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Normal Bias in the Direction of Fetal Rotation Depends
on Blastomere Composition during Early Cleavage in the

Mouse
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Abstract

Interest in establishing the basis of left/right asymmetry during embryogenesis has burgeoned in recent years. Relevant
studies in mammals, focused largely on the mouse, have revealed involvement of a variety of genes that are common to the
process in other animals. In the mouse, lateral differences in gene expression are first evident late in gastrulation when
directional rotation of nodal cilia has been implicated in effecting the normally very strong bias in handedness.
Reconstructing cleavage stages with correspondingly positioned blastomeres from appropriate numbers of conceptuses
with similar division planes provides a way of testing whether they differ in potency without the confounding effects of
reduced cell number. In a study using this strategy, 4-cell stage conceptuses reconstructed from blastomeres produced by
equatorial as opposed to meridional second cleavage were found to be compromised in their ability to support normal
development. Here, in more refined reconstructions undertaken at both the 4- and 8-cell stage, no significant impairment of
development to the 9™ or 12" day of gestation was found for products of equatorial second cleavage or their 8-cell stage
progeny. Most surprisingly, however, a significant increase in reversal of the direction of axial rotation was found specifically
among fetuses developing from conceptuses reconstructed from 8-cell stage progeny of products of equatorial second
cleavage. Hence, manipulations during early cleavage some 6 days before fetal asymmetries are first evident can perturb the
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normally very strong bias in specification of a facet of left-right asymmetry.

Citation: Gardner RL (2010) Normal Bias in the Direction of Fetal Rotation Depends on Blastomere Composition during Early Cleavage in the Mouse. PLoS

Received February 1, 2010; Accepted February 18, 2010; Published March 10, 2010

Copyright: © 2010 Richard L. Gardner. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was funded by personal support from the Royal Society (http://www.google.com/search?client=safari&rls=en&q=royal+society+of+
london&ie=UTF-8&o0e=UTF-8) - no grant number - and a project grant from the March of Dimes (http://www.google.com/search?client=safari&rls=en&gq=march+
of+dimes+foundation&ie=UTF-8&oe=UTF-8) Grant1-FY03-84. The funders had no role in study design, data collection and analysis, decision to publish, or

Competing Interests: The author has declared that no competing interests exist.

Introduction

The earliest lateral differences in gene expression in the mouse
have been detected in Hensen’s node, and seem to depend on the
coordinated activity of nodal cilia [1]. They extend to the lateral
plate mesoderm early in somitogenesis, and are followed shortly by
rotation of the fetus about its antero-posterior axis. This axial
rotation is almost invariably counter-clockwise in murine rodents
[2,3], typically resulting in the tail, umbilical cord and chorioal-
lantoic placenta lying to the right of the fetus, and vessels of the
yolk sac to its left (Fig. 1A). Although axial rotation begins shortly
after lateral differences in gene expression are first seen, its
direction bears a variable relationship to left-right asymmetries
within the fetus [4-6]. Reconstructing early cleavage stage mouse
conceptuses from appropriate numbers of ‘corresponding’ blasto-
meres taken from conceptuses with similar patterns of cell division
avoids problems inherent in potency testing isolated blastomeres
[7,8]. Using this strategy, the products of equatorial (E) second
cleavage (Iig. 1B) were found in one study to be compromised in
development relative to those of meridional (M) second cleavage
[9]. However, conceptuses were repeatedly removed from culture
for examination by fluorescence microscopy and reconstructed in
a denuded state rather than within the zona pellucida. Here, more
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refined reconstruction experiments have been undertaken (Fig. 2)
which, while failing to show any significant difference in the pre-
or post- implantation developmental potential of E versus M
lineage blastomeres, revealed an effect of cellular composition at
the 8-cell stage on the direction of fetal rotation.

Results

Regardless of their cellular composition, conceptuses reconstruct-
ed at the 4- and 8- cell stage developed in vitro into morphologically
normal late morulae or blastocysts in either all or nearly all cases
(Table 1). Moreover, the rates of implantation and of normal
postimplantation development of conceptuses reconstructed from
the products of E second cleavage or their 8-cell stage progeny did
not differ significantly from corresponding reconstructions from M
blastomeres or sets of native blastomeres (Table 2).

