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Monozygotic Twin Formation in Mouse Embryos in vitro

Abstract. Monozygotic twins developed from cultured murine blastocysts at the
ratio of approximately 1:100. The locus at which the denuded blastocysts attached to
the culture dish was usually a random section of their mural trophoblasts, in which
case single egg cylinders developed unilaterally. However, in those few blastocysts
attaching with their antipolar mural trophoblasts, the inner cell mass became sub-
divided into two parts because of restrictions imposed on its growth by the apically
situated polar trophoblasts and the plastic substrate. Each subdivision apparently
incorporated totipotent cells, resulting in the bilateral formation of two egg cylinders

sharing the same ectoplacental cone.

The cause of monozygotic twinning in
mammals, including humans, is not
known (/). There is strong experimental
evidence that in lower vertebrates mono-
zygotic twinning can result from early-
stage developmental retardation caused
by such factors as lack of oxygen (2). In
humans, the frequency of congenital
malformations in monozygotic twins is
nearly twice as high as that in single
births, and there is no such increase in
dizygotic twins (3, 4). These results in-
dicate that monozygotic twinning is re-
lated to some developmental malforma-
tion.

In the rat (5), rabbit (6), and mouse (7),
it has been demonstrated that single
blastomeres of cleaving embryos are to-
tipotent and able to develop into individ-
ual animals. However, how and when
the monozygotic twins are formed in
utero is not known. In vitro, on the other
hand, individually cultured mouse em-
bryos are now able to develop far be-
yond the implantation state (8), and thus
are amenable to the examination of twin
phenomena. The development of mono-
zygotic twins in vitro has been recorded
by time-lapse cinematography (9).

- Development of mouse embryos
beyond the implantation stage requires
specific macromolecules for growth and
differentiation (/0). Mouse embryos
grown in vitro are indistinguishable from
those grown in vivo (//-14), despite the
fact that in vitro, blastocysts must attach

SCIENCE, VOL. 209, 1 AUGUST 1980

to and develop on the rigid surface of the
plastic culture dish instead of on the flex-
ible uterine endometrium. Still, imposing
the mechanical restriction of a culture
dish on the developing mouse embryo
may cause minor abnormalities. In the
present study, we found that cultured
blastocysts from random-bred CF 1 mice
(6 to 8 weeks old; Charles River) form
monozygotic twins at the ratio of nearly
1:100. The cause of these twinnings was
traced to the very early development of
the embryos at a stage after the attach-
ment of single blastocysts. In this stage,
the inner cell mass (ICM) was observed
to subdivide and grow as two indepen-
dent egg cylinders.

The female mice were injected with

Fig. 1. Schematic drawing of A
blastocyst attachment (day 1

in culture) and subsequent °'9° VieW
elongation of the egg cylinder
(day 3). (A) Side view of de- Day 1

nuded blastocyst attached to
the plastic substrate by mural
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pregnant mare serum gonadotropin (5
IU; Organon) to stimulate growth of
ovarian follicles; human chorionic go-
nadotropin (5 IU) was injected 48 hours
later to stimulate ovulation. They were
then placed with males (one pair per
cage). The next morning, the females
were checked for the presence of a copu-
latory plug (day 0 of pregnancy). On day
3 of pregnancy, they were killed by cer-
vical dislocation.

All procedures in the preparation, cul-
tivation, and observation of the mouse
embryos were conducted at 37°C under
either a horizontal or vertical flow hood.
The uteri were removed from their meso-
metria and placed in 100-mm plastic cul-
ture dishes. Under a dissecting micro-
scope, each uterine horn was flushed
with 1 ml of CMRL 1066 culture medium
plus 10 percent heat-inactivated fetal calf
serum (FCS) (Grand Island Biological).
Blastocysts were sucked into a capiliary
pipette and pooled in a 35-mm plastic
culture dish containing 2 ml of the cul-
ture medium. The dish was constantly
flushed with a mixture of 5 percent CO,
and 95 percent air to maintain the pH of
the medium at 7.4. Ten blastocysts were
distributed by capillary pipette into sepa-
rate culture dishes, each containing 2 ml
of culture medium. The cultures were
maintained at 38°C in humidified in-
cubators containing 5 percent CO, and
95 percent air. The concentration of CO,
was automatically regulated.

The culture medium was supple-
mented with 1 mM glutamine and 1 mM
sodium pyruvate; no antibiotics were
used at any stage. The concentration of
FCS in the medium was increased as the
embryos developed. Initially, all blasto-
cysts were cultured in 2 ml of CMRL
1066 plus 10 percent heat-inactivated
FCS (day 0 of culture). On day 2 of cul-
ture, when the blastocysts had attached
to the dishes, the concentration of FCS
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bryo (left) and symmetrically attached embryo (right). In the asymmetric attachment, while
polar trophoblasts proliferate to the left to become the ectoplacental cone, the egg cylinder
elongates toward the right. In the symmetric attachment, the polar trophoblasts are positioned
above the ICM, and the egg cylinders grow bilaterally away from them.
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in the CMRL 1066 medium was in-
creased to 20 percent. On day 3, the me-
dium was changed to CMRL 1066 plus 20
percent heat-inactivated human placen-
tal cord serum (HCS). On days 4 and 5,
the medium was renewed with CMRL
1066 plus 30 and 40 percent HCS, re-
spectively.

