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ABSTRACT

There are marked qualitative and quantitative differences in the patterns
of chromosomal damage observed after irradiation of spermatogonia, sperma-
tozoa and oocytes of mice. These differences often result from reduced or zero
transmission of particular classes of abberration arising in pre-meiotic germ
cells. Probably this is the reason why the level of X-chromosomal and autoso-
mal monosomy is not increased after spermatogonial irradiation. Similarly,
the reduced transmission of certain d-se deficiencies may help to explain their
low F, frequency after pre-meiotic as compared with later irradiation. Sperma-
tozoal irradiation has revealed no Robertsonian translocations, but has produced
some types of reciprocal translocations which apparently are not transmitted
to the F, after spermatogonial treatment because they prevent maturation of
the male pre-meiotic germ cell. Thus they cause sterility in males, but not in
females. They include X-autosome and Y-autosome translocations, those giv-
ing a metacentric or sub-metacentric chromosome (with reciprocal product
present) and those in which one break-point is in or near the centromeric
heterochromatin while the other is more distally placed. This last group (which
grades into male sub-fertile conditions) gives a preponderance of chain con-
figurations (often with one separate univalent) in heterozygotes of both sexes
at meiosis and a high incidence of somatic marker chromosomes. Nondisjunc-
tion associated with the univalent generates tertiary trisomics, which are usu-
ally male-sterile also and may show phenotypic abnormalities. Sterile males
with complete separation of X and Y chromosomes have also been reported
after mutagenic treatment of meiotic and post-meiotic germ cells. Such sepa-
ration seems to prevent a primary spermatocyte from forming a secondary one.
The usual derivation (in mouse and man) of tertiary irisomics from mothers
rather than from fathers may be due to a similar block, together with a general
tendency for male heterozygotes for the parental balanced translocation to be
sterile or sub-fertile. Mature oocytes tend to resemble spermatoza in the types
of aberration produced by irradiation, which include the male-sterile transloca-
tion, but more data are needed. Many of the aberrations described contribute
to the human cytogenetic load and can be studied in the mouse from this point
of view.

HE foundations of all we now know about the induction of structural changes

in mammalian chromosomes were laid by HErTwic, SNELL and others some
forty years ago. In 1935, for instance, the term “semi-sterile” was coined by
SNELL, to describe those progeny of irradiated animals which consistently pro-
duced small litters. SNELL realized that this phenomenon was due to the presence
of a reciprocal translocation and made a thorough study of its genetics, while
Kovrrer and AuerBacH (1941) succeeded in demonstrating its cytological effects
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at meiosis. At an early date also it was discovered by Hertwic (1938) that semi-
sterility and full sterility in F; males were particularly associated with those off-
spring resulting from treatment of postmeiotic stages (the so-called Friihproban-
den) rather than pre-meiotic ones. Dominant lethality induced by X-irradiation
of these post-meiotic stages was also studied at this period and in 1937 BRENNEKE
was able to demonstrate the existence of micronuclei in early embryos sired by
irradiated males.

In postwar years, technical advances led to an upsurge of interest in human
chromosomal anomalies and a realization of how significant and serious a com-
ponent of the genetic load these were. The need for related studies in experi-
mental mammals was obvious, especially when it was realized that reciprocal
translocations could be induced in spermatogonia and were responsible for most
of the overt genetic damage in the next generation (GriFreN 1958; Lyon, PHiL-
L1ps and SEarLE 1964). Translocations have been much studied in recent years
but information is also available on aneuploidy, deficiencies and inversions. The
last will not be dealt with here, in view of Roperick’s (1971) review.

