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SUMMARY

Mouse aggregation chimaeras were produced by aggregating C3H/HeH and
C3H/HeHa-Pgk-1°/Ws embryos. At mid-term the proportions of the two cell populations in
these conceptuses and the X-inactivation mosaic female progeny of C3H/HeH Q@ X
C3H/HeHa-Pgk-1°/Ws & matings were estimated using quantitative electrophoresis of
phosphoglycerate kinase (PGK-1) allozymes. The percentage of PGK-1B was more variable
in the foetus, amnion and yolk sac mesoderm of the chimaeras than in the corresponding
tissues of the mosaic conceptuses. Positive correlations were found for the percentage of
PGK-1B between these three primitive ectoderm tissues in both chimaeras and mosaics
and between the two primitive endoderm tissues (yolk sac endoderm and parietal endo-
derm) of the chimaeras. There was no significant correlation between the primitive
ectoderm and primitive endoderm tissues of the chimaeras. The results suggest that unequal
allocation of cell populations to the primitive ectoderm and primitive endoderm consider-
ably increases the variability among chimaeras but variation probably exists before this
segregation occurs. The variation that arises before and at this allocation event is present
before X-chromosome inactivation occurs in the primitive ectoderm lineage and explains
why the proportions of the two cell populations are more variable among chimaeras than
mosaics. Additional variation arises within the primitive ectoderm lineage, after X-inactiva-
tion. This variation may be greater in chimaeras than mosaics but the evidence is inconclu-
sive. The results also have some bearing on the nature of the allocation of cells to the
primitive ectoderm and primitive endoderm lineages and the timing of X-chromosome
inactivation in the primitive ectoderm lineage.

INTRODUCTION

Mouse chimaeras, produced by aggregating two 8-cell embryos, and X-
inactivation mosaics both comprise two populations of cells. Cellular hetero-
geneity in aggregation chimaeras is a consequence of experimental manipula-
tion during early development. X-inactivation mosaics (henceforth referred to
as mosaics), on the other hand, are produced by random X-chromosome
inactivation in normal XX females. After X-chromosome inactivation some
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Table 1. Comparison of mouse aggregation chimaeras and X-inactivation
mosaics. (Modified after West, 1978)

Aggregation chimaeras X-inactivation mosaics
Number of zygotes 2(or more) 1
Time of ‘marking’ of different By aggregation. 8 + 8 cells By X-chromosome inactivation
cell populations. - (2% days p.c.) (probably betwen 4%2 and
5%—6Y4 days p.c. in the foetal
lineage™).
Spatial relationship between Non-random. Probably random

cell populations at the time
of ‘cell marking’.

Maximum genetic difference ~~ Whole genome X-chromosome
possible between cell
populations.

Difference in developmental Possible None
age between cell populations.

p-Cc. = post coitum
*Gardner, 1974; Monk & Harper, 1979; Rastan, 1982.

cells express genes on the maternally derived X-chromosome (X™) and other
cells express genes on the homologous, paternally-derived X-chromosome
(XP). In both types of experimental mice the two cell populations can be
visualized with appropriate genetic markers (see McLaren, 1976a).

In many respects chimaeras and mosaics are very similar: the proportions of
the two cell populations in different organs of individuals are usually positively
correlated (Nesbitt, 1971; Falconer, Gauld, Roberts & Williams, 1981) and the
distribution of the two cell populations within a tissue often appears to be
similar in chimaeras and mosaics. This is seen, for example, in patterns of coat
melanocytes (Mintz, 1967; Cattanach, 1974), retinal pigment epithelium cells
(West, 1976a) and hepatocytes (West, 1976b; Wareham, Howell, Williams &
Williams, 1983).

One consistent difference between chimaeras and mosaics is that the propor-
tions of the two cell populations are more variable among chimaeras than
mosaics (Deol & Whitten, 1972; McLaren, 1976a; West, 1976a; Falconer &
Avery, 1978). This is true even when a series of chimaeras is produced by
aggregating embryos from two inbred strains.

Table 1 shows some differences between chimaeras and mosaics that could
underlie this greater variability among chimaeras. Genetically based cell
selection is unlikely to contribute to the extra variability of chimaeras when
they are made by aggregating embryos of two inbred strains, unless the
ocurrence of XX «— XX, XX «— XY and XY «— XY chimaeras is somehow
significant in this respect. It seems more likely that the greater variability of
chimaeras is a result of some embryological inequality between the two
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Fig. 1. Lineages established during mouse development. Allocation events are
marked 1, 2 and 3. For simplicity the multiple allocation events that occur within
the primitive ectoderm lineage are shown as a single event at 3. X-Chromosome
inactivation in the foetal lineage occurs between allocation events 2 and 3 (see
Discussion for references).

aggregated embryos or the allocation of unequal proportions of the two cell
populations to the foetal lineage.

