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ABSTRACT

C]assfca] studies have shown that réproductive
performance declines with maternal age in humans and other
mammals; There_is an increase of trisomic offspring with
maternal age in humans and an increase of trisomic embryos
and fetuses with maternal age in miée. It has been sug-
~gested that this increase in non-disjunction is due to the
decrease in chiasma frequency and increase in univalents
“‘observed in the docytes of old mice. This study was under-
taken to determine the effects of maternal age on non-dis-
junction in the oocytes of CBA mice.

Oocytes from CBA mice varying in age from two to
eleven ménths were cultured to the metaphase II stage of
meiosié and the chromosomes were ana]ysedf The‘oocytes
from three materna]lage groups were compared with respect

to the mean number of oocytes obtained per mouse, the fre-

- quency of maturation to metaphase II, and the frequency of

~numerical chromosome abnormalities. Both the mean number
of oocytes obtained per mouse and the frequency of matura-
tion decreased markedly with maternal age. The frequency

of chromosome abnormalities in the oocytes increased with



maternal age from the young to the middle aged mice but
dropped off in the oldest maternal age group. No hyper-
ploid (n+1) oocytes were observed in the young or old group
of mice but 4.9% hyperploidy occurred in the middie age
group. It is suggested that the lack of hyperploid oocytes
in the old CBA females might be due to a threshold effect
in which oocytes which are damaged by the number or type of
univalents become atretic and do not progress to metaphase
IT. The frequency of diploid (2n) ococytes was 1.7% and was
not maternal age dependent.

An overall theory of maternal age related non-
disjunction is proposed in which the various environmental
and genetic factors known to affect non-disjunction are
Tinked to an underlying mechanism of univalent production

in oocytes.
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I. INTRODUCTION

Reproductive performance in mammals

Advanced maternal age in mammals is associated

| with reduced fertility. In humans, the frequency of off-
spring with chromosome abnormalities, particularly trisom-
ies, increases with maternal age (Penrose 1933; Court Brown
gE;gl., 1969; Polani, 1969). Penrose (1933) first dis-
covered that the mean maternal age for mothers of children
with Down's syndrome (trisomy 21) was 35 years compared to
a mean maternaT age of 28 years for the general population.
Collman and Stoller (1962) noted that the incidence of
Down;s syndrome increased dramatically with maternal age:
from .043% in mothers between 15 and 19 years to 2.2% in
mothers 45 years and older. Lenz, et al. (1966) and Magenis,
et al. (1968) have shown that the distribution of maternal
age in trisomy D and trisomy E shows a similarity to that
for Down's syndrome. There is also evidence for an in-
creased mean maternal age for spontaneous abortions where
the abortus hés been shown to be an autosomal trisomic, in-
cluding types of trisomy not yet found in post-natal life
(Kerr and Rashad, 1966; Carr, 1967a).



To date, studies in other mammals have not shown an
increase in the frequency of chromosomally abnormal offspring
with maternal age. However, most mammals spend a consider-
able portion of their lifespan in a post-reproductive condi;’
~ tion and a marked reduction in litter size with increasing
maternal age has been documented in sevefa] 1ab6ratory ani-
mals (Talbert, 1968). .

Biggers et al. (1962) and Harman and Talbert (1967)
have shown that the reduction in litter size in old female
" mice is not accompanied by a lower ovulation rate. Ingram,
Mandl, and Zuckerman (1958) have shown that litter size de-
clines with maternal age in rats but the number of corpora
1qtea'remains constant. Perry (1954) found no reduction in
the number of corpora lutea in old pigs that were discarded
for low fertility. Similarly, several investigators (Par-
kening and Soderwall, 1973; Connors et al., 1972; Thorney-
croft and Soderwall, 1969) have shown that the ovulation
rate is the same in young and old hamsters, although 1itter
'size declines with age. But Blaha (1964) found a decrease
in the number of corpora lutea in old hamsters. Since the
vast majority of studies indicate that the decrease in litter

size is not accompanied by a decrease in the number of
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oocytes ovu]afed, many embryos of older female mammals must.
be dying before birth.

Conners et al. (1972) have sﬁown a highly signifi-
cant increase in preimplantation and postimplantation deathr
~of embryos in old female hamsters. Many of the surviving
embryos -were retarded in development in the old females.
Thorneycroft and Soderwall (1969) established that old female
hamsters have a seven-fold fﬁcrease in preimplantation death
and a two-fold increase in resorption of established implan-
tation sites by the eighth day of pregnancy. Embryonic mor-
tality is also higher in old mice: Gosden (1974a) determined
that 91% of oocytes %rom young mice survived to the blasto-
cyst stage whereas only 63% of oocytes from old mice were
alive at this stage. Gropp (1973) produced aneuploid embryos
by using parental trénslocation strains and found that no
aneuploid fetuses survived to term: monosomic embryos died
in preimplantation stages and trisomics survived to become
fetuses but died before birth. ‘Wh11e some of the prenatal
death that occurs in old females may be due to chromosome
abnormalities, the decreased survival of embryos and fetuses

in old females may also be due to uterine factors.



Gosden (1974a) and Talbert and Krohn (1966) used the
technique of ovum transplantation to determine whether pre-
natal death‘in old female mice is due to uterine factors or
defects in the ova. Blastocysts, recovered from young and
- old micé, were transferred into the uteri of young mice which
had been made pseudopregnant by mating with a vasectomized
male, B]astocysts-from young and old donors survived equally
well in the young recipients. " When b]astocysts from young
and old donors weré transferred to old recipients, survival
~ was reduced. Therefore, both stud%es implicated uterine fac-
tors as an important cause of the decline in reproduction.
However, the number of blastocysts recovered from old mice
was}sfgnificant]y Tower and the embryonic loss before the
b]astocysf stage might be due to chromosomal errors. Blaha
(1964) carried out a similar study in hamsters, but in con-
trasf to the results obtained with the mice, 49% of blastocysts
recovered from youhg donors developed into normal term fetuses
in young hosts but only 4.5% of blastocysts from old donors
developed successfully. This indicates that the blastocysts
from old hamsters may have been intrinsiéa]]y defective.

There is no definite explanation for the apparent great dif-

ference in the viability of embryos recovered from old



hamsters and old mice. A specfes variatfon is possible, but
- there were also technfcal‘differehces-iﬁ timing and handling
_of the ova which may have influenced the results. Therefore
the relative contributions of ovarian and uterine factors
toward pre-natal loss in old females is still unclear.

Two recent studies of chromosoma] abnormalities in
embryos (Gosden, 1973) and fetuses (Yamamoto et al., 1973a)
from feha]e mice of various agesAdemonstrate a significant'
increase of aneuploidy with matérna] age in.mice as well as
in huhans, although in mice autosomal trisomic embryos do
not shrvive to term (Goodlin, 1965). Therefore, mice can be

used as an experimental model to elucidate the cause of maternal

~ age related non-disjunction leading to aneuploid embryos.

Theories of maternal age related non-disjunction

Several theories have been proposed to explain the
effect that maternal age could have on non-disjunction. These
theories can be divided into thosé that depend on the aging
of various maternal systems and those that depend on the aging:
of the ovum due to the prolonged dictyotene stage of meiosis
in mammals. Theories of non-disjunction due to aging of mater-

nal systems are: intrafollicular and tubal aging of eggs, pH



disturbances in the female reproductive tract, and auto-
immune disease. Theories of noh-disjunction due to aging |
of the ovum during the dictyotene stage are: satellite
association of chromosomes, X irradiation, and production

- of univalents in oocytes.

A) Theories of non-disjunction due to aging-

of maternal systems

Intrafollicular aging of ova
In 1922, Witschi first suggested that delayed

ovulation could lead to intrafollicular aging of the ovum
and subsequent abnormalities in the embryo. In the Afri-
‘can clawed toad, Xenopus, if the sexes are separated, the
female retains her eggs and will ovulate only after anlin—
jection of gonadotropic hormones. In a series of experi-
ments, Witschi (1969) determined that Xenopus eggs aged
Vin this manner had a greatly increased incidence of mor-
tality and embryonic abnormality. Witschi hypothesized
that delayed ovulation in humans could Tead to chromosomal
abnormalities as well as malformations. Delayed ovulation
could be caused by hormonal irregularities whi;h are most
often seen at the extremes of maternal age—in very ydung '

women whose cycles are just gettihg established and in
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older womén approaching the menopéuse.