Nondisjunction and chromosome loss

Specific locus experiments have provided evidence on some types of chromo-
somal damage induced in the spermatogonia and oocytes. The original stock
(RusseLL 1951) carries linked genes, namely ¢ and p on chromosome 7* (14
units apart) and d and se on chromosome 9 (only 0.2 units apart). While no
simultaneous ¢“—p mutations have been reported, two sorts of simultaneous
d-se mutations have been distinguished by RusseLr and RusseLr (1960). These
comprise (i) presumptive deficiencies covering both loci and transmitting a
lethal effect and (ii) non-transmitters of lethal or deleterious effects, behaving
exactly as if homozygous for the specific locus alleles. RussgLL and RUSSELL pos-
tulated that these “‘zero-transmitters” were the result of nondisjunction in both
parents, thus receiving two chromosomes 9 from the tester stock carrying d and se
but none from the wild type control or treated parent. This seems the most sat-
isfactory explanation, although other mechanisms of chromsome loss besides non-
disjunction may operate in the wild type stock. All four simultaneous d—se mu-
tations in the Oak Ridge control series were of the zero-transmitting type, but
of two found in Harwell controls (CarTeR, Lyon and Parrrips 1958) one was
of the zero-transmitting and one of the deficiency type (see SEarLE 1974). The
only other definite zero-transmitter in Russerr and RUssELL’s original series
occurred after irradiation of oocytes. Thus there was no evidence for induction
of chromosome loss in males and little evidence in females. Data in males came
mainly from spermatogonial irradiation, in which autosomal and X-chromosome
loss presumably act as cell lethals. Autosomal monosomy in metaphase I sper-
matocytes seems to be very rare after spermatogonial irradiation. Moreover, the
low level of extra embryonic lethality after such irradiation mainly arises from
unbalanced gametic products of translocation induction (Lvown, Prarrrips and
Searre 1964; Forp et al 1969). The fate of spermatogonial cells lacking a ¥

1 Nomenclature recommended by COMMITTEE ON STANDARDISED GENETIC NOMENCLATURE FOR MICE
(1972).
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chromosome is less clear-cut. A clone of presumptive XO spermatocytes was
found after early embryonic irradiation (SearrLe and Prairries 1971) and sex-
reversed (Szr) XO male mice can produce spermatozoa (unlike XX males)
although these were grossly abnormal (Carranacm, Porparp and HAwKEs
1971). Evans, Forp and SearrLe (1969) found no XO cells in spermatocytes of
an XO/XYY male and thought this was due to adverse selection. Such a tendency
would help to explain why RusseLr and MonNTcomERY (1970) found no signifi-
cantly increased incidence of XO offspring after spermatogonial irradiation of
mice, in contrast to positive findings after exposure of meiotic and post-meiotic
stages (RusseLL and Savrors 1963; RusseLL and MoNTGOMERY 1966).

From these results we can deduce that in the mouse (i) chromosomes differ in
the extent to which they undergo spontaneous loss or nondisjunction, (ii) the
spontaneous frequency of d—se deficiencies is low in males, (iii) any chromosome
losses produced in spermatogonia are not normally transmitted to the next gen-
eration. It seems doubtful whether complete trisomy (the best evidence for non-
disjunction) is induced by spermatogonial irradiation to any marked extent,
since an extra chromosome is only very rarely found in mouse spermatocytes at
metaphase I or II after gonial irradiation or in controls (Evans 1973). Much
more information is required, however, before we can know to what extent ir-
radiation induces nondisjunction in different mammalian germ cells. The im-
portance of this problem is obvious, in view of the very severe malformations and
considerable social load associated with human trisomics.

Deficiencies

The rate of recovery of d—se deficiencies from specific locus experiments is
lower after X- or y-irradiation of spermatogonia than of spermatozoa or oocytes,
although the effect is less marked after fast neutron irradiation of gonia (see
Russerr 1971). Russerr and Russern (1960) found that d-se deficiencies
derived from X-irradiated spermatozoa or oocytes often showed markedly
reduced transmission, combined with an effect on the size of the heterozygote.
From an analysis of litter size and other data the authors concluded that this
reduced transmission was probably a gametic rather than a sub-lethal effect. If
so, these deficiencies resemble those recessive t-locus mutations which show low
transmission ratios (see BrapEn 1960, 1972). However, one difference is that
transmission ratios are normal in females heterozygous for the ¢ alleles but
reduced in both male and female carriers of d-se deficiencies.

The induction of deficiencies can be inferred at the ¢ (albino) locus as well,
for a number of lethal albinos “alleles” have been recovered. Since there is
evidence that the ¢ locus is either the structural or possibly the regulator locus
for tyrosinase (FosTer 1965; HEARING 1973) intragenic mutations should at most
lead to complete inactivation of the enzyme, with non-lethal albinism as the
consequence. ErRicksoN, GLUECKsOHN-WaEeLscH and Corr (1968) have found
that homozygotes for some of these lethal alleles suffer from hypoglycemia due
to a deficiency of glucose-6-phosphatase, an enzyme which metabolically is
unrelated to tyrosinase. This suggested that neighbouring loci were involved. The
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recent finding by Erickson, Eicuer and GLuecKsouN-WaELscH (1974) that
some of these “alleles” involve a deletion of the Mod-2 locus, 1.1 units from ¢,
confirms this belief.