An unexpected number of the more advanced fetuses
developing from 8-cell stages reconstructed from the progeny of
one or other or both products of the E second cleavage division
had undergone clockwise (c) rather than counter-clockwise (cc)
axial rotation so that both the tail and umbilical cord lay to the left
rather than right side of the trunk (Fig. 3). Table 3 shows the
incidence of ¢ rotation among these fetuses compared with those
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Figure 1. Asymmetries between fetus and rest of conceptus and shape of regular tetrahedral 4-cell stage. A). Diagram of a rotated fetus
in situ with the parietal yolk sac (PYS) reflected back to the base of the chorio-allantoic placenta (CAP). The right side of the fetus faces towards the
placenta, as does the umbilical cord (UQ). Its tail (FT) is curled back against the right side of the trunk and head (FH), while the vitelline artery and vein
(VAV) connect to the visceral yolk sac (VYS) from the left side of the still open abdomen. B) Diagram of a regular tetrahedral 4-cell stage conceptus
showing the disposition of the products of meridional (A/B blastomeres) versus equatorial (C and D blastomeres) second cleavage relative to the

second polar body (pb).
doi:10.1371/journal.pone.0009610.g001

from other experimental series and controls. The following points
are evident from the table. The proportion of fetuses developing
from 8-cell E reconstructions that had undergone c rotation (F)
was significantly higher than among both in vivo controls (A) and
those developing from corresponding 8-cell M reconstructions (G).
The lack of a significant difference from control native
reconstructions (F vs B) presumably reflects the limited size of
the latter series since, were axial rotation affected by reconstruc-
tion per se, an increase should also have been evident in the 8-cell
M experimental series. Unlike those of the M second cleavage
division, the products of the E division could be identified readily
through one member of the pair being remote from the second
polar body (see Fig. 1B). Consequently, E and M reconstructions
typically differed in being composed wholly of Dil-labelled versus
unlabelled blastomeres, respectively. Hence, it is notable that the
incidence of ¢ axial rotation among fully Dil-labelled controls was
also significantly lower than in the 8-cell E reconstructions (Table 3
F vs C). Moreover, all 3 cases of ¢ rotation encountered in the 4-
cell stage M experiments (Table 3 E) developed from conceptuses
reconstructed entirely from unlabelled blastomeres. While cases of
c rotation were encountered only among fetuses from M as
opposed to E reconstructions at this earlier stage more data would
be needed to establish whether this reflects a real difference.

In addition to the tail and umbilical cord, the vitelline blood
vessels of the visceral yolk sac also showed reversal of normal
asymmetry, emerging on the right rather than the left in all except
one of 7 fetuses showing ¢ rotation in which their sidedness was
recorded. However, looping of the heart to the left rather than
right was not seen any experimental or control fetuses examined in
this study. Moreover, none of the 5 c-rotating fetuses that were
scored on the 12 day of gestation when the stomach has shifted
unambiguously to one side of the midline had this organ displaced
to the right rather than, as normally, to the left.
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Discussion

The present results show that certain facets of L-R asymmetry
are susceptible to perturbation during cleavage some 6 days before
the processes leading to their establishment have been presumed to
be initiated [10,11]. They also confirm that specification of fetal
visceral asymmetries can be dissociated from those defining
relations between the fetus and the remainder of the conceptus,
namely the direction of fetal rotation and consequent sidedness of
its tail, umbilical cord and vitelline vessels. Moreover, they
implicate early cell lineage in specification of the direction of axial
rotation inasmuch that its normally very strong cc bias (<98%
among in vivo controls) seems to require the presence of the
progeny of products of the M second cleavage division. Thus, by
the 8-cell stage blastomeres evidently differ in potential to specify a
facet of patterning according to the distinctive planes of cleavage
through which their lineages have originated. It was found in an
earlier study that both pre-and post-implantation development was
compromised in conceptuses that were wholly composed of E
lineage blastomeres [9]. The possibility that this might account for
the altered bias in direction of fetal rotation is not supported by
present findings on comparative rates of development of the
different classes of reconstructed conceptuses. The obvious
disparity between findings in the two studies is difficult to explain.
It is clear that blastomeres received harsher treatment in the
former study. Moreover, conceptuses were reconstructed in a
denuded state which has been shown to adversely affect pre-, and
possibly also, post- implantation development [12]. However, such
considerations do not account for why the E lineage specifically
was affected which would seem to require that E and M lineage
blastomeres differ in properties.