‘There have been some studies in humans which
lend support to this theory. In 1955, Hendricks deter-
mined tﬁat, according to the 1953 Ohio records, women
‘less that 15 years old or greater than 35 years old had
a higher incidence of offspring with congenital malfor-
- mations (2%) than wbmen between the ages of 15 and 35 (1%).
Carr (1971a) determined that there waé an increase of
chromosomal abnormalities in spontaneous abortions from
“young and old women. Women younger than 17 years had 40%
heteroploid abortions; women older than 40 had 33% hetero-
ploid abortions. The general frequency for heteroploid
abortions in women of all ages was only 22%. However,
these were both retrospective studies and the data was not
analysed statistically. Furthermore, the increase of ab-
normaiities_in the young and o1d females was not nécessar-
ily due to hormone irregularities or delayed ovulation;
they could have been caused by other factors. Hertig (1967)
related the'frequeﬁcy of abnormal human embryos to the time
of conception. He determined that women who ovulate regu-
larly have a 92% chance of producing normal offspring if

conception occurs on day 14 of the menstrual cycle. If



conception occurs on day 15 or later, the possibility of a
normal conceptus drops to 42%. Therefore he felt thét a
delay in'ovu]atiqn could cause abnormalities. This study
was also retrospective and depended on estimates-of the
 timing of ovulation which is difficult to determine exactly.
Only ohe experimental mammal, the rat, has been
used to study this hypothesis. The reproductive cycle in
female rats is normally 4 days; however, old rats have a
6 day cycle (Fugo and Butcher, 1970). Therefore ovulation
" may be delayed in these old raté. In a series of experi-
ments Butcher and Fugo (1966, 1967, 1969a) used nembutal"
to cause a two-day delay in ovulation in young rats;' The
rats treated with nembutal had a decreased fertilization
aﬁd implantation rate, an increased frequency of abnormal
embhyos,.and a thrée-fo]d increase in chromosomally abnor-
mal émbryog. The majority of the chromosomally abnormal
embryos were moéaics’but there was also a small increase in
the number of aneuploids. However, one cannot be certain
whether the increase was due to the delay in ovulation or
some other effect of the nembutal. No Studies of chromo-
some abnormalities in untreated old rats have been reported

to date.



. Tubal aging of ova

German (1968) proposed that the increase of tri-
'sbmy with maternal age could be explained by tubal aging of
thé egg due to delayed ferti]izétion. He- reasoned that
older wémen had less frequent intercourse and this caused a
de]ay in ferti]ization. The human studies by Hendricks
(1955) and Carr (T971a) demonstrating an increase of abnor-
mal offspring and embryos in young and old mothers could be
interpreted as supporting a delayed fertilization hypothesis
rather than delayed ovulation. Very young women, as well as
older women, could have infrequent intercourse. Hertig's
(1967) results could also be explained by delayed fertiliza-
tion. He found that embryonic abnormality increased if con-
ception occurred on day 15 or later in the cycle and this
could be dué to a delay in the sperm reaching the egg rather
than to delayed ovulation. However, all three studies were
-retrospective and the increase of abnormalities could still
be caused by something other than delayed ovulation or fer-
tilization.

Several péople have criticized German's hypothesis

on statistical grounds. Matsunaga and Maruyama (1969) believe
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that the age dependency for the frequency of .intercourse is
not sufficient to account for the great increase in Down's
syndrome with maternal age.

There had been studies on the effect of:de]ayed
‘fertilization in many experimental animals-———guinea pigs
(Blandau and Young, 1939); rats (Braden, 1959); rabbits
| (Shaver and Carr, 1969); mice (Vickers, 1969); hamsters
(Yamamoto and Ingalls, 1972); pigs (Hunter, 1967). In all
“these studies, there was an increase in embryonic abhorma]-
“ities and death, bui the commonest effect of the delayed
fertilization was triploidy. After delaying fertilization
for seven hours in mice, Vickers (1969) got a slight increase
in trisomy and a nine-fold increase in triploidy. Shaver
and Carr (1969) found tﬁat triploidy increased from 1.4% to
13% after delaying fertilization for 6-10 hours in rabbits.

This dramatic increase in the frequency of triploid
embryos may be due to a defect in the spindle fibre struc-
ture in aging eggs. Szollosi (1971) has determined that the
spindle in aging eggs often rotates and migrates to the
centre of the ovum. This would inhibit the second meiotic
division and a diploid egg would result. The frip]oid

embryo could also be caused by failure of the aging oocyte
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to prevent more than one sperm entering thé egq.
Therefore, tubal aging of thé egg due to delayed

fertilization does cause embryonic abnormalities, particu-

larly triploidy, but it does not seem to be a cause of

~aneuploidy.

pH disturbances

Ingalls and Shimada (1974) have recently proposed
that aneuploid offspring may result from pH disturbances in
- the fallopian tubes of older women. They have determined
that a pH of 6.7 to 6.9 causes a broad spectrum of chromo-
somal anoma]ies.in cultured lymphocytes from adult blood.
However, no studies have been published on the pH levels in
fallopian tubes or on the effect of pH disturbances on
gametes.

If pH changes in the fallopian tube 'did cause
aneup]oidy; non-disjunction would occur at the second meio-
tic division since the oocyte is ovulated at metaphase II
(iuckerman, 1962)f But non-disjunction generally occurs at
the first meiotic division.. Using fluorescent markers, Sas-
aki and Hara (1973) demonstrated that seven out of eight

cases of trisomy 21 occurred at the first meiotic division
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of the oocyte. Therefore it seems unlikely that pH distur-

bances are a significant cause of non-disjunction.

Autoimmune disease

In 1963, Engel and Forbes first determined that
chromésome non-disjunction occurs more frequently in fami-
Ties with a genetic predisposition to autoimmunity. A high
prevalence of thyroid autoantibodies have been demonstrated
‘fn children with Down's syndrome (Engel, 1967) and their
- mothers (Fialkow, 1964).. Since the prevalence of autoim-
mune disease increases with age, Burch (1969) proposed that
non-disjunction during meiosis was caused by an‘autoagressive
attack on the germ cells. This autoagressive attack would
occur more frequéntly in older women. This hypotheﬁis could
account for the cases of famf11a1 clustering of chromosomal
abnormalities since a predisposition to some autoimmune di-
seases is inherited (Hecht et al, 1964). But there is no
experimental evidence to support this theory and the correla-
tions between non-disjunction and autoimmunity are present

chiefly in young, not old, mothers.
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B) Theorieé of"non-disjunction due to aging

of the ovum during the dictyotene stage

of meiosis

In mammals, meiosis begins in the fetal ovary and

‘ progreéses to diplotene. At this stage, meiosis is arrested
and does not resume until shortly before ovulation in the
adult (Zuckerman, 1965a). This extended diplotene, termed
dictyotene, can persist in some oocytes~unti] the end of the
reproductive life of the female; that is, up to two years in
- the mouse and fifty years in man. Since the frequency of
aneuploid offspring and embryos increases with maternal age,
several people have suggested that changes in the oocyte
during the prolonged dictyotene increase the frequency of
non-disjunction, The following theories suggest the various

mechanisms which might cause non-disjunction.

. - Satellite associations of chromosomes

Satellite associations of the acrocentric D and G
chromosomes are often present in mitotic cells (Heneen and
Nichols, 1966). The satellites of the acrocentric chromo-
somes have nucleolar organizers (Ferguson-Smith, 1964) and

their association is generally regarded as a holdover from
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their proximity to the nucleolus. Since the D, E, and G
chrorosomes are most frequently irivolved in non-disjunction
in live-born children, failure of fhe nucleolus to disperse
has been proposed as a cause of non-disjunction.

Polani et al. (1960) suggested that the duration
of the dictyate cycle might cause a s]ower;dispersioh of
the nucleolus in oider oocytes, interfering with chromosome
pairing and chiasma formation in D and G chromosomes. But
this hypothesis is invalid, since chromosome pairing and
| chiasma formation occur during probhase in the fetal ovary
before dictyotene.

