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It is not known why XO mouse embryos, which develop more slowly than XX embryos
until early mid-gestation, reach the same stage in their growth and development as their
XX littermates at the mid-gestation stage. It is hypothesized that there is an effect of ‘litter
size’ that causes an acceleration of the development of XO embryos at mid-gestation.
The present study was performed to determine whether the development of XO
embryos is retarded compared with that of their XX littermates at early mid-gestation
(day 8 of gestation), before reduction of litter size. The percentage of pre-somite stage
XO embryos was greater than the percentage of pre-somite stage XX embryos, and the
mean number of somites was greater in XX embryos than it was in XO embryos. These
findings indicate that the development of XO embryos was retarded when compared
with that of their XX littermates at early mid-gestation. This result is discussed with
respect to the compensatory development of XO embryos at mid-gestation and the
reduction of litter size shortly after early mid-gestation.

Developmental retardation of XO mouse embryos at mid-gestation

Introduction

In humans, about 99% of XO conceptuses die before birth,
and XO individuals with Turner syndrome usually have a
variety of morphological abnormalities and are sterile.
However, XO mice do not have any external or visceral
malformations, and are fertile (Cattanach, 1962; Epstein,
1986; Endo and Watanabe, 1989). Recent studies have
revealed developmental problems of XO mice (Burgoyne et
al., 1983a,b; Hunt, 1991; Banzai et al., 1995). The XO mouse
embryos (having a paternally derived X chromosome)
described by Burgoyne et al. (1983b) were already lagging
behind their XX siblings in development by day 7.25 of
gestation. This lag continued until day 10.5, and then there
was evidence of catch-up growth between day 10.5 and day
12.25. However, this catch-up was not maintained, which is
in keeping with the finding that XO mice are underweight at
birth (Burgoyne et al., 1983a). By contrast, the growth and
development of XO mouse embryos (having a paternally
derived X chromosome) of our colony progressed more
slowly than those of their XX littermates at the pre-
implantation stage (Banzai ef al., 1995), but afterwards, XO
embryos were not retarded compared with their XX
littermates at either day 10.0 of gestation (Omoe and Endo,
1993) or near term (Endo and Watanabe, 1989). There is little
information about catch-up growth of XO embryos but an
important factor may be the effect of litter size on
development of XO embryos. The fact that there is an inverse
relationship between fetal mass and litter size (number of
live embryos per dam) in rodents is widely recognized (King,
1915; Barr et al., 1970; Benson and Morris, 1971; Smart et al.,
1972; Cowley et al., 1989; Leamy, 1992; Romero et al., 1992). In
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previous observations at days 10.0 and 17.0 of gestation, the
litter size of XO females was about 7.0 (Endo and Watanabe,
1989; Omoe and Endo, 1993), whereas the litter size at day
8 of gestation was about 13.0, which was almost the same
as that at the preimplantation stage (Banzai et al., 1995;
Ishikawa and Endo, 1998).

The present study was undertaken to examine whether, at
early mid-gestation before the reduction of litter size, XO
mouse embryos with a paternally derived X chromosome
have the potential to catch up with XX littermates.

Materials and Methods

All mice used in this study were obtained from our XO
mouse colony, established 13-16 generations ago from XO
offspring of Jcl/ICR females exposed to X-rays after
copulation (Endo and Watanabe, 1989). The XX and XO
karyotypes of the female offspring were diagnosed by
cytogenetic analysis of peripheral lymphocytes from the
tail vein (Endo and Watanabe, 1988). The animals were
maintained at a room temperature of 23 = 2°C at 50 = 10%
relative humidity with a 12 h light:12 h dark cycle (lighting
16:00-04:00 h). Virgin XO and XX mice (3-6 months old) were
mated with males of the same colony for 1 h (13:00-14:00 h).
Short-time mating (1h) was used to minimize interlitter
variability. Matings were confirmed by the presence of a
vaginal plug at the end of the mating period (plug positive =
day 0 of gestation), and the middle of the mating period was
considered the point of fertilization.

Mice were killed by cervical dislocation at 192 h (day 8 of
gestation) after mating and the reproductive tracts were
removed. Conceptuses were dissected from each uterus and
transferred to a watch glass containing Hanks’ solution
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(Nissui Inc., Tokyo). Embryos were dissected from the
decidual tissue at x20 magnification under a dissecting
microscope, and the presence or absence of somites was
recorded for each embryo.

