetal wastage in a high

percentage'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 c'hromosomal
abnormality may not be apparent for several generations.

This presentation has demonstrated the possibility of cytogenetic 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 pote'ntial significance of such chrolnosom:_l
breakage at present arc still unknown. Although definitive answers to many of
the questions raised by such research associated with the effects of exogenous
agents are not vet avTfilable, the present status of our information demands a
cautionary- posture. Negative results regarding the mutagcnic potential of a
particular agent are not conclusive proof of its lack of effect, while positive
results warrant testing for reproducibility by further investigation.
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