A modification of this theory has been proposed by
Evans (1967). He believes that the nucleolus may fail to
disperse and persist into metaphase I, preventing separation
of the bivalents associated with it.

Many Studies have been done on the frequency and
type .of nucleolar associations in different populations.
If satellite associations are causing non-disjunction in man,
then in the D group, chromosome 13 should be present in
associations more frequently than chromosome 14 or 15, and

in the G group, chromosome 21 more often than chromosome



-15-

22 because chromosome 13 and 21 are more frequently in-
volved in non-disjunction. Cooke {1972) has determined.
that chromosome 13 is present in nﬁc]eo]ar associatfons
- more frequently than chromosome 14 or 15. However,'Naka-
~gome (1973) has shown that satellite associations do not
occur more frequently in chromosome 21 than in chromosame
22. Moreover, the parents of children with Down's syndrome
do not have more chromosome 21 associations than chromosome

22 (Curtis, 1974). It is-important to note that the above
| reasoning is - based on the assumption that chromosomes 13
and 21 are also the mosf frequent trisomies in pre-natal
stages and recent evidence from spontaneous abortions demon-
strates that this may not be true. In any case, all of
. these studies have been performed in mitotic tissue, and the
results may be quite different in meiotic tissue. To date,
there have not been any reports on associations between the
sate}]ite chromosomes in the oocytes of humans or experimen-
tal mammals.

Because of reports of clustering of Down's syndrome,

some eeop1e have suggested that viruses can cause non-disjunc-
tion- (Stoller and Collman, 1965; Robinson et al., 1969).

Evans (1967) believes that viruses may reduce the_cépacity
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for dissolution of the nucleolus because DNA viruses repli-
cate within the nucleus and an increase in the size of the
nucleolus is often seen with virus}infection.

If the nucleolus is involved in causing non-dis-
~Junction, it would explain why the D and G.chromosomes occur :
so frequently in trisomic conditions. But it would not
explain non-disjunction of the E chromosomes. Yunis (1965)
suggested that the D, E, and‘G chromosomes are most common
~in trisomic conditions because they are largely genetically
inert,‘since large portions of these chromosomes replicate
late in the cell cycle. Franceschini et al. (1973) pointed
out that chromosomes 13, 18, and 21 have much larger areas
of fluorescence after treatment with quinacrine than the
other members of the D, E, and G groups of chromosomes.
Furthermore, since Sanchez and Yunis (1974) have recently
shown that_Q bands due to quinacrine fluorescence, are

sites of repétitive DNA, this implicates the genetic inert-
ness of the specific chromosomes most common in trisomic
conditions. Therefore, a loss or gain of these. chromosomes
would be less deleterious than the loss of other chromo-
somes and trisomic embryos invo]ving'these chromosomes

would be more Tikely to survive to term.
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Therefore the evidence suppdrting the theory of
nucleolar association of satellite chromosomes is really
restricted to mitotic cells. Furfher‘stﬁdies in oocytes
~are needed to determine if nucleolar assbciations persist

“into metaphase I.

X irradiation

| There have been several studies showing a possible
association between maternal irradiation and the incidence
- of aneuploid offspring (Uchida and Curtis, 1961; Alberman et
al., 1972). But they have generally been retrospective
studies complicated by ascertainment bias.

In 1968, Uchida et al. reported the results of a
prospective study on chromosomal anomalies among the children
of irradiated mothers. They found that women exposed to
abdominal irradiation ran an increased risk of producing
aneuploid ¢children, especially late in reproductive 1ife.
Advanced maternal age seemed to increase the ability of
X rays to cause non-disjunction.

Uchida and Lee (1974) studied the effect of low-
dose X irradiation on the oocytes of young female mice.

They found a small increase in the frequency of non-disjunc-

tion during the first meiotic division in the oocytes.
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Yamamoto et al. (1973b) studied the effects of
low-dose X irradiation on the.production of heteroploid
fetuses in young and b]d female mice. They found a spon-
taneous rate of aneuploid fetuses in both young and old
mothers and the frequenqy of aneuploid fetuses was signifi-
cantly higher in older female mice. Radiation increased
thevfréquency of aneuploid fetuses but only in old female
mice. Radiation did not cause a signiffcant increase of
aneuploidy in young mice. Hence, there must be some under-
lying mechanism, other than radiation, which causes an in-
crease of non?disjunction with maternal age. Once this
process has affected the rate of non-disjunction in older

females, radiation can then cause a further increase.

Production of univalents in oocytes

Mather (1938) and otheré_have pointed out that
a decrease.in the frequency of crossing-over and chiasmata
is associated with an increase in non-disjunction of
chromosomes. A minimum of one chiasma per bivalent is
necessary to ensure that chromosomes remain paired and segre-
gate normally at anaphase I of meiosis (Maguire, 1974).

Loss of chiasmata has been shown to result in precocious
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univalent production in plants (Thomas and Rajhathy, 1966),
insects (Shaw, 1971), mice (Purnell, 1973), énd man (Pear-
son et al., 1970). The univalents have then led tdianoma]-
oﬁs segregation.of chromosomes and to aneuploid gametes
(Carpenter and Sandler, 1973; Sharma and Reinbergs, 1974).
Slizynski (1960) first suggested that the increase of aneu-
ploid offspring with maternal age in humans might be ex-
plained by a loss of chiasmata during the long dictyotene

| stage of meijosis.

Henderson and Edwards (1968) found a significant
decrease in .the chiasma frequency in the bocytes of old
female mice of three different strains—CBA, CBA/T6T6, and
C57BL. The location 6f the chiasmata was more terminal and
an increase in the frequency of univalents was also ob-
served in older fema]es. “In male mice, a comparable de-
cline in chiasma frequency or increase in univalents was
not seen. Henderson and Edwards prbposed that univalents
were prbduced in the older females during the prolonged
dictyotene stage of meiosis and that none were seen in
older males because spermatogenesis is a continuous process.
Henderson and Edwards also dbserved univalents in some

~ human oocytes but the numbers were too small to be
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statistically sigﬁificant. However, they suggested that a
simitar reduction in chiasma frequency with subsequent uni-
va]ent proddction could explain the increased incidence of
trisomy in older women.

In 1973, Luthardt et al. confirmed these results
in two different strains of mice, C57 BL/6J and ICR. They
demonsfrated a sighificant decrease in chiasma frequency
and an increase in uﬁiva1ents with age. They also dispovered
~that univalent production was nonrandom and involved small
chromosomes predominantly. This 1§ not surprising since
small chromosomes have fewer chiasmata (S1izynski, 1960)
and a progressive loss of chiasmata would result in univa-
lent formation first in the small chromosomes. It is inter-
esting to note that the three types of trisomy seen in
humans all involve small chromosomes and that the incidence
of trisomy 13, 18, and 21 varies inversely with the mean
chiasma frequency. Trisomy 21, Down's syndrome, has the
Towest chiasma frequency and is the most common trisomy

(Lange et _al., 1975).
| Henderson and Edwards (1968) and Luthardt et al.
(1973) proposed that the univalents seen at metaphase I in

the old female mice led to non-disjunction and production
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of aneuploid gametes. But the uﬁiva]ents cou]d be subject
- to any one of several modes of behaviour during the ensuing
anaphase: random segregation, fai]ufe to migrate and ex-
clusion from the main nucleus by miéronuc]ei formation,
misdivision of the centromere resuiting in isochromosome
formation, or nokma1‘segregation (John and Lewis, 1965).
Detailed chromosome counts of metaphase II oocytes would be
required to determine the fate of the univalents.

Since this theory of materna] age related non-
disjunction seemed the most plausible and the most amen-
able to experimentation, the present study was undertaken .
to determine if the univalents observed at metaphase I do

result in non-disjunction in older female mice.
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IT. MATERIALS AND METHODS

Source and maintenance of mice

Virgin female CBA mice, 4 - 5 weéks 61d were ob-
tained from the Jackson Laboratdry (Bar Harbor, Maine).
The animals wére aged in the Zoology Vivakium at the Uni-
versity of British Columbia and were housed 4 mice per
cage. The animal fooms'wére kept on a 12 hour 1ight (8 a.m.
: td 8 p.m.) and dérk cycle. The mice were allowed to eat

Purina 1ab chow and drink water ad 1ib.