Falconer & Avery (1978) considered the theoretical aspects of unequal cell
allocation in depth. They argued that the greater variability among chimaeras
is a consequence of the first two allocation events. First, when cells are
allocated to the inner cell mass (ICM) or trophectoderm and second, when
ICM cells are allocated to the primitive ectoderm (epiblast) or primitive
endoderm. They went on to conclude that ‘most of the variation in chimaeras
comes from the second sampling’. Their reasoning is based on a knowledge of
1) the allocation events in early mouse development (see Fig. 1), 2) the
approximate timing of X-chromosome inactivation in the foetal lineage (be-
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tween allocation events 2 and 3 in Fig. 1), and 3) the extent of cell mixing
shortly after aggregation of the two 8-cell embryos.

Falconer & Avery (1978) reasoned that the first sampling event, where cells
are allocated to either the trophectoderm or inner cell mass, will contribute
some variation since small numbers of cells are involved but for geometrical
reasons this variation will be limited. Their argument is based on two points.
First, the cells allocated to the inner cell mass are believed to be located in the
inside of the morula, surrounded by the presumptive trophectoderm cells
(Tarkowski & Wroblewska, 1967; Hillman, Sherman & Graham, 1972).
Second, little cell mixing occurs between the two aggregated embryos before
the blastocyst is formed (Garner & McLaren, 1974). Thus, the plane of
allocation divides the morula into two concentric spheres while the two
aggregated cell populations remain approximately as two hemispheres. Fal-
coner & Avery (1978) argued, therefore, that similar proportions of the two
cell populations will be allocated to the trophectoderm and inner cell mass.

At the second sampling event, however, different proportions of the two cell
populations may be allocated to the primitive ectoderm and primitive endo-
derm. This is illustrated in Fig. 2. Falconer & Avery (1978) proposed that on
mathematical grounds this second allocation event was capable of generating
most of the extra variability seen among chimaeras, if little cell mixing occurs
within the inner cell mass. Their model makes the specific prediction that the
cell proportions in the tissues derived from the primitive ectoderm should be

primitive
ectoderm
ICM_
primitive
endoderm

trophectoderm

morula

blastocyst

Fig. 2. Production of a chimaeric blastocyst (right) from a morula (left) composed
of black and shaded cell populations. In the blastocyst shown, the trophectoderm
and inner cell mass (ICM) have similar proportions of black cells. The primitive
endoderm, however, has a higher proportion of black cells than the primitive
ectoderm. As a result of this unequal cell allocation the foetus is likely to have a low
proportion of ‘black’ cells.
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negatively correlated with the proportions in the tissues of the primitive
endoderm lineage, unless modified subsequently (Falconer & Avery, 1978,
p.218).

The experiments reported here were designed to test Falconer and Avery’s
unequal allocation model. We have examined the proportions of the two cell
populations in the foetus and various extraembryonic membranes of a series of
chimaeras and mosaics constructed from partially congenic strains. This was
done both to compare the variability of chimaeras and mosaics and to test
whether, in chimaeras, the cell proportions in the primitive endoderm lineage
are negatively correlated with those in the primitive ectoderm lineage. In
addition, correlations of cell proportions in mosaic tissues have some bearing
on the timing of X-chromosome inactivation in the foetal lineage.

MATERIALS AND METHODS
a) Production of chimaeras and mosaics

Chimaeras were made by aggregating preimplantation embryos from the
C3H/HeH and C3H/HeHa-Pgk-1“/Ws (abbreviated to C3H-Pgk-1¢) inbred
strains. Embryos, at 2V days post coitum (p.c.), were flushed from the
ovidcuts of naturally mated females with the Hepes-buffered medium (M2)
described by Quinn, Barros & Whittingham (1982). Normally the embryos
were collected between 9-00 and 11-30 h, two days after finding the vaginal
plug and the majority were at the 8-cell stage. The zonae pellucidae were
removed in acid Tyrodes solution (Nicolson, Yanagimachi & Yanagimachi,
1975) and the embryos returned to M2 medium.

To facilitate aggregation small wells were made by melting areas in the
bottom of a 5 cm diameter, plastic Petri dish with a heated, fine glass rod (A.
McMahon and G. Porter-Goff, personal communication). The wells were
filled with drops of Whittingham’s embryo culture medium No. 16 (Whitting-
ham, 1971), covered with paraffin oil and pairs of denuded embryos were
placed in contact in each well. The culture dishes were placed in a plastic
sandwich box. A humid, CO,-enriched atmosphere was maintained by dissolv-
ing three soda tablets (468 mg sodium bicarbonate, 132 mg tartaric acid) in a
Petri dish of water inside the sandwich box as described by Cattanach, Wolfe
and Lyon (1972). The box was then sealed with adhesive tape and incubated at
37 °C for approximately 22 h.