After hatching, the blastocysts at-
tached to the surfaces of the plastic cul-
ture dishes (Fig. 1A). The point of at-
tachment was never the polar tropho-
blasts, which are apposed to the ICM,
but usually a random section of the mu-
ral trophoblasts. Therefore, the orienta-
tion of the attached blastocysts was usu-
ally asymmetric with respect to the ICM.
In a few cases, though, the point of at-
tachment was symmetric with respect to
the ICM; that is, the attaching cells were
antipolar mural trophoblasts.

The blastocoel gradually diminished
due to the radial migration of mural tro-
phoblasts and enlargement of the ICM.
At this stage, the ICM was covered with
primary endoderm on the side of the
blastocoel and by polar trophoblasts on
the external side. In asymmetric attach-
ment, in which the polar trophoblasts
were positioned to one side of the em-
bryo, the enlarged ICM was physically
restricted from further downward expan-
sion by the plastic substrate and the lack
of space in the collapsed blastocoel. The
egg cylinder became elongated sideward
and then upward, protruding into the cul-
ture medium between the polar and mu-
ral trophoblasts (/3).

The polar trophoblasts of the asym-
metrically attached embryos continued
to proliferate to form the ecotoplacental
cone in one direction, while the ICM,
covered with primary endoderm, grew in
the opposite direction to form the early
egg cylinders (Fig. 1B). In contrast, the
ICM of the more symmetrically attached
blastocysts became separated into two
parts due to restrictions placed on its
growth between the apically attached po-
lar trophoblasts and the plastic substrate
(Fig. 2A). The polar trophoblasts, still at-
tached to the spreading mural tropho-
blasts at several points, formed a cap
that limited the upward growth of the
ICM; the plastic substrate limited the
downward expansion. At this stage, the
polar trophoblasts tended to invaginate
into the ICM to form extra embryonic
ectoderm (/5). The ICM was forced
to migrate bilaterally away from the
polar trophoblasts, presumably through
breaks between the mural and polar tro-
phoblasts. Thus monozygotic twins de-
veloped as a result of the physical incor-
poration of totipotent cells into each
ICM subdivision.
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With the lateral migration of each
growing ICM, the ectoplacental cone be-
came positioned basally with respect to
the direction of growth. As the egg cylin-
der elongated, the embryo’s direction of
growth changed from horizontal to more

Fig. 2. (A) Light micrograph of a symmetrical-
ly attached blastocyst on day 2 of culture. The
blastocoel has collapsed due to the outward
migration of the mural trophoblasts. As a re-
sult, the polar trophoblasts sit on top of the
ICM, which grows bilaterally from under-
neath them while the mural trophoblasts are
transformed into giant cells (G). (B) Scanning
electron micrograph of monozygotic mouse
twinning after 3 days in culture.

Fig. 3. Monozygotic twin mouse embryos in
culture at (A) the egg cylinder stage (5 days in
culture) and (B) the head-fold stage (7 days in
culture).

upright (Fig. 2B), as did the asymmetri-
cally attached embryos.

Although one twin was usually larger
than its counterpart and its growth stage
slightly more advanced (Fig. 3B), this
was not always the case if the attach-
ment was truly symmetric (Fig. 3A). In
most cases, both embryos developed to
the early somite stage, including cardiac
contraction.

Various kinds of conjoint monozygotic
twins (Siamese twins) may be formed by
different causes at each developmen-
tal stage. Monozygotic conjoined twins
have been induced in fetuses on days 10
and 12 of gestation by giving the mothers
single injections of vincristine on days 6,
7, and 8 of gestation (/6).

The physical restriction placed on
ICM growth by polar trophoblasts and
the plastic substrate results in sub-
division of the ICM into two parts. This
subdivision, which results in the forma-
tion of two independent egg cylinders,
is probably artificial monozygotic twin-
ning—it usually does not occur in utero.
It is the only kind of monozygotic twin-
ning observed thus far in mouse embryos
in vitro.

Yu-CHIH Hsu

Laboratory of Mammalian
Development, Department of
Pathobiology, School of Hygiene and
Public Health, Johns Hopkins
University, Baltimore, Maryland 21205

MATTHEW A. GONDA
Biological Carcinogenesis Program,
Frederick Cancer Research Center,
Frederick, Maryland 21701

References and Notes

1. M. G. Bulmer, The Biology of Twinning in Man
(Clarendon, Oxford, 1970).

. C. R. Stockard, Am. J. Anat. 28, 115 (1921).

. A. Barr and A. C. Stevenson, Ann. Hum. Gen-
et. 25, 131 (1961)

A. D. Stevenson, H. A. Johnston, M. . P. Stew-

?{366;) R. Goldmg, Bull. W.H.O. Suppl. 34,

. J. S. Nicholas and B. V. Hall, J. Exp. Zool. 90,

441 (1942)
F. S , Nat 39, 355 (1952).
{ 9515) Tarkowskl, Nature (London) 184, 1286
1
Y.-C. Hsu, Dev. Biol. 68, 453 (1979).