Embryos were then prepared cytogenetically according to
the method of Evans et al. (1972) with minor modifications.
Embryos were incubated in Hanks’ solution containing
0.1 pg colcemid ml~ (Gibco BRL Products, Tokyo) for 120
min at 37°C, transferred to individual tubes of pre-warmed
(37°C) 1% (w/v) sodium citrate solution, and then kept in this
hypotonic solution for 7 min and fixed in 3:1 methanol:glacial
acetic acid. The cells were dissociated in 50% acetic acid. Two
slides were made from each embryo. Slides were air-dried
overnight and stained with 5% (v/v) Giemsa.

For each embryo, the number of somites was first counted,
after which the chromosomes in metaphase were counted.
Twenty well-spread metaphases from each embryo were
examined for diagnosis of chromosome constitution. When
the chromosome number was 40, sex was diagnosed by the
presence or absence of the Y chromosome. In our XO colony
(Jcl/ICR strain), the Y chromosome is identified easily by
its morphological characteristics using conventional
Giemsa staining. XO embryos were diagnosed when the
chromosome number of embryos was 39 and all metaphase
sets were found to be Y chromosome negative. Data were
compared by either unpaired Student’s f test, Mann-
Whitney U test, Wilcoxon signed ranks test or chi-squared
test, as appropriate. Correlation analysis was performed
using Pearson’s correlation test.

Results

The reproductive parameters in the XO and XX groups were
compared (Table 1). The number of corpora lutea was
significantly higher in XO mice compared with XX mice
(P <0.01) and the number of live embryos per dam in
XO mice was significantly different from that of XX mice
(P < 0.05).

The morphological stages of counterpart embryos from

Table 1. Reproductive characteristics in XX and XO mice

XX mice XO mice
Number of dams examined 17 40
Mean + sD number of corpora lutea* 162+1.3 18.8+3.2°
Mean =+ sD number of live embryos* 144 +1.5 11.7 £ 4.1°

*Litter basis.
P < 0.01,*P < 0.05 compared with each counterpart in the XX mice group by
Mann-Whitney U test.

XO and XX dams, or among XY, XX and XO embryos from
XO dams, were compared (Table 2). In XO mice, the
percentages of pre-somite (underdeveloped) XY and XX
embryos were significantly greater than those of the XX
group (P < 0.001), and the mean number of somites for XY
and XX embryos in XO mice was significantly lower than
those of their counterparts in the XX mice group (P < 0.001).
In the XO mice group, the proportion of pre-somite XO
embryos was greater than it was in the group XY and XX
embryos, and the mean number of somites in XO embryos
(3.0) was significantly lower than it was in XY (4.3) and XX
(4.0) embryos. Furthermore, in both the XX and XO mice
groups, the mean number of somites in XX embryos tended
to be lower than it was in XY embryos.

The differences between the mean number of somites of
XX and XO embryos within the same litter were calculated
and compared (Table 3). In almost all litters, the average
number of somites in XX embryos exceeded the average
number of somites in XO embryos. Again, the mean number
of somites in XO embryos was significantly lower than it was
in XX embryos.

The regression line between the mean somite numbers of
embryos of the various genotypes and the litter size is shown
(Fig. 1). The slope of the line is —0.344 (95% confidence interval
ranging from -0.655 to —0.032) and there was a significant
correlation (r=-0.57; P =0.033). There was no significant
relationship between litter size and the proportion of XO
embryos (r = 0.13, P = 0.67) (Fig. 2).

Table 2. Comparison of developmental difference of the XX, XO and XY embryos between XX and
XO dams

Group

XX mice XO mice

Number of embryos examined
Mean + SD number of somites*
40,XY
40,XX
39,X0
Percentage of embryos with pre-somite
40,XY
40,XX
39,X0O

230 420

6.3 + 1.8 (n = 105)
58+ 1.7(n=94)

43 +2.0%(n=92)
40+ 1.7 (n = 97)
3.0+ 15(n=23)

12.5 (1 = 15) 42.5%(n = 68)
14.6 (n = 16) 52.0°(n = 105)
60.3 (1 = 35)

*Fetal basis, excluding pre-somite.

‘P < 0.05 compared with XX embryos in the XX mice group by unpaired £ test.

*P < 0.001 compared with each counterpart in the XX mice group by unpaired f test.

P < 0.01, “P < 0.05 compared with XO embryos in the XO mice group by unpaired ¢ test.
P < 0.0001 compared with each counterpart in the XX mice group by chi-squared test.