Procedure for obtaining oocytes

Oocytes were obtained without the use of gonado-
tropic hormones to induce superovu]étion'since recent
reports have indicated that these hormonés can increase
the frequency of chromosome abnormalities (Fujimoto, Pah-
lavan, and Dukelow, 1974; Boué and Boué, 1973). The mice
were killed by cervical dislocation. The ovaries were
dissected out and placed into an embryological watchglass
cdntaining 2 ml. of oocyte culture medium under 2 ml. of
equilibrated paraffin 0il. Subsequent manipulations were

performed under a Zeiss stereodissecting microscope
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at a magnification of 12 times for work with the ovaries
and 30 times for work with the oocytes. _The ovaries were
cleaned of any adhering fallopian tubes or fat and trans-
ferred_to new media. The oocytes were thén 1iberated by
puncturing the f011ic1es'wfth.a 25-gauge sterile hypodermic.'ﬁ
needle. All liberated oocytes were washed twice by trans;
ferring them via a mouth—céntro]]ed Pasteuf'micfopipette

fo two other embryological watch glasses each containing 2
ml. of medium under paraffin oil. Any édhering follicle
cells were removed by sucking the oocyfé in and out of the
miérbbipette. Any undamaged oocytes possessing an intact
germinal vesicle were selected for culturing. When the
‘oocytes were not being direct]y_méniph]afed,'they were

kept af 37°C in a 5% CQé atmosphere. The maximum time

sﬁan from the death of the mouse to the placement of the

oocytes in the final culture medium was one hour.

Procedure for cu]tuking oocytes

The medium used to culture the-oocytes was a
chemically defined Krebs-Ringer salt solution containing
sodium pyruvate, albumin and antibiotics as descfibéd by
Donahue (1968) (cf. Appendfk I). The medium was steril-

jzed by positive pressure millipore filtration. The
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culture system consistéd of microdroplets of medium under
sterile, equilibrated pdraffin oil fn a 35 x 10 mm. Falcon
plastic tissue culture dish (Brinster, 1963). The paraffin
0il was equilibrated with the culture medium. Between 5
and 10 oocytes were injected into each microdroplet. The
oocytes were cultured in a humidified 5% CO2 incubator at

37°C .

Procedure for oocyte fixation and chromosome preparation

After 17 - 18 hours in culture, the:oocytes were
transferred to an embryological watch glass containing
hypotonic solution (1% sodjum citrate) for 10 mindtes. The
numbér of oocytes with a polar body was recorded. The
oocytes were placed in the centre of a clean slide and the
excess hypotonic solution was drawn off. Four drops (each
20}0 of a 3:1 mixture of'ethanol-g1acia1 ac?tic acid were
applied to the é]ide. The slides were then gentiy blown
dry (Tarkowski, 1966). A maximum of 5 oocytes were placed
on each slide. The preparations wefe stained er centro-
meric bands using thé basic method of Arrighi and Hsu
(1971) with a few modifications. The procedure was as

follows:
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—d
.

.2 N HCl at room temperature for 30 minutes.
2. Three rinses in distilled water. Air dry.

3. Pancreatic RNase (100 ug ml in 2 x SSC, pH 7.25) at

37°C in a moist chamber for 45 minutes.

4. Two rinses in each of 2 x SSC (pH 7) 70% ethanol,
95% ethanol. Air dry.

5. .07 N NaOH at room temperature for 50 seconds.

6. Two rinses each in 70% ethanol and 95% ethanol. Air
dry. The NaOH must be removed as rapidly as possible
to prevent further denaturation. The alcohol wash
must be kept separate and not be reused in other
parts of the staining procedure.

7. 2 x SSC (pH 7) at 65°C for 16 hours.
8. Two rinses each in 70% and 95% ethanol. Air dry.

9. Stain for 15 - 30 minutes in a Giemsa solution pre-
pared by the following formula: 50 ml. distilled
water, 1.5 ml. .IM citric acid, adjust pH with .2M
NaZHPO4 to pH 7, 1.5 ml. pure methanol, 5 ml.
Giemsa stock solution (Gurr). This solution must be
prepared immediately before use as it forms a preci-
pitate after a few hours. |

10. Two rinses in distilled water. Air dry. Mount in
permount. '

The chromosomes of some oocytes (about 10%) required re-
staining for 3 hours to achieve the desired intensity.
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Several other simpler and faster staining procedures were
attempted but no other technique produced good centromeric

bands consistently.

Procedure for analysing oocytes

The slides were coded so that matgrna] age was
not known at the time of analysis. The slides were anal-
ysed in groups of approximately 20, containing oocytgs_
from mice of different ages. The numbgr of oocytés on
each slide was recorded so that all oocytes or remnants
of oocytes were accounted for during the analysis.  The
chromosome number was determined using the_oi] immersion
lens of a Zeiss photomicroscope. Oocytes were not in-
cluded in the analysis.if the chromosomes were spread
more than one microscopic fier. A1l oocytes with an
abnormal number of chromosomes were photographed. Only
oocytes witﬁ an unambiguous number of chromosomes were
used for calculations of non-disjunction frequencies;
therefore, many oocytes were discarded because the chromo-
somes were. overlapped, too contracted, too spread apart,-
or the C bands were not clear enough to distinguish

between chromatids and chromosomes. However,
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all oocytes in which a diploid or haploid number (%2
chromosomes) could be discerned were used to caTcu]até
the incidence of oocytes with 40 chromosomes. Fisher's

exact test was used for the statistical analysis.
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II11.  RESULTS

Collection and in vitro maturation of oocytes

A total of 1402 oocytes obtained from 174 CBA
females Were set up in culture. After 17 - 18 hours, an
‘average of 80.5% of the'bocytes had progressed to meta-
phase II. |

The mice wére grouped into three different mater-
nal age classes based on litter size data in CBA females.
The litter size of CBA mice increases and reaches a maxi-
mum at 150 days, then decreases until 240 days, and after
this falls to a very low level until all oocytes are de-

pleted at approximately 330 days. (Jones and Krohn, 1961).
As shown in Table I (p. 36), the maternal age had a striking
effect on the mean number of oocytes obtained per mouse and
on the percentage of oocytes maturing in vitro.

If was very d%fficu]t to obtain oocytes from mice
in the oldest age group. The ovaries contained very few
- oocytes and many were atretfc. As shown in Table I, the
61dest maternal age group required almost three times the

number of mice used in the youngest age group since the

mean number of oocytes obtained per mouse decreased from
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- 14.7 in young fema1és (60-150 days) to 9.6 in middle-aged
femaies (151-240 days) to 4.4 in old females (241-330 days).
The percentage of oocytes maturing in vitro also

decreased with maternal age. Eighty-seven per cent of
oocytes from young mice progressed to metaphase II. How-
- ever, only 80.7% of the oocytes from the middle aged group
matured in vitro. -This was significantly different from
the young mice (p = .01, Fisher's exact test). The fre-
quency of maturation decreased further to 71.9% in the old
maternal age group. This was signfficantly-different from
the middle aged mice (p = .004) and tHe drop from 87% in
the young mice to 71.9% in the old was highly significant
(p<.000001). | :

- Therefore, even at this early stage of develop-
ment, oocytes from older females are 1ess.v1ab1e than
those from younger females. This must occur because of a

defect in the oocyte itself since all oocytes‘were handled

in the same manner and cultured in the same medium.

Chromosomal analysis of oocytes

Chromosome preparations which yielded exact chromo-
some counts were obtained in 473 oocytes (33.7% of the total

1402). These oocytes were used in calculations of aneuploid
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frequencies. Chromosoﬁe preparations which could be counted.
to the diploid or haploid number*2 chromosomes were used to
calculate the frequéncy of diploid oocytes. This was poss-
ible in 877 oocyteé (62.6% of the tota]).. Failure of oocyte
maturation, loss of oocytes during fixation and poor chromo-
sohe quality accounted for the remaining docytes. Examples
of analysed oocytes as well as discarded oocytes are shown

{n Figures 1 - 9 (p. 38 - 46).

The centromeric banding was very useful in deter-
mining the number of chromosomes, particularly when the
chromosomes were crowded as in Figqure 4. However, it was
not possible to karyotype the metaphase II chromosohes and
thereby identify a missing or extra chromosome. Mouse mito-
tic chromosomes are very difficult to karyotype because they
are all telomeric and there is very little difference in
size, Meiotic chromosomes pose added problems because they
vary greatly in morphology and size and the chromatids are
convoluted and spread far apart.