FNEERTNY

hatt,

:°9° .-.av-

, in Cellular and Molecular Aspects of Im-
plantation, S. Glasser and J. Bullock, Eds. (Ple-
num, New York, in press). Copies of a 16mm
color movie (575 feet) showing the development
in vitro of mouse embryos from the blastocyst
stage to the early somite stage are available from

Y.-C

10. Dev Biol. 76, 465 (1980).

11. , J. Baskar, L. Stevens, J. Rash, J. Em-
bryol. Exp. Morphol. 31, 235 (1974).

12. L. M. Wiley and R. A. Pedersen, J. Exp. Zool.
200, 389 (1977).

13. M. A. Gonda and Y.-C Hsu, J. Embryol. Exp.
Morphol. 56, 23 (1980).

14. B. L. Libbus, and Y.-C. Hsu, Anat. Rec., in
Rresr Anat. Embryol. 159, 235 (1980).

15. Gardner and V. E. Papaloannou, in The

Early Development of Mammals, E. Balls and

A. E. Wild, Eds. (Cambridge Univ. Press, Cam-

bridge, 1975), pp. 107-132.

16. M. H. Kaufman and K. S. O’Shea, Nature (Lon-
don) 276, 707 (1978).

17. Supported in part by NIH contract N01-CO-
75380 with the National Cancer Institute.

22 January 1980; revised 15 April 1980
SCIENCE, VOL. 209




	Article Contents
	p.605
	p.606

	Issue Table of Contents
	Science, Vol. 209, No. 4456, Aug. 1, 1980
	Front Matter [pp.537-546]
	Letters
	News and Comment in Retrospect [p.544]
	Conflict Management [p.544]
	Nuclear Power Prediction [p.544]
	Galileo's Observations [p.544]

	Erratum: Resources, Population, Environment: An Oversupply of False Bad News [p.544]
	Erratum: Associative Behavioral Modification in Hermissenda: Cellular Correlates [p.544]
	Views from Paris [p.545]
	Quantum Nondemolition Measurements [pp.547-557]
	Arctic Oceanic Climate in Late Cenozoic Time [pp.557-562]
	Federal Policies Affecting Vaccine Research and Production [pp.563-566]
	News and Comment
	A Light Rein Falls on OSHA [pp.567-568]
	Carter Took Lead in Recruiting NSF Nominee [pp.569-570]
	Heart Transplants: To Pay or not to Pay [pp.570-575]
	Global 2000 Report: Vision of a Gloomy World [pp.575-576]

	Briefing
	Debate Continues on the Bomb that Wasn't [pp.572-573]
	Church Leaders Question Decision on New Genetics [p.573]
	Nuclear Industry Versus Amory Lovins [p.573]

	Research News
	Budget Crunch Hits High Energy Physics [pp.577-580]

	AAAS News
	The AAAS Sections [pp.581-582]
	Plans Begin for 1980-81 Regional Energy Seminar Series [p.581]
	Science 80 Goes Monthly [pp.582-583]
	AAAS Symposium Volumes [p.583]
	COAL Meets to Plan Future Activities [p.583]
	AAAS Travelers [p.583]
	Foreign Graduate Students Attend R&D Colloquium [p.583]

	Book Reviews
	Reinterpreting the History of Women [pp.584-585]
	Northern Peoples [pp.585-586]
	Pollution Biology [p.586]
	Anaerobiosis [pp.586-587]

	Reports
	The Indian Ocean Experiment: Introduction [p.588]
	Somali Current: Evolution of Surface Flow [pp.588-590]
	Subsurface Circulation in the Somali Current [pp.590-592]
	Development of the Subsurface Currents of the Northern Somali Current Gyre from March to July 1979 [pp.593-595]
	Evolution of Sea Surface Temperature in the Somali Basin during the Southwest Monsoon of 1979 [pp.595-597]
	Southwest Monsoon of 1979: Chemical and Biological Response of Somali Coastal Waters [pp.597-600]
	Equatorial Currents in the Western Indian Ocean [pp.600-603]
	Origin of the Warped Heliospheric Current Sheet [pp.603-605]
	Monozygotic Twin Formation in Mouse Embryos in vitro [pp.605-606]
	Histone Gene Expression: Progeny of Isolated Early Blastomeres in Culture Make the Same Change as in the Embryo [pp.607-609]
	Effective Pulmonary Ventilation with Small-Volume Oscillations at High Frequency [pp.609-611]
	Vascular Permeation of Platelet Factor 4 after Endothelial Injury [pp.611-612]
	Genetic Variation in the Human Insulin Gene [pp.612-615]
	Rapid Eye Movement Sleep PGO-Type Waves are Present in the Dorsal Pons of the Albino Rat [pp.615-617]
	Disruptive Coloration in Butterflies: Lack of Support in Anartia fatima [pp.617-619]
	Fetal Exposure to Narcotics: Neonatal Sleep as a Measure of Nervous System Disturbance [pp.619-621]

	Back Matter [pp.587-628]





