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ABSTRACT Low viability of manipulated or in vitro cultured embryos is caused primarily by
the reduced cell number in the implanting blastocysts. In order to investigate the effect of implan-
tation delay on embryo viability and cell number, mouse blastocysts were transferred into ovi-
ducts of day 0 pseudopregnant females. This type of transfer improved embryo survival rates,
indicating that embryos retarded by in vitro culture restored their viability during 3 days of de-
layed implantation. Our results showed that even in the cases when the initial cell count was as
low as 28.2 + 0.7 cells per blastocyst (vs. 60.5 + 1.4 cells in the control blastocysts, developed in
vivo), implantation delay increased this number to 107.2 + 3.5 cells (control blastocysts had at this
stage on average 111.0 £ 3.7 cells). Half-blastocysts, developed from the single blastomeres of the
2-cell embryos or from experimentally produced tetraploids, had around 50 cells after 3 days of
implantation delay. This indicates that the start of blastocyst dormancy is triggered during the
eighth cell cycle and independent of the absolute cell number or the number of cytokineses. Im-
plantation-delayed blastocysts, developed from the half-embryos with the doubled volume of cyto-
plasm, had on average 70.5 = 2.4 cells, suggesting that embryo fall into quiescence is also dependent
upon the attainment of a definite nucleo-cytoplasmic ratio. We conclude that blastocyst readiness
for implantation is determined by two factors: number of cell eycles and nucleo-cytoplasmic ratio.
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If an embryo fails to reach hatched blastocyst
stage by the time of “implantation window,” this
makes implantation impossible; decreased cell
number in the implanting blastocyst significantly
impairs postimplantation development. These
problems arise when cultured in vitro and/or
micromanipulated embryos are being transferred
into foster mothers. An observation that during
the first few days of delayed implantation, before
falling into developmental quiescence, blastocysts
increase their cell numbers (McLaren, ’68; Kaufman
et al., "77; Weitlauf et al., ’79), suggests a way to
restore embryo viability by experimentally extend-
ing the preimplantation period. Since the basic
work of McLaren and Michie ("’56), a commonly
used method of mouse blastocysts transfer is a
transfer of 3-day-old (day of conception, day 0)
blastocysts into the uteri of day 2 pseudopregnant
females. Such asynchronous “3—2” transfer is con-
sidered superior to synchronous, “3—3” transfer
since it provides an extra 24 h, necessary for the
retarded embryos to reach implanting blastocyst
stage. Moreover, a good survival rate of the half-
embryos was reported for the highly asynchronous
blastocysts transfers into the oviducts of day 0
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pseudopregnant females (“3—07 transfer) (Tsunoda
and McLaren, '83). Further studies, however, did
not provide unequivocal evidence as to the advan-
tage of this method over conventional, “3—2”
transfer (Tsunoda et al., ’85).

The preimplantation period may be experi-
mentally extended by the blastocyst transfer
into ovariectomized (Bergstréom, '78) or imma-
ture (Papaioannou, '86) females. In these cases
of delayed implantation blastocysts are provided
with a chance to double their cell number before
implantation (Kaufman et al., *77). Highly asyn-
chronous (“3—0”) transfer models to some extent
the situation of delayed implantation. This study
was undertaken in order to investigate the conse-
quences of highly asynchronous transfers on em-
bryo implantation and survival rates. The second
aim of this project was to reveal the mechanisms
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of size regulation, operating at the peri-implan-
tation stage. Half-embryos, embryos with the
halved nucleo-cytoplasmic ratio and the embryos
which developed in suboptimal in vitro conditions,
were analyzed before and after implantation de-
lay. Our results indicate that the mechanisms de-
termining the stage of embryo fall into quiescence
(considered here as the stage of embryo readiness
for implantation), differ markedly from the ones
operating at the earlier stages.

MATERIALS AND METHODS

Hybrid B6D2F1 (BALB/c x C57BL/6) females
were superovulated by i/p injections, 48 h apart,
of 7.5 IU of pregnant mare’s serum gonadotropin
(PMSG) and human chorionic gonadotropin (hCG)
and were then caged with C57Bl/6 males over-
night. Zygotes were flushed from the oviducts 24
h following hCG injection. Cumulus cells were dis-
persed using hyaluronidase (200 IU/ml) in M2
medium. Embryos were cultured to the morula
and blastocyst stages in M16 medium supple-
mented with 1 mM of L-glutamine and 100 uM of
Na,-EDTA (Whittingham, ’71; Abramczuk et al.,
"77; Chatot et al., ’89), under light paraffin oil, at
37°C in the presence of £% CO, in air.