‘P < 0.05 compared with XO embryos in the XO mice group by chi-squared test.
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Table 3. Comparison of mean number of somites of XX and XO embryos at day 8 of gestation in

XOdams
XX embryos XO embryos
Mean number Mean number

Dam* number Number of somites Number of somites ds

1 1 2.0 2 3.5 -1.5

2 2 35 1 3.0 0.5

3 2 25 1 1.0 1.5

4 5 6.6 1 4.0 2.6

5 6 3.8 2 3.5 0.3

6 3 5.7 3 43 14

7 5 34 1 1.0 2.4

8 4 2.0 4 2.0 0

9 2 4.0 1 2.0 2.0
10 1 5.0 1 2.0 3.0
11 3 2.0 1 1.0 1.0
12 4 5.0 2 3.5 1.5
13 2 4.0 1 1.0 3.0
14 4 43 1 3.0 1.3

Mean + sD 3.84+142 Mean + SD 2.49 + 1.20°

d: difference between XX and XO groups; °P < 0.01 by Wilcoxon signed ranks test.
bP < 0.05 compared with XX embryos group by Mann-Whitney U test.
*These XO dams had XX, XO and XY embryos at somite stage and were selected for this analysis from all dams studied.

Discussion

In the present experiment, XO mouse embryos were retarded
compared with their XX littermates at day 8 of gestation. This
finding is in agreement with the results of Burgoyne et al.
(1983b) who compared the growth and development of XO
and XX embryos from day 7 to day 18 of gestation by
measuring either egg cylinder volume or body weight, and
concluded that, at day 7.25 of gestation, XO egg cylinders
were retarded in development compared with XX egg
cylinders, and that this lag in development remained until
day 10.5. By day 12.25 of gestation, there was a considerable
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Fig. 1. Correlation of the mean number of somites and litter size in
XO dams at day 8 of gestation. These XO dams had XX, XO and XY
embryos at somite stage and were selected for this analysis from all
dams.

degree of ‘catch-up’, but this was not fully maintained. The
present authors examined the growth and development of
XO embryos by several different parameters from the
parameters used by Burgoyne et al. (1983b) (Omoe and Endo,
1993) and stated that “... no delay in development was
detected in XO embryos”. However, more detailed analysis
of the data in that paper revealed that some parameters of
growth and development tended to indicate less
development in XO embryos than in XX embryos, although
the difference was not significant, and there was still some
degree of ‘delay’ at day 10 of gestation. In addition to
accelerated growth, two alternative explanations for the
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Fig. 2. Correlation of the percentages of XO embryos and litter size
in XO dams at day 8 of gestation. These XO dams had XX, XO and
XY embryos at somite stage and were selected for this analysis from
all dams.
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observation that XO embryos showed little delay at day 10 of
gestation are: (1) that the XO embryos are less delayed in our
XO colony and a small delay is more difficult to identify at
day 10 than at day 8; and (2) that the most retarded XO
embryos are eliminated so that they are no longer found at
day 10. There was not a significant relationship between litter
size and the proportion of XO embryos at day 8 of gestation in
the present study. Therefore, there is no evidence that the
retarded development of large litters is a consequence of a
higher proportion of XO embryos. Our previous (Omoe and
Endo, 1993) and present study showed that the litter size of
XO dams at day 10 of gestation was about 7 while, at day 8, it
was about 12. Furthermore, the percentage of XO embryos
was 16% at day 10 and 14% at day 8 of gestation. These
findings imply that litter sizes decrease during mid-gestation
because XX and XY embryos are lost rather than XO embryos,
whereas there is no evidence of preferential XO embryo
mortality from day 8 to day 10 of gestation.

The development of XO embryos is retarded compared
with that of XX embryos at the preimplantation stage (day 3
of gestation) (Banzai et al., 1995). These findings and the
present results indicate that XO monosomy may have a
retarding effect on development from day 3 of gestation to
the mid-gestation stage, as shown by Burgoyne et al. (1983b).
As Burgoyne ef al. (1983b) suggested, this may occur because
the X and Y chromosomes share some genes that are required
in double dose in the early embryo. However, XO embryos
in the study of Burgoyne et al. (1983b) and in the present
study differ from XY embryos in having a paternally, rather
than a maternally, derived X chromosome. Thornhill and
Burgoyne (1993) showed that XO fetuses having maternally
derived X chromosomes are larger than XX fetuses and are
equivalent in size to XY fetuses, and suggested that a
paternally derived X chromosome has a retarding effect on
development.