Two of these presumptive c-locus deficiencies, one (¢*¥) induced in foetal
female and the other (¢®#) in foetal male germ cells, have been studied at Har-
well. Neither showed any disturbance of transmission. Nor did a d-se deficiency
recovered after spermatogonial irradiation and studied by RusseLr and RusseLL
(1960). Russerr. (1971) found that d—se aberrations tended to be somewhat
larger in those groups with a higher total frequency of aberrations (post-gomial
stages and oocytes), than in spermatogonia. Perhaps larger deficiencies are also
induced in spermatogonia but are not transmitted, or perhaps they are not
induced. Either process would help to explain why d—se deficiencies are rarer
after spermatogonial than after oocyte or post-meiotic irradiation, but RusseLr
and Russert (1960) thought that the difference in frequencies was too great
to be due to reduced transmission alone. Work on a range of different deficiencies
is needed to solve the many interesting problems connected with them.

Translocations

Turning to reciprocal translocations, we find that the commonest type of
multivalent configuration after spermatogonial irradiation is the ring quadri-
valent, with chiasmata in all four arms. One recognizable type of chain quadri-
valent is particularly rare, namely that involving the X chromosome. Only about
five percent of the expected number were found in mouse spermatocytes in a
series of experiments involving spermatogonial irradiation (SEARLE e? al. 1971).
All reciprocal X-autosome translocations known in the mouse cause sterility in
the male (see Erxcuer 1970), as do most recovered in Drosophila also (LirscHyz
and LinpsLey 1972). Moreover, many of the mouse ones lead to failure of sper-
matogenesis before the onset of meiotic metaphase I (Excuer 1970). If they have
an autonomous action on the germ cells carrying them then the resultant cell
selection may help to account for the rarity of this type of translocation in meta-
phase I (Russerr and MonTcoMeErY 1969). However, there also seems to be
a general dearth of X-autosome translocations, even after postmeiotic irradiation
(Lyon and MerepiTH 1966), when germinal selection is unlikely to be operative
although zygotic selection may be. Russerr and MoNTGoMERY (1969) found
deleterious effects in females heterozygous for all their translocations involving
chromosomes X and 7, but these were relatively minor.

Lirscuyrz and Linpstey (1972) have suggested that X-autosome transloca-
tions are male-sterile because they interfere with inactivation of the single X
chromosome in primary spermatocytes, which they regard as a fundamental
control mechanism required for normal spermatogenesis. However, many com-
pletely autosomal translocations are male-sterile in the mouse (Lyon and
MerepitTe 1966) and the immediate cause of this sterility is the same as with
X-autosome ones, namely spermatogenic failure. It is not clear at present how
these translocations would interfere with inactivation of the single X chromo-
some, but, as we shall see, they do have some peculiar properties.
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The induction of translocations in mouse spermatogonia leads to two main
effects in the next generation. The first is extra embryonic lethality, with conse-
quent reduction in litter size. This occurs because the unbalanced products of
translocation heterozygotes, arising at meiosis, are transmitted as efficiently as
the balanced translocations themselves, and usually lead to intrauterine death
(Lyon, PaLrirs and SearLe 1964; Forp ef al. 1969). Second, it leads t» the
presence of “semi-sterile” individuals, giving litters of half normal size, again
because of embryonic lethality. The low incidence of male sterility in the F,
generation after spermatogonial irradiation contrasts with the high incidence
after post meiotic germ cell irradiation. Moreover, the sterility after gonial
irradiation does not seem to result from translocation heterozygosity (Forp et al.
1969) while that after post-meiotic irradiation certainly does, as we shall see.
This suggests that wholly autosomal male-sterile translocations induced in gonia
fail to be transmitted, like the X-autosomal ones. Evidence for a reduced trans-
mission of translocations was obtained by Forp et al. (1969), who found that
their incidence in ¥, progeny, and the incidence of embryonic lethality, was
only half that expected from the frequency of multivalent configurations in
spermatocytes of the irradiated fathers. This suggested that many balanced
reciprocal translocations (and about the same proportion of unbalanced ones)
were somehow eliminated between metaphase I and the next generation.