The chromosomal analysis of the oocytes is shown
in Table II (p. 37). A very small number of oocytes had
less than 18 chromosomes. These were assumed to be due to

artificial loss and were discarded from the analysis. No
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oocytes were found with more than 21 chromosomes (other
than the.diploid oocytes).

Eleven oocytes (2.3%)Alost two chromosomes.
There was no significant difference among the matEFna] age
groups and these oocytes probably resulted from artificial
chromosome Toss during oocyte fixation.

Thirty-four oocytes (7.2%) lost one chromosome.
An example of a hypoploid oocyte is shown in Figure 2.
The middle maternal age group had 10.7% oocytes with 19
chromosomes and this was significantly different (p = .04)
when compared to the old maternal age group which had only
3.8% oocytes with 19 chromosomes.

. Neither the youngest nor the o]dest mice had any
oocytes with 21 chromosomes. But the middle maternal age
group had six (4.9%) hyperpioid oocytes; this was signifi-
cantly different when compared to the young (p = .006) and
the old (p = .01) maternal age group. These six hyper-
ploid oocytes were obtained from six different mice and
they were not confined to one certain time or season or
group of mice. (The mice were ordered from the Jackson
laboratory in three groups). It is highly unlikely that

oocytes with 21 chromosomes resulted from the addition of
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one "wandering" chromosome from another oocyte. Chromo-
somes from different oocytes varied greatly in size, shape,
and centromeric banding, and since 9n1y five oocytes were
placed on each s]ide, they were generally well separated
from each other.v Therefore, the six hyperploid oocytes
probab]y_reéu]ted from non-disjunction during the first
meiotic division. .Examples of hyperploid oocytes are shown
in Figures 3 and 4.

Theoretically, non-disjunction should produce an
equal number of oocytes with 19 and 21 chromosomes. From
Table Ii, it is obvious that the frequency of oocytes with
19 chromosomes exceeds the frequency of oocytes with 21
chromosomes. The preponderance of hypoploid oocytes may be

due to different causes:

1. Hyperploid nuclei may be preferentially emitted into
fhe first polar body (and therefore not be detected
atﬂmetaphase I1).

2. Ohe chromosome may be Tost due to blowing during
oocyte fixation.

This last reason seems the most plausible since

" oocytes with less than 19 chromosomes were found but none
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were found with more than 21. Other investigators have

also observed an excess of hypoploid oocytes (Rohrborn,
1972; Hansmann, 1974; Uchida and Lee, 1974). The frequency
of oocytes with 19‘chromosomes is significantly higher in
the middle materna]‘age group. Presumably this increase

occurs because this class is composed of hypoploid oocytes
resulting from non-disjunctidn (the reciprocal event of the

“hyperploid oocytes in the same age group) as well as chromo-
some loss.

Since it is not possible to get an accurate esti-

-mate of the frequency of hypoploid oocytes due to non-dis-
Junction, a conservative estimate of the non-disjunction
rate can be obtained by doubling the hyperploid-rate. Thus
the overall rate of non-disjunction was 2.6% buf it was
restricted to the midd]é maternal age group with a non-dis-
Jjunction rate of 9.8%.

The overall frequency of oocytes with 40 chromo-
somes was 1.7%. Examples of diploid oocytes are shown in
Figures 5 and 6. Thére was no significant difference .in
the frequency of diploid oocytes among the different mater-

- nal age groups. These diploid oocytes probably resulted

from failure of first polar body formation. Other possible
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interpretations include:

1} Two normal oocytes which are in close proximity dur-
ing chromosome preparation. But the chromosdmes of
‘the two oOcyfes would need to have exactly the same
size, shape, and C banding. Since chromosomes from
different oocyfes are so variable, this is unlikely.
Also, if this occurred, two polar bodies would be
expected in the same area and no polar bodies were
ever found near the diploid oocytes. |

2) Proximity of the chromosomes of the'oocyte and the
extruded first polar body. However, the chromosomes
of the first polar body are generally not distinct;
they are usually represented by condensed degenerate
chromatin. An example of an oocyte with a typicd]
polar body is shown in Figure 7.

The fifth column of Table II shows the fre-
quency of normal oocytes in the different materna1
age groups. There is no significant difference be-
tween the young (86.9%) and the old maternal age

“group (91.3%). HoWever, the middle age group has a
significantly Tower frequency of normal oocytes (77.9%)

than either the young group (p = .05) or the old group



-35-

(p = .003).

Thus, although the oldest age group has the
‘1east number of oocytes per mouse and the poorest
fate of in vitro maturation (Table I), the oocytes
.that do reach metaphase II have the highest fre-

quency of a normal chromosome complement.
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TABLE I

Effect of maternal age on the mean number of oocytes
obtained per mouse and on in vitro oocyte maturation.

MATERNAL MEAN NO. % 00CYTES
AGE IN NUMBER 00CTYES # PROGRESSING
DAYS OF MICE ~ OBTAINED/MOUSE TO MET II
Young _ : | *
60-150 32 4.7 87.0

Middle | | +
1512240 59 9.6 | 80.7
01d _
207-330. 83 4.4 71.9
TOTAL 174 8.1 80.5

S1gn1f1cant1y different when compared to middle maternal age group
(p = .01) and to old maternal age group (p<.000001).

S1gn1f1cant1y different when compared to old maternal age group
(p = .004).

7

$ Undamaged oocytes possessing a germinal vesicle.
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TABLE I1

Chromosomal analysis of 473 metaphase II oocytes from mice
of different ages. |

o - ®rotaL no.
- MATERNAL TOTAL NO. o » | 'DIPLOID &

AGE IN  OOCYTES 18 19 20 21 40 HAPLOID
DAYS  ANALYSED (n-2) (n-1) RO (2n)  © (* 2)00CYTES
600180 191 3.1% (6)  7.9% (15)  86.9% 0 1.1% (4) 353

Middle 122 1.6 (2) 710.7% (13) ‘t77.9% }a.9% (6) 2.12 (6) 280
151-240 s |

. oud 160 1.9% (3)  3.8% (6) 91.3% 9 2.0% (5) 24
24]_330 , Il . O/ eI/ { +Uk o]

TOTAL 473 2.3% (11)  7.3% (34) $6.0%  1.3% (6) 1.7% (15) 877

*

Significantly different when compared to old maternal age group (p = .04),
Fisher's exact test.

Significént]y different when compared to young maternal age group (p = .05)
and to old maternal age group (p = .003).
} Significantly different when compared to young maternal age group (p = .006)

and to old maternal age group (p = .01),

. i
® Used for calculation of the frequency of 2n (40) oocytes.

(cf. text p. 30)



Figure 1. Second meiotic metaphase showing a normal
7 complement of 20 chromosomes. Reproduced
at 3100 X.



Figure 2. Second meiotic metaphase with 19 chromo-
somes. Reproduced at 3200 X.
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Figure 3. Second meiotic metaphase with 21
chromosomes. Reproduced at 2400 X.
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Figure 4. Second meiotic metaphase with 21 chromosomes.
The axes of the chromatids are drawn for
clarification. The chromosomes are crowded
and fuzzy, but they can still be counted
utilizing C bands. Reproduced at 3000 X.



i

Figure 5. Second meiotic metaphase with 40 chromosomes.
Reproduced at 2200 X.



Figure 6. Second meiotic metaphase with 40 chromosomes.
Reproduced at 2800 X.



Figure 7. Second meiotic metaphase with its polar
body. Reproduced at 780 X.



Figure 8.

A8~

Second meiotic metaphase which could not

be analysed because the chromosomes are
too crowded together and the C bands are
not clear enough. Included in calcula-
tions of diploid oocyte frequency.
Reproduced at 2900 X.