Not only do present findings challenge the claim that second
cleavage planes are oriented randomly [13] but, more importantly,
also the dogma that patterning is attributable entirely to positional
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Figure 2. Reconstruction of 8-cell stage conceptus. Reconstruc-
tion of 8-cell stage conceptus from progeny of the products of E versus
M second cleavage. A) One blastomere at the 4-cell stage, typically the
product of E second cleavage that is remote from the 2" PB, was
labelled with Dil. B) This was followed by short-term culture to
encourage spread of the label to the sister blastomere and specimens
showing spread selected for culture to the 8-cell stage. C) A long
hairline slit was then made in the ZP before conceptuses were
incubated for up to 35 min. in calcium-free medium plus EGTA before
being returned to standard medium. D) Expulsion of fluid from a
narrow-tipped pipette inserted through the slit in the ZP was then used
to expel the blastomeres whose separation was completed with a pair
of fine glass needles (E). F) Finally, the blastomeres isolated from several
dissociated conceptuses were sorted into Dil-positive versus negative
pools for injection into evacuated ZP. Strongly versus weakly positive
blastomeres were separated for some E reconstructions.
doi:10.1371/journal.pone.0009610.g002

cues, mechanical constraints or stochastic processes operating on
sets of initially naive blastomeres [14—-17]. It does, however, accord
with the view that pre-patterning is a facet of early development

Table 1. Rates of normal preimplantation development of
reconstructed 4- and 8-cell stage conceptuses.

Stage/type of No. No. normal
reconstruction reconstructed post-culture
4-cell native 20 19

4-cell M 43 43

4-cell E 44 43

8-cell native 50 49

8-cell M 148 146

8-cell E 157 157

doi:10.1371/journal.pone.0009610.t001
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Table 2. Rates of normal development of 4- and 8-cell stage
conceptuses.

No. of normal

Stage & type of No. transferred No. implanted fetuses (%)

reconstruction  to uterus * (% transferred) implanted)
4-cell native 17 17 (100) 15 (88)
4-cell M 43 37 (86) 36 (97)
4-cell E 39 33 (84) 29 (88)
8-cell native 33 30 (91) 28 (93)
8-cell M 107 93 (87) 84 (90)
8-cell E (total) 130 109 (84) 99 (91)
8-cell C 39 38 (97) 34 (87)
8-cell D 59 48 (81) 43 (90)
8-cell C&D 32 23 (72) 22 (96)

reconstructed from E or M versus native blastomeres.
*Transferred to uterine horn yielding decidua.
doi:10.1371/journal.pone.0009610.t002

that mammals share in common with other metazoans [18-21]. It
is noteworthy in this regard that the origins of L-R asymmetry
have been traced back to cleavage in various organisms, including
the frog, sea urchin, snail, and nematode worm [22-28].

Materials and Methods

Ethics Statement

All procedures on adult and fetal mice were undertaken as
approved by the Oxford University Zoology Department Ethical
Review Committee and with the authority of a Project Licence
issued by the UK Home Office under the Animals (Scientific
Procedures) Act 1986.

Conceptuses of the Pathology Oxford (PO) mouse strain were
recovered at the 4-cell stage following natural mating of females

Figure 3. Litter of 5 fetuses of which two show clockwise rather
than counter-clockwise axial rotation. A litter of five fetuses from
8-cell stage E reconstructions that have completed axial rotation and
shown with their left side oriented uppermost. The tail is curled to the
left of the trunk in the upper two and to the right in lower three.
doi:10.1371/journal.pone.0009610.g003
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Table 3. Experimental reconstructions at the 4- and 8- cell stage and controls.