In view of this selection against certain translocations during spermatogenesis,
it is necessary to study the products of spermatozoal (and perhaps oocyte) irradi-
ation in order to obtain a reasonably complete picture of the spectrum of radi-
ation-induced translocations in mammals. We have recently conducted an
experiment (SEARLE ef al. 1974) in which male mice received gonodal X-ray
doses of between 0 and 1200 rad, followed by fertility tests and cytological exam-
ination of all sons and many daughters. There were no signs of the heterogeneity
and dose-response distortion found after spermatogonial irradiation (see LEoNARD
1971), since the frequency of 0, 1, 2 . . . translocations per F; mouse showed
a good fit to a Poisson distribution, while the dose-response curve was not humped
but had a best-fitting exponent of 1.4, similar to that previously found in
Drosophila.

Of 531 F, males examined, 57 were judged semi-sterile (on the basis of num-
bers of dead and total implantations in females mated to them) while 40 were
diagnosed as sterile. Thirty-five of these were considered to be translocation
carriers, while another had a 41, XYY constitution, presumably spontaneous in
origin.

Cytologically, these male-sterile translocation have shown a number of inter-
esting differences from those which caused semi-sterility. As Table 1 shows,
reciprocal translocations involving the ¥ chromosome, and those forming meta-
centrics because one of the break-points was in a short arm, were only found in
the sterile group. LEoNarp and Dernupt (1969) had previously reported a
sterile male mouse with a Y-autosome translocation. No Robertsonian transloca-
tions were found in either group. Nor have any been previously reported in mice
after irradiation of various germ cell stages (see SearLe 1972) although some
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TABLE 1

Types of chromosome anomaly found in F, males after spermatozoal irradiation*

Anomaly Number and where found
41, XYY 1 in sterile male
Insertional translocation 1 in sterile, 1 in semi-sterile male
Reciprocal translocations:
Y-autosome 4 1in sterile males
Involving short arm (giving metacentric) 2 in sterile males
Autosomal-—single 25 in sterile and 61 in non-sterile males
Autosomal—double 7 in sterile and 6 in non-sterile males
Autosomal—triple 3 in sterile males
Robertsonian translocations nil

* From Forp (1973) and SeariLE et al. (1974).

have been found in unirradiated stocks. Gropp et al (1972) have described their
widespread existence in feral Swiss mice, including, of course, the well-known
tobacco mice with seven pairs of metacentrics. Nevertheless, it may be premature
to conclude that the Robertsonian type of change cannot be induced by irradi-
ation. PARKER (1969) has discussed the recovery of half-translocations from
stage-7 oocytes of Drosophila, following radiation-induced chromatid inter-
change. A Robertsonian arrangement could arise as a half-translocation in which
both breaks were very near the centromere. Chromatid interchanges have been
reported following irradiation of mouse spermatocytes (WENNsTROM 1971) but
results obtained so far on oocytes suggest that some interchanges might be of the
chromosome type.

About half of those males carrying two translocations, and all of those with
three, were sterile (Table 1). In order to test to what extent this latter finding
was part of a general phenomenon, we have generated a number of other triply
heterozygous translocation stocks by crossing singly homozygous ones to a doubly
homozygous stock we had previously manufactured. Most, but not all, of the
resultant males have proved to be fertile (in the sense of making females preg-
nant) although testis weights and sperm counts were below normal (A. G.
Searre and C. V. BeecHEY, unpublished information, 1973). Therefore many
translocations probably have slight effects on spermatogenesis, which may be
cumulative, while some have extreme effects.