Figure 9.
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Second meiotic metaphase which could not be
analysed because of the presence of some
chromatids and debris. Included in calcu-
lations of diploid oocyte frequency.
Reproduced at 3400 X.
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IV. DISCUSSION

In vitro oocyte maturation

Pincus and Enzmann (1935) originally observed that
the mechanical release of rabbit oocyteé from the ovarian
follicles into various culture media resulted in spontaneous
breakdown of the germinal vesicle and the continuation of
meiosis. to the metaphase II stage. Spontaneous maturation
of oocytes has subsequent]y been described in numerous mam-
malian species (Donahue, ]972a)‘and occurs in chemically
defined as well as in biological media (Biggers, 1972).
There have been several attempts to explain this phenomenon
but very little is known about oocyte maturation in vivo or
in vitro. Follicle cells have been implicated in the inhibi-
tion of oocyte maturation in rabbits. (Foote and Thibault,
1969) and in pigs (Tsafriri and Channing, 1975). This hypo-
thesis is attractive because it could explain the arrest of
" meiosis in vivo and the resumption of meiosis as soon as
the ooCyte is free of the follicle cells, either in vivo or
in vitro. HoWever, oocytes with investing follicle cells

have matured successfully in vitro in several species
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(Kennedy and Doﬁahue, 1969; Robertson and Baker, 1969) and
Cross and Brinster (1970) have shown that mouse oocytes cul-
tured with follicle cells have an increased frequency of
maturation. Follicle ce1ls are capable of converting var-
ious substrates to pyruvate, which the oocyte requires as

an energy source (Donahue and Stern, 1968). Since oocytes
of several species have been cultured with follicle cells,
they cannot be inhibiting maturation. Therefore the mechan-

ism which causes oocytes to mature in vitro remains unknown.

Normality of oocyte development in vitro

Several studies have been done to determine if
ooqyté maturation in vitro is comparable to development in
vivo and if normal embryonic development can proceed. Thi-
bault (1973) demonstréted that rabbit oocytes matured in
yj;rg_progress to metaphase II in exactly the same léngth
.of time as‘control oocytes matured in vivo after coitus.
Ca]afto et al. (1972) found no significant ultrastructural
~differences between mouse oocytes maturing in vivo and in
vitro. ‘Early embrybnic development is also normal in rabbit
and mouse embryos ferti]izéd and grown in vitro (van Bler-

kom and Manes, 1974; Cross and Brinster, 1970); in addition
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.normal adult rabbits and 15 day-old mouse fetuses have been
prodiiced from oocytes matured and fertilized in vitro and
transferred to pseudopregnant fostgr mothers (Thibault,
1973; Cross and Brinster, 1970). Thus, experiments to date
show that in vitro oocyte maturation is similar to in vivo
maturation and does not cause an increase in abnormal de-

velopment.

Comparison of results to other studies

1. Diploid oocytes

 The overall incidence of oocytes with 40 chromo-
somes in this study was 1.7% and this was not maternal age
dependent. ‘If a diploid oocyte were fertilized by a nor-
mal sperm, a triploid embryo would result. Other studies
of mouse embryos have also shown that triploidy is not
dependent on maternal age (Yamamoto et al., 1973a; Gosden,
1973). Carr (1971b) has shown that triploidy does not in-
crease with haterha] age in humans. -Donahue (1970) found
anincidence of only .02% diploid ococytes in CF-1 mice.
But he found that 1.2% of first cleavage division mouse
embryos were triploid; these were caused equally by dis-

permy and digyny (Donahue, 1972b). VYamamoto et al. (1973a)
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found an overall incidence of 1% triploidy in 10.5 day CF;l
mouse fetuses. Gosden (1973) found 4.2% triploidy in 3.5
day CBA/HT6 mouse embryos. Presumably, these diffe?ences»
reflect the'different gestationa]lstages examined and the
different mouse strains used. It is difficult to estimate
the fréquency of triploid embryos in humans since they can-
nof be studied unless the embryos are aborted. Carr (1967b)
has determined that triploidy occurs in 4% of spontaneous
abortuses and in 19% of abortuses with chromosome abnormal-
itiés. However, the frequency of triploidy in humans fs :
probably higher in earlier stages of gestation since the
frequency of chromosome abberations decreases with gesta-
tional age (Bou&, 1972). Triploid embryos are genefa]1y
aborted and only a few}human triploids have survived to
term (Niebuhr, 1974). In the mouse, trib]oid embryos are
eliminated during the first few days after implantation

(Wroblewska, 1971).
2. Aneuploid oocytes

Several investigators have studied the frequency
of aneuploidy during meiosis and early development in young |

mice. Using a hybrid strain, Uchida and Lee (1974) found
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no spontaneous aneuploidy in metaphase II oocytes. Dona-
hue {1972b) found no hyperploidy during the first cleavage
division of CF-1 embryos. Similarly, Gosden (1973) and
Yamamoto et al. (1973a) did not find‘any trisomy in CBA/HT6
embryos or CF-1 fetuses from young female mice. The pre-
sent study agrees with theée observations; no oocytes were
found with 21 chrohosomes in the young CBA mice. However,
Hansmann (1974) has found that 2.4% of metaphase II oocytes
from young C3H female mice have 21 chromosomes; and Phillips
and Kaufman (1974) have observad 2;9% hyperdiploidy in
oocytes from young (C3H x 101)F] mice. This higher fre-
quency of hyperdiploidy may ref1ect a higher spontaneous
rate of non-disjunction in C3H mice. Genetic differences
can alter the frequency of aneuploidy. Fishberé and Beatty
(1951) discovered that the mutant silver (si) in mice
causes a high spontaneous frequency of heteroploid embryos.
At 45 days gestation 14.3% of embryos are heteroploid if _
the mother is homozygous for the silver mutation. If both
parents are silver, the frequency of heteroploid embryos

is highér. ‘Phillips and Kaufman (1974) have found a sex-
linked mutant (Fx0) which causes non-disjunction of the

X chromosome in approximately one-third of oocytes. Human
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families with a high frequency of aneuploid offspring have
also been recorded (Hecht et al., 1964). Since very few
human oocytes or early embryos have been studied, it is
difficult to estimate the frequency of aneuploidy at a
comparable stage in humans. However the frequency of aneu-
ploidy is definitely higher in humans than in mice since
35% of spohtaneous abortions are heteroploid and 66% of
the heteroploidy is due to aneuploidy (Carr, 1971a).

The effect of age on non-disjunction in mice has
been analysed in only two studies. Gosden (1973) studied
3.5 day embryos from CBA/HT6 mice and found 5.2% trisomic
embkyos in the old females. Yamamoto et al. (1973a) deter-
mined that 1.9% of 10.5 day fetuses from old CF-1 females
were trisomic. Both studies demonstrated a significant
increase of non-disjunction with maternal age. In thié
Study the frequency of oocytes with 21 chromosomes (which
would lead to trisomy if fertilized by a normal sperm) was
4.9% in the middle aged female mice. But there was a com-
plete Tack of hyperploid oocytes in old females. -This may

be explained by the peculiarities of the mouse strain used.
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Characteristics of CBA mice

CBA mice were chosen for this study because 6f

- their short reproductive 1ifespan (10 - 11 months) (Jones
and Krohn, 1961) and because of the high frequency of uni-
valents in the oocytes from old fema1e5'kHenderson and
Edwards, 1968). Henderson and Edwards found that 75% of
the oocytes from old CBA females had univalents. There-
fore, it was felt that if non-disjunction resulted from
the univalents, it would be most evident in oocytes from
old CBA females. But the CBA strain is very peculiar.
Jones and Krohn (1961) studied four different strains of
mice and found that CBA fema1es have the smallest endow-
ment of oocytes at birth; the most rapid depletion of
oocytes; and they are the only strain in which the ovary
is completely depleted of oocytes long before death.

.The smaller endowment of oocytes makes it much more diffi-
cult to culture large numbers of oocytes; even in young
females, a maxjmum of only 20 oocytes per mouse can be
co]]ected; The number of oocytes decreases with age and

in old CBA females very few oocytes can be obtained (cf.

Table I). The small number of oocytes is not because

@ i SIS e m gt
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virgin mice were used in this study since Jones and Krohn
(1961) have demonstrated that there is no significant dif-
ference in the rate of depletion of oocytes in virgin or

multiparous mice.

Possible explanations for the lack of hyperploidy in the

oocytes from old CBA mice

It may be possible that only normal oocytes are
being selected for culture from old CBA females. But if
»this is true, one would have to poétu1ate that oocytes
which have many univalents, or are démaged in some other
way, preferentially become atretic. Since 87% of oocytes
from young females mature in culture compared to only
71.9% in old fema1es, a higher frequency of univalents
may prevent defective eggs from reaching metaphase II.