Figure 1 represents the four types of embryos
used in this study. Dipleid half-embryos (1/2-em-
bryos) were produced by puncturing plasma mem-
brane of one blastomere of the 2-cell embryo.
Tetraploid half-embryos were produced by cultur-
ing zygotes for 20 h in the presence of 0.5 pg/ml
Cytochalasin D. This treatment completely sup-
pressed zygote cleavage, not affecting karyokinesis.
At the “2-cell stage” each Cytochalasin D-treated
morphologically one-cell embryo contained two
diploid nuclei (Latham et al., ’92). Microsurgical
removal of one nucleus resulted in diploid half-
embryos with the doubled amount of cytoplasm
(halved nucleo-cytoplasmic ratio); normal postim-
plantation development of such embryos has al-
ready been shown (Barra and Renard, '88). The
micromanipulation technique of McGrath and
Solter ('83), as modified by Tsunoda et al. ('86),
was used. All micromanipulations were performed
in glass chambers using KM-2 micromanipulators
under Axiovert 35 microscope with DIC optics.

Blastocysts were transferred into either uteri
(Hogan et al., ’86) or oviducts (Pease et al., ’89) of
ICR females, mated with vasectomized or fertile
ICR males. About 10 embryos were transferred
per pseudopregnant, 3-5 per pregnant. In the
cases when 1/2-blastocysts (blastocysts developed
from single blastomeres of 2-cell embryos) were
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transferred into pseudopregnant recipients, preg-
nancies were assured by the transfer of control
blastocysts into contralateral oviducts. Recipients
were killed on day 16 of gestation, and the num-
ber of resorptions and live fetuses was recorded.
The number of implantations was determined as
the sum of resorptions and live fetuses. Trans-
ferred hybrid embryos were distinguished from
native albino (ICR) embryos by their eye color.
While assessing the proportion of transferred
embryos that developed to term, only data from
embryo transfers that resulted in pregnancy
were used.

In order to investigate the increase in blasto-
cyst cell number, occurring during implantation
delay, 3-day-old blastocysts were divided into two
groups. Some were used for cell counts, the rest
were transferred into oviducts of day 0 pseudopreg-
nant females. Three days later, prior to implanta-
tion, blastocysts were flushed from the uteri and
cell numbers in such delayed blastocysts were de-
termined.

Cell number in morphologically normal blasto-
cysts was determined using Dyban’s technique of
embryo fixation (Dyban, ’83), followed by stain-
ing with Giemsa. Statistical significance of the re-
sults was determined by Student’s #-test (see Table
2) and % analysis.

RESULTS

Table 1 presents data on the viability of mouse
blastocysts, transferred into foster mothers. When
blastocysts were flushed from the uteri of mice
on the third day of pregnancy and retransferred
into pseudopregnant females, site of embryo trans-
fer (“3—2,” uterus vs. “3—0,” oviduct) had no ef-
fect on embryo survival (Table 1, lines 1 and 2).
This result suggests that neither implantation
rate nor postimplantation development of the fully
viable blastocysts could be improved by highly
asynchronous transfers.

Retransfer of in vivo developed embryos served
as a reference point for the evaluation of the cul-
tured and micromanipulated embryo transfers.
When in vitro developed blastocysts were trans-
ferred into oviducts of day 0 pseudopregnant fe-
males, they had the same survival rates as in vivo
developed blastocysts (Table 1, lines 3a vs. 2).