More information on the characteristics of those translocations with extreme
effects is given by the 15 sterile males in which single translocation configurations
could be seen in metaphase I. In two of these, hardly any metaphase sperma-
tocytes were present. Analysis of the other 13 (Table 2) showed that the
proportion of chain configurations was much higher than in spermatocytes of
semi-sterile males resulting from spermatozoal irradiation or in affected sperma-
tocytes of semi-sterile males resulting from spermatozoal irradiation or in affected
spermatocytes from spermatogonial irradiation. The percentage of chains with
univalents was also increased. This agrees with the original observation of Livon
and MereprtH (1966) that the five male-sterile translocations they recovered
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TABLE 2

Analysis of single quadrivalent configurations induced by X-rays in male mice

Percent of

Exposed Observed Number Percent chains showing
germ-cells derivatives examined chains I + 1 Source of data
Spermatogonia  Spermatocytes 935 42.9 16.0 Evans et al. (1970)
SEarLE et al. (1972 a, b)
Spermatozoa Semi-sterile F, & & 61* 40.9 7.6 Forop et al., (unpublished)
Spermatozoa SterileF, & & 13* 90.6 271+ Forp et al., (unpublished)

* 50 or 100 cells from each (2 steriles with few MI cells excluded).
1 Omitting one with very small element (classification uncertain).

from spermatozoal irradiation had a much higher frequency of chain configura-
tions and of univalents than were found in semi-sterile males. The same marked
tendency showed in the results of Ltonarp and DErNuUDT (1968), analyzed by
Searce (1971). It is interesting to note that CuanpLEY et al. (1972) have
reported azoospermia in a man heterozygous for a reciprocal translocation
giving chain configurations (including III and I) in all 22 primary sperma-
tocytes examined. However, another azoospermic male had ring quadrivalents.

In our data, there was a marked tendency for a positive correlation between
severity of effect and percentage of chains. Thus the percentage rose from only
12 in the single sterile male with a normal sperm count to 85 in five with a re-
duced sperm count and 99 in nine with a sperm count of nil. Y-autosome translo-
cations and metacentrics were only found in this last group, which was note-
worthy also in the frequent presence of somatic marker chromosomes, usually
both long and short.

Somatic marker chrocmosomes, and Y-autosome translocations, were also found
in the most severely affected group of sterile males, namely those in which
spermatogenesis had apparently ceased before meiotic metaphase I. CaTTaNACH,
Porrarp and Isaacson (1968) and CacuEiiro (1971) had previously reported
translocations giving this type of sterility after mutagenic treatment, while Lyon
and Merepita (1966) found very few metaphase spermatocytes in some of their
male-sterile translocations. CACHEIRO also reported that 10 out of 16 sterile males
in which diakinesis was not reached had abnormally long and/or abnormally
short chromosomes, a much higher proportion than would be expected with semi-
sterile translocations. CarranacH, PorLArD and Isaacson found the same tend-
ency in their material.

Let us see what conclusions can be drawn from these various findings about
the nature of male-sterile translocations in the mouse. Their very high frequency
of chains, implying failure of association, suggests that one or both break-points
lie near the ends of chromosomes (Forp 1972). The sterility of metacentrics, the
frequent occurrence of univalents (III + I association) and of long and short
somatic markers all suggest that the proximity of one break-point to a centromere,
and the other to the more central or distal part of a chromosome, is particularly
likely to generate male sterility by spermatogenic failure (Figure 1). If both
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Ficure 1.—Break-point positions (small arrows) and resultant mitotic and meiotic configu-
rations giving male-sterile reciprocal translocations. A: both break-points in long arm. B: one
break-point in short arm.

break-points were proximal or both were distal, failures of association would tend
to occur in opposite arms, giving a high frequency of bivalents rather than chains.
There is no evidence that this type, which would not give somatic marker chromo-
somes, is associated with male sterility, for the frequency of bivalents is very
similar in translocation heterozygotes with few or no spermatozoa and in those
with nc rmal sperm numbers (see SEARLE 1971).

In order to obtain more stocks of male-sterile translocations which could be
investigated further, semi-sterile daughters of irradiated males were tested to see
if they produced sterile sons. This method, used previously by LyoN and MEeRg-
prtH (1966), proved successful, yielding twelve such stocks, nine of which are
being kept for further study (Searre and Beecuey 1973) by banding methods,
linkage tests and crosses to other translocations.