If this is the case, a threshold effect must be postulated
.-——-i.e. odcytes from young females have no univalents

and no aneuploidy; oocytes from middle aged females have
some univalents and these result in non-disjunction lead-
ing to 4.9% hyperploidy; oocytes from old females may
reach a threshold in which some oocytes have so many uni-

valents that they either become atretic or fail to progress
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to metaphase II.

| Alternatively, the failure of maturation may not
be due to the higher number of univalents but to the type
of univalents seen in old CBA females. Henderson and
Edwards (1968) classified univalents asv1oose1y-assoc1ated,
tightly-associated, and true univalents:(no association).
Although the frequency of loose and tight univalents in-
creased with maternal age, frue univalents were only seen
in the oldest maternal age group. Therefore, loosely or
tightly associated univa]enfs may cause incorrect attach-
ment of spindle fibres resulting in non-disjunction.
Spindle fibres may hot be able to attach to true univalents
and meijosis might then be arrested in the oocytes from old
CBA female mice. _> | i

Evidence that a reduced chiasma frequency and in-

~creased univalent frequency can lead to meiotic arrest has
been presented in one male mouse (Purnell, 1973) and ten
“men (Hulten et al., 1974). In every case the males had a
high frequency of univalents and were sterile because of a
block in spermatogenesis. Hulten et al. (1974) investigated
one patient in detail using electron microscopy and found

that cells at diakinesis showed signs of arrest:
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centrioles were located at the centre of the group of
chromosomes and no microtubular bundles were found either
arouhd thé centrioles or the centromeres; a large number
of vacuoles and swelling mitochondria were also observed
in these cells. Therefofe, abnormal oocytes from older
females may be e]imihated before metaphase II, when they
are normally ovulated, so that only normal oocytes are
 seen at this stage.

Thung (1961) has observed that in old female
micé oocytes are often retained in the follicle and not
ovulated so that corpora lutea containing oocytes are
formed. Anovulatory cycles are also common in women
approaching the menopause (Riley, 1964). Therefore, there
may be some mechanism which detects abnormal oocytes, or
oocytes which have been arrested at some stage before

metaphase II, and prevents the ovulation of these oocytes.

Relation of chromosomal abnormalities to the decline in

fertility in o1d.fema1e mammals

It is obvious that although there is an increase.
in the frequency of chromosome abnormalities with maternal

age, this increase is not great enough to entirely account
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for the Targe drop in litter size in older mammals. In
this study, the age group with the highest frequency of
chromosome abnormalities had an estimated frequency of 9.8%
aneuploidy (2 x 4.9%) and 2.1% triploidy or approximately
12% of oocytes with numerical chromosome anomalies. Gos-
den (1973) found that 12.1% of 3.5 day embryos from old
female mice had abhorma] chromosome constitutions. Since
Titter size can drop by 50% in old mice (Jones and Krohn,
1961), there must be other factors responsible for the
decfease. The retention of oocyte§ in their follicles in
old mice may also contribute to the decline in litter size
and hormonal function may be impaired in the old mice

(Gosden, 1974b).

Discussion of results in relation to the theories of non-

disjunction

fhe results presented in this paper do not dir-
ectly confirm or discredit any of the theories of non-
disjunction presented in the introduction. However, since
the mice were not exposed to radiation énd the oocytes
were not aged by delayed ovulation or fertilization, it is

not Tikely that ﬁhese causes are'responsib1e for the
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non-disjunction observed in the middle age group of mice.
The>1ncreasevof meiosis I non-disjunction with maternal
age obseryed in metaphase II oocytes in this study does
not correspohdvdirectly to the increase of univalents

with age seen in the studies of Luthardt et al. (1973)

or Henderson and Edwards (1968). If an .increase in uni-
valents with materna] age'is causing non-disjunction,
then a thre;ho]d effect must be postu]ated to explain the
‘lack of hyperploidy in metaphase II oocytes of old CBA
female mice. The evidence that a threshold for the num-
ber or type of univalents may exist is presented above.
Since CBA mice are peculiar both in their reproductive
pattern and their high frequency of uniVa]ents in old
females, it would be very interesting to determine the
frequency of non-diéjunction with maternal age in meta-
'phase II oocytes in other strains of mice. To date, no
one has published any data on the effect of matérna]

age on non-disjunction in oocytes.

A unified theory of maternal age related non-disjunction

The univalent theory of non-disjunction is

attractive because it provides a mechanism by which
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non-disjunction can occur; that is, if bivalents become
unpaired or only Toosely paired, spindie fibres may not
be able to attach correctly énd-non;disjunction-may
result. Since univalents have been shown to result in

aneuploid gametes in other organisms (Carpenter and

Sandler, 1973; Sharma and Reinbergs, 1974) it seems

likely that the univalents seen in older mice could ex-

plain the increase of aneuploidy. Other theories lack

an actual mechanism which could cause non-disjunction.

For example, theories of tubal or intrafollicular aging
of the ova or radiation damage do not really explain how
these factors could affect the chromosomes and thereby
cause non-disjunction. However, there is.some evidence
that various factors such as temperature and radiation

can cause an increase in the frequency of non-disjunction.
These other factors may be affecting the non-disjunction
rate by the mechanism of univalent production. Univalents
are produced with advancing maternal age in mice as the
frequency of chiasmata decreases. The spontaneous reduc-
tion of chiasmata and increase of univalents with maternal

age could be further accelerated by environmental factors.
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Radiation has been shown to cause a terminali-
zatibn of chiasmata, a decrease in chiasma frequency, and
an increase in univalents in plants (Ramulu, 1973). Since
radiation haé also been shown to increase the frequency
of non-di%jﬁnction in mice (Yamamoto et al., 1973b; Uchida
and Lee, 1974), the mechanism may be to further decrease
the chiasma frequency occurring spontaneously and acceler-
ate univalent production. It may be necessary for preco-
cious terminalization of chiasmata to begin before radia-
tion can further affect the process since Yamamoto et al.
(1973b)4found that radiation could only increase the rate
of non-disjunction in old female mice not in young mice.

An increase in temperature in Schistocera greg-
aria also causes a termina]iiation of chiasmata, a decrease
in chfasma frequency and an increase in univalents (Hender-
son, 1962).. Grell (1971) has determined that elevated
temperature causes an.increase in'non-disjunction of the
sex chromosomes as we]]las an increése in ﬁoncrossover X

‘tetrads in Drosophila melanogaster. Therefore, it again

seems 1iké1y that any heat induced non-disjunction would
~occur by the mechanism of univalent production. No exper-

iments have been performed on the effect of increased
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temperature on non-disjunction in mammals since it would
be difficu]t to increase the tempefature of a warm-blooded
~animal. However, the finding that heat can induce non-
disjunctfon in lower organisms raises the possibility that
physiological changes in temperature, perhaps incident to
disease, may contribute to Qarious types of aneuploidy by
jncreasing the numoer of univalent chromosomes. The sea-
sonal clustering of mongolism and other types of trisomy
reported in the Titerature (Stoller and Collman, 19653
Nielsen and Friedrich, 1969) may bo due to infections
causing an’incfease in body temperature.

The slight increase of non-disjunction reported
with aging of ova (Butcher and Fugo, 1967; Vickers, 1969)
may also be due to univalent formation. Rodman (1971) de-
termined that in some aging mouse oocytes, sister chroma-
tids had disjoined prematurely; and Yamamoto and Ingalls
(1972) found chromatid separation in aged hamster oocytes.
Therefore any aging of the oocyte méy further increase the
frequency»of univalents leading to non-disjunction.

- Thus environmental factofs known to affect non-dis-

- Junction frequencies may all be operating by their effect on

univalent production—increasing the number of univalents
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formed due to advancing maternal age.