Half-embryos had the same implantation rate
as control embryos transferred into contralateral
oviduct: 62 and 74%, respectively. However, over-
all survival rate was significantly (P < 0.001) lower
for half-embryos (15%) than for controls (52%). To
exclude the possibility that reduced viability of
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Day 3

Control

1/2-embryos

2/2-tetraploids

1/2-embryos
with halved NCR

Fig. 1. Embryos used in this study. Cyt.D, embryo culture in the presence of Cytochala-
sin D. mm, micromanipulations (see Materials and Methods).

the half-embryos was caused by inappropriate
uterine response, control blastocysts and half-blas-
tocysts were transferred into pregnant recipients.
The results are presented in Table 1, lines 4 and
5. Since the receptive state of the uterus begins a
few hours before the native embryos start implan-
tation, asynchronously transferred blastocysts
have an advantage over native embryos (McLaren
and Michie, ’56; Marsk, *77). In vivo developed
blastocysts showed better survival rates (P < 0.05)
when transferred into pregnant recipients (Table
1, line 4 vs. 2). Implantation rate was significantly
(P < 0.01) decreased when pregnant females were
used as recipients of the half-embryos. This was
partially compensated by elevated survival rate
at the post-implantation stage (29% of live fetuses
in the pregnant females, bearing 1/2-embryos vs.
15% in pseudopregnant recipients).

In order to elucidate the mechanisms of blasto-
cyst size regulation that affect embryo viability,

we determined cell number in the blastocysts at
about the time they would have normally started
implantation and 3 days after highly asynchro-
nous transfer, at the actual periimplantation
stage. The results are presented in Table 2. In
vitro culture conditions significantly retarded de-
velopment and reduced cell number in 96 h post-
hCG-old blastocysts. Zygote culture in the medium
without EDTA halved the number of cells in the
blastocysts (28.2 + 0.7 cells per blastocyst vs. 60.5
+ 1.4 in the control, in vivo developed blastocysts).
However, following 3 days of passage through the
oviducts both in vivo and in vitro cultured blasto-
cysts reached the same 110-cell stage. Embryos
that were developing from single blastomeres of
the 2-cell embryos had at each developmental
stage halved the number of cells of the correspond-
ing intact embryos. On the other hand, it should
be noted that following 3 days of delayed implan-
tation half-blastocysts had on average 49.9 = 2.0
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cells, which is comparable with the number of cells
in intact blastocysts on the day of implantation
(60.5 = 1.4).

In order to reveal the factor(s), triggering the
state of blastocyst dormancy, tetraploid half-em-
bryos and half-embryos with the halved nucleo-
cytoplasmic ratio were produced. The results are
presented in Table 2. Figure 2 represents histo-
grams of cell distribution among half-embryos
with the halved nucleo-cytoplasmic ratio (Fig. 2B),
as compared with the half-blastocysts (Fig. 2A, com-
bined diploids and tetraploids) and intact blasto-
cysts (Fig. 2C, combined in vivo and in vitro cultured
blastocysts). These results are discussed below.

DISCUSSION

Investigation of the parameters, characteristic
for the implanting mouse blastocyst is complicated
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Fig. 2. Cell distribution among 190 h post-hCG-old im-
plantation-delayed blastocysts. A: Half-blastocysts. B: Half-
blastocysts with the doubled amount of cytoplasm. C: Control
blastocysts.
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by the fact that blastocysts start to implant asyn-
chronously and by the briefness of the peri-im-
plantation stage of each individual blastocyst. The
period of embryo readiness for implantation may
be extended for more than a week either natu-
rally, in lactating mice, or experimentally, in the
uteri of the ovariectomized or immature females
(Mantalenakis and Ketchel, ’66; McLaren, ’68;
Weitlauf and Greenwald, ’68; Papaioannou, '86).
During the state of delayed implantation cellu-
lar multiplication, DNA synthesis, and overall
metabolic activity are depressed (McLaren, ’68;
Weitlauf et al., ’79; Weitlauf, ’85; Mead, ’93).
Thus, dormant blastocysts may be considered as
a synchronized population of the embryos, ready
for implantation (Gardner et al., ’88).