This series of male-sterile translocation stocks has provided further evidence
in support of the proximal-distal break-point idea. Eighty percent showed somatic
marker chromosomes and a sub-metacentric chromosome was formed in one.
Giemsa banding studies, using the trypsin method of SeasricaT (1972), have
revealed that in at least two of the translocations the constitutive heterochromatin
lying around the centromere is directly affected. In one of our mouse transloca-
tions, practically all of chromosome 76, with most of its centromeric heterochro-
matin, has been translocated on to another chromosome. DEv ef al. (1974) have
recently found essentially the same phenomenon in T (10, 13)799H, one of
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Lyo~ and MerepiTH’s male-sterile translocations. In addition, there is a defi-
ciency of C-band material in the submetacentric chromosome found in one of our
male-sterile stocks, suggesting that some heterochromatin has been translocated
with the short arm.

The functions of centromeric heterochromatin have been recently discussed by
Yunis and Yasminer (1972) and by Hsu (1974). It is composed of satellite
DNA consisting of repetitious sequences (Jones 1970; Parpuk and Garr, 1970)
which is located round centromeres and secondary constrictions possibly to con-
fer some strength to these areas, and whose function is to protect vital genes and
to maintain proper spatial relationships among the chromosomes for efficient
operation of the cell cycle. Thus it provides points of attachment to the nuclear
membranes and sites for the recognition and association of homologous chromo-
somes (see also Porant 1972). The observations of Woor.Lam, Forp and MrLLEN
(1966) suggested that synaptonemal complexes and therefore bivalents were
attached at both ends to the nuclear membrane in primary spermatocytes, centro-
meric ends being clustered around the sex vesicle. It is, perhaps, not surprising
that disturbances to spermatocyte development should occur when homologous
C-bands are attached to synaptonemal complexes of very different lengths, as
would be the case when one breakpoint is proximal and one distal. The usual
attachments of both ends to the nuclear membrane might become impossible.

Tertiary trisomy

Another type of chromosome anomaly associated with male sterility was found
in the male-sterile stocks from semi-sterile females. This was teritary trisomy, in
the form of an additional small univalent as well as the normal complement of
twenty bivalents. This would not be expected in immediate offspring of males
given post-meiotic irradiation, though it might occur after pre-meiotic treatment
(see GriFFEN 1967). In our males it must have occurred by nondisjunction in
the mother, presumably associated with the frequent formation of a III + I trans-
location arrangement (see CartanacH, PoLLArD and Isaacson 1968).

Such tertiary (or partial) trisomic males were found by Lyox and MErEDITH
(1966) in their sterile group derived from semi-sterile females and also by
CarranacH (1967) in the well-known 7'6Ca marker translocation (also from
spermatozoal irradiation), during his tests for distributive pairing. They tend to
show abnormal morphology and behavior as well as spermatogenic failure and
are, of course, of great interest as animal models of human trisomy and for the
study of effects of gene duplication. Thus, CHANDLEY et al. (1972) reported that
the azoospermic man with chain configurations, mentioned earlier, had a pheno-
typically abnormal brother with tertiary trisomy. Because the extra element is
likely to be small if it is to remain as a separate univalent (i.e., part of a IIT+1
configuration) at the meiosis at which nondisjunction occurs, the translocation
concerned is likely to be of the male-sterile type, in mice anyway. It is interest-
ing to note that although 76Ca does not fall into this category, heterozygous males
are frequently sterile or sub-fertile and the sperm count is low, so that many eggs
are unfertilized (CarTeR, Lvon and Pairrips 1955; Baranov and Dysan 1968).
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Moreover, E. P. Evans (personal communication) found that 739, of first meta:
phases showed that CIIT + I configuration (see Eicaer and GrReen 1972), so a
high frequency of non-disjunction is expected, and is indeed found in female
heterozygotes.

Tertiary trisomic males are usually sterile but similar females may be fertile
or sub-fertile (Lyo~ and MerepITH 1966; CATTANACH 1967; E1cHER 1973). Very
recently, pE Boer (1973) has described a tertiary trisomic stock in which both
sexes are fertile but have abnormal skulls. This stock was derived from the Har-
well translocation 7' (1, 13)70H in which males are seldom sterile. It is interest-
ing to note that spermatogenesis tends to be less severely affected in sterile male
tertiary trisomics than in the corresponding balanced translocation heterozygote.