Variation in chiasma frequency and univalent
production can be due to genetic és well as environmental
factors. Selection for genetic strains with high or iow
mean chiasma-frequencies has been accomplished in Droso-

phila melanogaster (Chinnici, 1971) and Schistocerca

gregaris (Shaw, 1974). Shaw (1974) determined that 60%

of the total variance in chiasma frequency in Schistocerca

is due to genetic factors. Genetic mutants which fail to
form chiasmata have also been isolated in plants (Sharma
and Reinbefgs, 1974), mice (Purnell, 1973) and humans
(Pearson et al., 1970). A genetic variation in chiasma
frequency could explain thelclustering'of aneuploidy in
some families (Hecht et al., 1964). A genetically deter-
mined low frequency of chiasmata would cause a greater
susceptibi}ity to non-disjunction since fewer environmental
factors and less aging would be required to reduce the num-
ber of chiasma to the extent that sbme chromosomes lost all
chiasmata and became unpaired;

~ An inherent low frequency of chiasmata might be
- part of the cause of Down's éyndrome babies born to young

mothers. A Targe number of studies have shown that the



-63-

mean age of mothers of Down's syndrome children is 6 to 8

years higher than the population mean (Penrose and Smi th,

1966). But each study shows two bumpé in the curve
one close to the population meén and a larger one in the
mid-thirties. These bumps are usually large enough to
make the curve bimodal. ‘Therefore Down's syndrome has
been stated to be caused by A, a maternal age-independent
class and by B, a maternal age-dependent class. Since
class A has the same mean as the population, Penrose and
Smith (1966) have suggested that Down's syndrome in class
A is due to translocations, mosaicism, carrier parents,
secondary non-disjunction, and specific genes inducing
non-disjunction. The specific genes could be lowering
the chiasma frequency, increasing the formation of univa-
lents and thereby causing non-disjunction. An increase
in maternaI,age would not be expected in any of these
cauéeé. Class B, the maternal age-dependent group,
would then be caused by aging of the oocyte during the
prolonged dictyotene stage. |

- Therefore although several environmental, gene-
- tic, and aging factors can affect the frequency of non-

disjunction by varying degrees, the mechanism of action
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may be due to a single cause, namely univalent production

and»subsequent unbalanced segregation of the chromosomes.

AMode]s for the decrease in the frequency of chiasmata

with maternal age

Henderson and Edwards (1968) suggested that de-
creasing chiasma fkequency with age could be explained
either by chiasma termina]izétion or by a "production 1ine"
hypothesié. .Terminalization or movement of chiasmata to
the distal ends of chromosomes has been observed in plants
and insects (Mather; 1938). If terminalization occurred
during dictyotene, chiasmata could be progressively lost
1ead%ﬁg to the formation of univalents, especially in the
smaller chromosomes-whjch have fewer chiasmata (Slizynski,
1960). The fact that chiasmata become more terminal in
older fema]é mice supports this view. Also, heat and
radiation héve been shown to cause non-disjunction in
lTower organisms and both also result in terminalization
of chiasmata (Heﬁderson, 1962; Yamamoto et al., 1973b).
The main objection to the view that terminalization causes
. the observed decrease of chiasmata is that it is difficult

to envisage a molecular mechanism accounting for movement
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of-chiasmata to the chromosome ends. So Henderson and
Edwdrds (1968) proposed that the decrease in chiaéma fre-
quency in old females was due to differences in chiasma
frequencies in the fetal ovary. To explain this a "pro-
duction Tine" in the ovary would be necessary. That is,
‘oocytes formed early during oogenesis would possess higher
chiasma frequencies than those formed later. The oocytes
would subsequently be ovulated in the same sequence account-
ing for the réduction in chiasma frequency in older mice.
Oocytes are formed over a period of weeks in humans (Ohno
g}_gl,; 1962) and 4 - 5 days in mice (Borum, 1961), allow-
ing sufficient time for gradients in chiasma frequencies
to develop. Gradients in nutritional or developmental
factors are known to affect chiasmé frequencies in plants
(Couzin and Fox, 1974; Rees and Naylor, 1960). The

decline in the recombination frequency between the genes

pallid and fidget with maternal age in mice (Bodmer, 1961)

was -interpreted by Henderson and Edwards as being favour-
able to the "production Tine" hypothesis since recombina-
tion occurs during prophase in the fetal ovary, i.e.

- before dictyotene. Therefore, if gradients éausing a

decrease in chiasma frequency occurred in the fetal ovary,
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a decrease in reeombination would be expected in old femaie
mice. However this decrease in recombination frequency
with maternal age in mice has only been shown for these
two genes. Reid and Parsons (1963) did not find a statis-
tically significant decrease in recombfnation frequency
between the genes leaden and fuzzy with maternal age.
This hypothesis of sequenfia] oocyte development in mice
could be tested by labelling the DNA while oocytes are
“being formed in the fetal ovary and determining if those
oocytes formed last are conserved into old age.

No formal proof exists for the "production
line" model but neither is there any direct evidence for
the loss of chiasmata by terminalization during the por-
1onged dictyotene stage. Therefore, the cause for the
reduction in chiasma frequency and 1ncfease in univalents

with maternal age in mice is not known.
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V. CONCLUSIONS

The frequency of numerical chromosome abnormal-
ities in metaphase II oocytes from aging CBA mice was de-
termined. The mice were divided into three different age
groups, based on litter size data in CBA females. The
frequency.of dipTofd cocytes (which would result in tri-
ploid embryos) was 1.7% and did not vary with maternal age.
Other studies have reported rates of triploidy varying
from .02% to 4.2% depending on theAmouse strain and stage
of development. There has not been a reported increase
of triploidy with maternal age in other studies. Oocytes
with 21 chromosomes were used Es an index of non-disjunc-
tion since chromosomes may be lost during s1ide prepara-
tion, leading to an elevated frequency of oocytes with 19
chromosomes. The overall freQuency of oocytes with 21
chromosomes was 1.3% but these were all concentrated in
the middle age group of mice with 4.9% hyperploidy.

There have been no other pubfished studies of meiosis I
non-disjunction observed at metaphase II in aging female
mice which cou]d‘be compared to these results. Two
studies -of .aneuploidy in mouse embryos and fetuses have

shown an increase with maternal age, but no
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comparable drop in the frequency of aneuploidy in the old-
est age group. The lack of hyperploidy in the oocytes'from
old CBA fema]ee may be due to pecu]iarities of CBA mice.
Therefore similar studies in}other strains of mice are
" required to determine if‘this lack of hyperploidy in old
females is strain specific. However, it would be necessary
to étudy much o]der.female mice than in this project since
CBA'ﬁiée have an extremely short reproductive lifespan.
Several theories of non- d1SJunct1on have been
d1scussed part1cu1ar1y Henderson and Edward's theory of
univalent formation. The results of this study do not
directly confirm any of the theories unless a threshold
effect is proposed to explain the lack of hyperploidy in
the oocytes of old female mice. Evidence from this study
and also other studies is presented to show that a thres-
hold for the. type or number of univalents may ex1st Once
the threshold 1eve1 has been surpassed, meiosis may break
down so that oocytes do not reach metaphase II. This would
lead to a lower maturation rate of ococytes, but a higher
"~ frequency ef chromosomal normality in the old females.
A unified model of non-disjunction is presented

in which the various environmental, genetic, and aging
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factors.known to affect the frequency of non-disjunction,
“act by an underlying mechanism of univalent formation.
Evidence supporting this view is drawn from Tower organ-
isms as well as mamma]s.‘

| The similar maternal aging effects upon the fre-
quency of aneuploid embryos and offspring in mice.and

humans makes further research on mouse oocytes a necessity

until the time when "human oocytes are more readily available.

Non-disjunction rates in oocytes should provide the best
estimate of true rates since abnormal embryos are progress-
ively lost during development. Although human oocytes are
difficu]t_fo obtain in large numbers, a long-term study of
chiésma and univalent frequencies at metaphase I and non-
disjunction frequencies'at metaphase II should aid in

understanding the phenomenon of age-related non-disjunction.
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APPENDIX I

Krebs-Ringer Medium for Oocyte Culture

Constituents Gram/Litre

NaCl | " 6.96

Na Pyruvate .028

KC1 ’ .356
CaCl, | .189
KH,PO, _ : 162
Mgs0, * 7H,0 .294
NaHCo, 2,106
Pen/Strep 100U/m1/50ugm/m1
Bovine Serum Albumin : 1.00
Phenol Red : .01

Medium for equilibrating paraffin oil is made as
above but without pyruvate or albumin.