The development of XO embryos at mid-gestation reaches
almost the same stage as that of their XX littermates (Omoe
and Endo, 1993). A similar phenomenon with respect to body
weight in normal mice was described by Monteiro and
Falconer (1966) and Gall and Kyle (1968). Biggers and
Papaioannou (1991) confirmed that ‘compensatory growth’,
as defined by Monteiro and Falconer (1966), occurs in the
genetically identical offspring of an F, cross. In addition to
confirming the occurrence of compensatory growth in body
weight and tail length, Biggers and Papaioannou (1991)
produced direct evidence that, in animals that become
relatively large during early growth, growth rate is slower
compared with that of small animals as they approach
maximum size, and that the reverse occurs with small
animals. Furthermore, during early organogenesis, mouse
embryos have a remarkable capacity for recovery from
severe damage and developmental retardation (Snow and
Tam, 1979; Tam, 1981). The enhanced development in XO
embryos may be regarded as a type of ‘compensatory
growth’ after the developmental retardation during early
pregnancy. In addition to ‘compensatory growth’, several
reports have shown that there was an inverse relationship
between fetal development and litter size in mice (Cowley et
al., 1989; Leamy, 1992). In the present study, there was a
statistical correlation between the mean number of somites

of the embryos (when data included all three genotypes) and
the litter size in XO mothers. However, when XO, XX and
XY embryos were considered separately, each showed a
negative correlation between litter size and mean number
of somites but the correlation coefficients varied and the
correlation was only significant for XX embryos (XO,
r=-0.39, P=0.16; XX, r=-0.66, P =0.01; XY, r ==0.23, P =
0.38). The XO:XX:XY ratio was 1.0:2.7:2.5 at day 10 of
gestation (Omoe and Endo, 1993) while, at day 8, it was
1.0:3.5:2.8 (present study). These findings suggest that the
effects of litter size reduction on viability act more on XX
embryos than on XO and XY embryos. In any case, it seems
likely that the litter size has an effect on the development of
XO embryos during mid-gestation. Litter size at mid-
gestation (day 10 of gestation) (Omoe and Endo, 1993) and at
near-term (day 17) (Endo and Watanabe, 1989) was about 7
for XO dams, while the litter size at preimplantation (day 3)
was 12.7 (Banzai ef al., 1995). In the present study, at day 8 of
gestation, the litter size was 11.7. These findings indicate that
about half of the embryos from XO mothers must have been
eliminated during the mid-gestation period. The elimination
period of embryos from XO mice corresponds to the period
when the development of XO embryos could ‘catch up” with
that of XX embryos. Therefore, these ‘effects of reduced
litter size’ may cause an acceleration of development of XO
mouse embryos at mid-gestation as compensation for
developmental retardation during early pregnancy, allowing
the development of XO embryos to catch up with that of XX
embryos.

The development of XX and XY embryos from XO mice
was delayed compared with that of their counterparts from
XX mice. The retarded development of all embryos from XO
mice has been shown at the preimplantation stage (Banzai et
al., 1995), at day 8 of gestation (present study) and near-term
(Endo and Watanabe, 1989). Taken together, these findings
indicate that embryos from XO mice grow later than their
counterparts from XX mice, and that a retarded development
at the preimplantation stage results in a subsequent relative
delay in development that persists throughout gestation.
This conclusion is supported by a study (Burgoyne and
Biggers, 1976) that showed, using in vitro culture techniques,
that the development of embryos from XO dams was
retarded compared with that of embryos from XX dams at
the preimplantation stage. Burgoyne and Biggers (1976)
suggested that the mechanism of this developmental
retardation of the embryos from XO dams was that maternal
X dosage deficiency in the maternal germ line causes a
deficiency in the materials stored in the oocyte, and this
deficiency affects the embryos of the various genotypes
indiscriminately. In addition, precocious or premature
ageing (Lyon and Hawker, 1973), the only known
characteristic feature of XO mice, may be related. In the
original strain (Jcl/ICR) from which this XO mouse colony
was derived, the percentage of pre-somite embryos at day 8
of gestation from middle-aged females (9-11 months) is 50%,
almost equal to that found in our study of XO dams
(Ishikawa and Endo, 1995). The developmental retardation
of the embryos obtained from young XO females in the
XO colony may be a manifestation of such a feature in
reproductive functions.
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