CATEGORY OF FETUS

No. WITH TAIL TO LEFT OF TRUNK TOTAL SCORED

A
IN VIVO CONTROLS

B
4- TO 8-CELL STAGES RECONSTRUCTED FROM
NATIVE SETS OF BLASTOMERES

C
DIRECT Dil LABELLING OF ALL 4-CELL BLASTOMERES

D
4-CELL STAGES RECONSTRUCTED FROM
PRODUCTS OF E SECOND CLEAVAGE

E
4-CELL STAGES RECONSTRUCTED FROM PRODUCTS OF M SECOND
CLEAVAGE

F
8-CELL STAGES RECONSTRUCTED FROM
PROGENY OF PRODUCTS OF E SECOND CLEAVAGE

G

11%* 929

8-CELL STAGES RECONSTRUCTED FROM PROGENY OF PRODUCTS OF M SECOND CLEAVAGE 1 87

D progeny.

Fvs AP=0.002|.

Fvs BP=0.034] {P 0.05=0.013 using Bonferroni’s correction}.
Fvs CP=0.008|.

Fvs G P=0.006|.

Evs AP=0.053|.

Evs D P=0,240|{P 0.05=0.025 using Bonferroni correction}.
doi:10.1371/journal.pone.0009610.t003

selected for oestrus. Those with an approximately ‘regular
tetrahedral’ form with the second polar body (2°! PB) located at
the intersection of 3 blastomeres (Fig. 1), were selected for
manipulation, as shown in Fig. 2. Either the blastomere that was
remote from the 24 PB (D in the notation of [7] or, in some cases,
whichever of the three in contact with this body least overlapped D
was labelled with the carbocyanine dye Dil (Molecular Probes,
Eugene, Oregon). This least overlapping blastomere was shown
previously to be one of the products of M second cleavage division
in >90% of cases [7]. As controls for manipulation, further
reconstructions were made using completely dissociated native sets
of blastomeres from 4- or 8-cell stage conceptuses. Most of these
had all blastomeres directly labelled with Dil, as did additional
non-dissociated specimens. All conceptuses were then cultured for
transfer to the uteri of pseudopregnant recipients at the late
morula or blastocyst stage. Recipients were invariably killed
between 8.5-11.5 days post coitum, both to ascertain rates of

References

1. Hirokawa N, Tanaka Y, Okada Y, Takeda S (2006) Nodal flow and the
generation of left-right asymmetry. Cell 125: 33-45.

2. Layton WM (1976) Random determination of a developmental process. Hered
67: 336-338.

3. Endo A, Sakai N (1987) The incidence of tail flexion to the left in mouse
embryos. Anat Embryol 176: 133-134.

4. Hadjantonakis A-K, Pisano E, Papaioannou VE (2008) Thx6 regulates left/right
patterning in mouse embryos through effects on nodal cilia and perinodal
signalling. PloS One 3: ¢2511.

5. Fujinaga M (1995) Rat whole embryo culture system as a tool to investigate
developmental mechanisms of left/right body axis. Toxic In Vitro 9: 593—
600.

6. McCarthy A, Brown NA (1998) Specification of left-right asymmetry in
mammals: embryo culture studies offstage of determination and relationships
with morphogenesis and growth. Reprod Toxicol 12: 177-184.

@ PLoS ONE | www.plosone.org

*31 of the 43 were reconstructed from conceptuses whose blastomeres were all directly labelled with Dil at the 4-cell stage.
**Of the 11, 4 (out of 34) were from reconstructions using only the progeny of the C blastomere, 5 (out of 43) from the progeny of D and 2 (out of 22) from mixed C and

normal development and detect any morphological abnormalities.
The stomach is displaced from the mid-line by 11.5 days, enabling
an additional fetal visceral L-R asymmetry to looping of the heart
to be scored whilst the tail still lies unambiguously to one side of
the trunk.

Fisher’s Exact test with the Bonferroni Correction for multiple
comparisons were used to assess the significance of differences in
incidence of reversed axial rotation.

Acknowledgments

I wish to thank Roger Sturmey and Chris Graham for helpful comments.

Author Contributions

Conceived and designed the experiments: RLG. Performed the experi-
ments: RLG. Analyzed the data: RLG. Contributed reagents/materials/
analysis tools: RLG. Wrote the paper: RLG.