Blastocyst transfer into oviducts of day 0
pseudopregnant females and their subsequent re-
covery 3 days later provides 6-day-old blastocysts,
synchronized during implantation delay and re-
activated in the uteri on the day of recovery. Dur-
ing the state of delayed implantation blastocyst
development does not half abruptly: before fall-
ing into developmental quiescence blastocysts in-
crease their cell number (Table 2). While using
conventional, “3—2” transfer, our attempts to get
viable mice from the divided or in vitro cultured
embryos were less than satisfactory: about 30%
of pregnancies and 28% of live young from the
cultured, 8% of live young from the halved em-
bryos (Evsikov et al., ’90). The results on highly
asynchronous, “3—0” blastocyst transfers (Table
1) support previous findings (Kaufman et al., ’77;
Tsunoda and McLaren, ’83) that viability of ini-
tially retarded mouse embryos is partially restored
during implantation delay. Our results on embryo
transfer into pregnant vs. pseudopregnant recipi-
ents (Table 1, lines 3b and 5) showed that low
viability of the half-embryos is caused by some
endogenous factor, not by inadequate uterine re-
ceptivity. It thus may be concluded that elevated
cell number in implantation-delayed half-blasto-
cysts is the most probable explanation for the im-
proved survival rate of the half-embryos during
highly asynchronous transfers.

Following 3 days of implantation delay blasto-
cysts in which the number of cells was halved by
suboptimal in vitro conditions have the same num-
ber of cells as control, in vivo developed blasto-
cysts (Table 2). However, it is not the absolute
cell number that is a critical factor for the start
of a quiescent state. Although implantation delay
allows an embryo to increase its cell number, both
diploid and tetraploid half-embryos have at the
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stage of blastocyst dormancy half the number of
cells, characteristic for the control dormant blas-
tocyst (49.9 = 2.0 and 51.9 = 3.8 vs. 109.3 = 2.5
cells, see Table 2). A similar result was obtained
by Smith and McLaren ("77) during their investi-
gation of the parameters of the start of blastocyst
formation. As discussed in that study, such a re-
sult excludes the number of cytokineses, but
leaves the number of DNA replication cycles, or
the attainment of a definite nucleo-cytoplasmic
ratio, as the most probable candidates for the
factor(s), triggering the start of implantation. To
discriminate between these possibilities we pro-
duced half-embryos with the doubled amount of
cytoplasm (halved nucleo-cytoplasmic ratio). His-
tograms presented in Figure 1 show that the ma-
jority of delayed blastocysts with the halved
nucleo-cytoplasmic ratio had the same number of
cells as control half-blastocysts. This indicates
that the primary trigger for the state of blasto-
cyst dormancy is not the attainment of a definite
nucleo-cytoplasmic ratio, but some other factor,
characteristic for the eighth cell cycle. On the
other hand, increased number of cells in such blas-
tocysts (70.5 = 2.4, see Table 2) and the fact that
embryo distribution by their cell numbers does not
fit normal distribution (Fig. 1B) indicate that the
start of the eighth cell cycle is not the only factor
determining the state of blastocyst dormancy. We
suggest that decreased nucleo-cytoplasmic ratio
was the other factor responsible for such a result.
Preimplantation embryos of eutherian mam-
mals depend mostly on the nutrients and energy
supplies, stored in the ooplasm. Consequently, to-
tal volume of preimplantation embryo is not sub-
jected to significant changes, and each consecutive
cleavage halves the amount of cytoplasm in the
blastomeres. At the 120-cell stage nucleo-cytoplas-
mic ratio reaches the level of somatic cells (Surani,
cited from Smith and Johnson, ’86) and hence the
embryo cannot rely any longer on the internal en-
ergy and nutrients supplies. In intact blastocysts
the eighth cell cycle coincides with the 120-cell
stage, i.e., with the depletion of the internal en-
ergy sources. This explains why the total cell num-
ber in delayed blastocysts does not exceed the
range occurring in non-delayed blastocysts imme-
diately before implantation (Copp, ‘82 and refer-
ences therein). Producing embryos with the
doubled amount of cytoplasm (histogram B, Fig.
1) we circumvented the restrictions imposed by
the high nucleo-cytoplasmic ratio and it was pos-
sible to obtain a few delayed blastocysts with the
majority of their cells in the ninth cell cycle.
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We conclude that the state of blastocyst dor-
mancy is started by some factor, characteristic for
the eighth cell cycle. Our results suggest that this
mechanism is fault-prone, and in normal condi-
tions blastocyst dormancy is assured by the de-
crease in metabolic activity, occurring around the
120-cell stage, when the nucleo-cytoplasmic ratio
reaches the level of somatic cells.
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