In male-sterile stocks. of course, tertiary trisomics are necessarily derived from
female translocation heterozygotes. However, Excuer (1973) has reported that
even in T6Ca all the trisomics she has recovered were derived from maternal
heterozygotes rather than paternal ones. The same phenomenon is seen in the
foetal data on T6Ca by Baranov and Dysan (1970). Exactly the same puzzling
phenomenon has been found in man (HamerTton 1971) and investigations on
the mouse may well reveal its cause. Possibly it is related to the male sterility
with azoospermia found in both mice and men when X and Y chromosomes fail
1o associate at meiosis (CaTranacH, PorrLarp and Isaacson 1968; CacHEIRO
1971; Caanprey and Epmonp 1971; Bercaey 1973). In males with a high fre-
quency of X-Y separation at metaphase I, BEecaEY found no signs of the expected
aneuploidy in spermatocytes at metaphase II. Probably, therefore, the X-Y
association is necessary for continued maturation of the spermatocyte concerned.
Similarly, primary spermatocytes with autosomal univalents (either for whole
chromosomes or translocated products) may fail to complete their reduction
division. Evidence in support of this idea comes from the observations of E. P.
Evans and B. J. West (unpublished information, 1973) who found that the
frequency of nondisjunctional arrangements at metaphase II in spermatocytes
of T6Ca heterozygotes was much less than expected from the frequency of III -+ 1
configurations at metaphase I.

Female mice

Let us now consider the nature of the transmissible chromosome damage associ-
ated with the irradiation of female mammals. As RusseLr. and MONTGOMERY
(1966) have shown, there is quite a high rate of induction of maternal X chromo-
some loss after irradiation of mouse mature oocytes (namely 3%, after 100R), as
well as of the d-se deficiencies already mentioned. In their pioneer studies on the
extent to which translocations could be induced in irradiated female mice, Rus-
sert and WickaaM (1957) tested sons for fertility after a 400R exposure to the
mothers. Only 1 in 319 showed typical inherited semi-sterility but another 2%,
were completely sterile and others produced very few litters. Some of the sterile
males may have carried translocations so the actual translocation frequency may
have been higher than 1/319 (0.3%). However, GiLr1avop and Leo~Narp (1973)
failed to find translocations in 107 sons of female mice given 50R and 78 sons of
females given 200R.
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In our own studies (SEArLE 1970; A. G. Srarie and C. V. BeecHEY, 1974)
female mice have been given 300 rad X-rays and both sons and daughters have
been tested for fertility. None out of 385 sons gave any indication of translocation
heterozygosity. However, 9 out of 294 daughters were diagnosed as semi-sterile
on the basis of low litter size. Follow-up studies have revealed the presence or
probable presence of translocations in four of these, although in only three could
the diagnosis be made with complete confidence. One of these gave five sterile
sons, either with an autosomal translocation or with tertiary trisomy. Banding
studies have shown that the two break-points were proximal and distal, as with
male-sterile translocations derived from spermatozoal irradiation.

Cytological examination of oocytes at diakinesis-metaphase I taken from
female mice exposed to radiation one or more days earlier has revealed the pres-
ence of ring and chain quadrivalents (Girriavop and Lfonarp 1973; A. G.
Searce and C. V. BEecuEY, 1974). Some appear to be of essentially the same
types as those observed in spermatocytes after spermatogonial irradiation, which
might suggest that the interchange was between pairs of chromatids, rather
than single chromatids. This would contrast with Wen~sTrEM’s (1971) con-
clusions on examining metaphase I spermatocytes one day after irradiation, but
further observations are needed to see if a real difference exists.

In conclusion, it can be seen that our knowledge of the different patterns of
chromosomal damage which can result from irradiation of mammalian germ-
cells has increased greatly in recent years. Germinal selection and cell lethality
obviously play an important part in the end result, leading to the elimination of
many aneuploids, some deficiencies and the whole group of male-sterile trans-
locations from the germ line after spermatogonial irradiation. Other types of
chromosomal male sterility, also reported from man (see FERGUsON-SMITH
1972), have been found in mice after mutagenic treatment of meiotic and post-
meiotic germ cells; for instance, X-autosome and Y-autosome translocations as
well as failures of X~Y association. The rarity of chromosomal anomalies causing
sterility in females contrasts with their relative abundance in males, and we are
beginning to glimpse the possible reasons for this.

I am grateful to C. V. Beecuey, P. oE Borr, Eva M. Eicuzgr, E. P. Evans, C. E. Forp and
O. J. Miccer for letting me refer to unpublished information.
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