7. Gardner RL (2002) Experimental analysis of second cleavage in the mouse.
Hum Reprod 17: 3178-3189.

8. Gardner RL, Davies TJ (2003) The basis and significance of pre-patterning in
mammals. Phil Trans R Soc London 358: 1331-1339.

9. Piotrowska-Nitsche K, Perea-Gomez A, Haraguchi S, Zernicka-Goetz M (2005)
Four-cell stage mouse blastomeres have different developmental properties.
Development 132: 479-490.

10. Takaoka K, Yamamoto M, Hamada H (2007) Origin of body axes in the mouse
embryo. Curr Opin Genet Dev 17: 344-350.

11. Maisonneuve C, Guilleret I, Vick P, Weber T, Andre P, et al. (2009) Bicaudal C,
a novel regulator of Dvl signalling abutting RNA-processing bodies, controls cilia
orientation and leftward flow. Development 136: 3019-3030).

12. Suzuki H, Togashi M, Adachi J, Toyoda Y (1995) Developmental ability of
zona-free mouse embryos is influenced by cell association at the 4-cell stage. Biol

Reprod 53: 78-83.

March 2010 | Volume 5 | Issue 3 | 9610



20.

. Louvet-Vallee S, Vinot S, Maro B (2005) Mitotic spindles and cleavage planes

are oriented randomly in the two-cell mouse embryo. Curr Biol 15: 464-469.

. Motosugi N, Bauer T, Polanski Z, Solter D, Hiiragi T (2005) Polarity of the

mouse embryo is established at blastocyst and is not prepatterned. Genes Dev
19: 1081-1092.

. Hiiragi T, Solter D (2006) Fatal flaws in the case for prepatterning in the mouse

egg. Reproductive BioMedicine Online 12: 150-152.
Dietrich JE, Hiiragi T (2007) Stochastic patterning in the mouse pre-
implantation embryo. Development 134: 4219-4231.

. Kurotaki Y, Hatta K, Nakao K, Nabeshima Y, Fujimori T (2007) Blastocyst axis

is specified independently of early cell lineage but aligns with the ZP shape.
Science 316: 719-723.

Gardner RL (2006) Weaknesses in the case against prepatterning in the mouse.
Reproductive BioMedicine Online 12: 144-149.

. Gardner RL (2007) The axis of polarity of the mouse blastocyst is specified

before blastulation and independently of the zona pellucida. Hum Reprod 22:
798-806.
Zernicka-Goetz M (2006) The first cell-fate decisions in the mouse embryo:
destiny is a matter of both chance and choice. Curr Opin Genet Dev 16:
406-412.

@ PLoS ONE | www.plosone.org

22.

26.

27.

28.

Cleavage and Fetal Rotation

. Bischoff M, Parfitt DE, Zernicka-Goetz M (2008) Formation of the embryonic-

abembryonic axis of the mouse blastocyst: relationship between orientation of
carly cleavage divisions and pattern of symmetric/asymmetric divisions.
Development 135: 953-962.

Adams DS, Robinson KR, Fukumoto T, Yuan S, Craig R, et al. (2006) Early
H+ -V-ATPase-dependent proton flux is necessary for consistent left-right
patterning of non-mammalian vertebrates. Development 133: 1657-1671.

. Levin M, Palmer AR (2007) Left-right patterning from inside out: widespread

evidence for intracellular control. BioEssays 29: 271-287.

4. Hibino T, Ishii Y, Levin M, Nishino A (2006) Ion flow regulates left-right

asymmetry in sea urchin development. Dev Genes Evol 216: 265-276.

. Kitazawa C, Amemiya S (2007) Micromere-derived signal regulates larval left-

right polarity during sea urchin development. J Exp Zool 307A: 1-14.
Shibazaki Y, Shimizu M, Kuroda R (2004) Body handedness is directed by
genetically determined dynamics in the early embryo. Curr Biol 14: 1462-1467.
Kuroda R, Endo B (2009) Chiral blastomere arrangement dictates zygotic left-
right asymmetry pathways in snails. Nature 462: 790-794.

Wood WB (1991) Evidence from reversal of handedness in C. elegans embryos
for early cell interactions determining cell fates. Nature 349: 536-538.

March 2010 | Volume 5 | Issue 3 | 9610