After overnight culture nearly all of the pairs of embryos had aggregated and
reached the late morula stage. Aggregated embryos were placed in M2
medium and surgically transferred to the uterus of a pseudopregnant recipient
female on the third day of pseudopregnancy. Recipient females were
(C3H/HeH x 101/H)F,; hybrids that had been mated to genetically sterile
males, heterozygous for the male sterile T145H translocation.

The transfer technique was similar to that reported by McLaren & Michie
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(1956) and has been described elsewhere (West, Kirk, Goyder & Lyon, 1984). -
Most commonly six embryos were transferred, unilaterally to the right uterine
horn.

Mosaic foetuses were the female progeny of natural matings between
C3H/HeH females and C3H-Pgk-1¢ males.

b) Analysis of chimaeras and mosaics

Conceptuses resulting from the transfer of aggregated embryos were
removed from the uterus 12% days after the recipient female mated (12'2 days
p-c.). Each normal conceptus was placed in M2 medium and the foetus,
amnion, yolk sac mesoderm, yolk sac endoderm and parietal endoderm were
separated as described by Papaioannou & West (1981). The endodoerm and
mesoderm layers of the yolk sac were separated following treatment with a
mixture of 0-5% trypsin and 2-5% pancreatin in either calcium- and
magnesium-free Tyrode’s solution or phosphate-buffered saline (Levak-
Svajger, Svajger & Skreb, 1969). These samples were sonicated in a small
volume of sample buffer (200 ul for the foetus and 50 ul for the other samples)
using an MSE Soniprep 150. Sonicated samples were centrifuged and the
supernatants were stored in 250 ul plastic tubes at —20 °C for up to three
weeks before they were shipped to Munich, on dry ice, by air. The sample
buffer was prepared as described by Papaioannou, West, Biicher & Linke
(1981) according to the recipe of Biicher et al. (1980).

Conceptuses from matings between C3H/HeH females and C3H-Pgk-1¢
males were dissected at 12%2 days p.c. as described for the chimaeras. (In this
case, however, the dissections were done in modified PB1 medium containing
10% foetal calf serum, as described by Papaioannou & West (1981), rather
than M2 medium). The yolk sac endoderm and parietal endoderm samples
were discarded from most of these conceptuses once preliminary analyses had
confirmed that these tissues were not mosaic because of the preferential
expression of X™. Heterozygous Pgk-1°/Pgk-1* female conceptuses (mosaics)
were distinguished from their Pgk-1°/Y siblings by electrophoresis of phospho-
glycerate kinase in the foetal sample (see below).

The propotions of the two cell populations in mosaic and chimaeric tissues
were estimated by quantitative electrophoresis of the PGK-1A and PGK-1B
allozymes of phosphoglycerate kinase. In somatic tissues PGK-1A and PGK-
1B have equal specific activities (West & Chapman, 1978; Johnston & Catta-
nach, 1981; Miihlbacher, Kuntz, Haedenkampt & Krietsch, 1983). They are
produced by the X-chromosome-linked gene Pgk-I and provide a genetic
marker for the two cell populations in both mosaics and chimaeras.

The randomness of X-chromosome inactivation is influenced by the X-
chromosome controlling elements (Xce) of the conceptus. The C3H/HeH
inbred strain carries the Xce® allele whereas the C3H-Pgk-1° strain that we
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used carries the Xce® allele (Johnston & Cattanach, 1981). This C3H-Pgk-1¢
strain was derived from a cross between a C3H/HeHa female and a single Pgk-
1Y male that was descended from a feral mouse trapped in Bjertrup,
Denmark (Nielsen & Chapman, 1977). Heterozygous Pgk-1°/Pgk-1° females
were crossed to C3H/HeHa males for seven more generations and then
intercrossed and inbred to produce a homozygous Pgk-1°/Pgk-1° strain (West
& Chapman, unpublished).*

Cellogel electrophoresis, staining and quantitation of the PGK-1 allozymes
were done as described (Biicher ez al., 1980; Rabes et al., 1982). The PGK-1A
and PGK-1B allozymes were stained and visualized as fluorescent bands under
long wavelength ultraviolet illumination. Their relative proportions were esti-
mated by integrating the areas under the peaks that were produced by scanning
the bands with a scanning fluorimeter fitted with a chart recorder. Statistical
tests were done using a computer and a Hewlett Packard. programmable
calculator, programmed by Mr. D. G. Papworth of the MRC Radiobiology
Unit.

RESULTS
a) Contamination controls

In order to determine whether maternal PGK-1 activity was present as a
contaminant in the various samples that were analysed, 20 C3H-Pgk-1¢
embryos were surgically transferred to three recipient Pgk-1°/Pgk-1° females.
(The embryos were collected at 3% days p.c. and transferred, without in vitro
culture, to (C3H/HeH x 101/H)F,; females during the third day of pseudo-
pregnancy). All three recipients became pregnant and thirteen normal concep-
tuses and two small moles were recovered on the 13th day of pseudopreg-
nancy. Ten normal conceptuses were dissected to provide separate samples of
foetus, amnion, yolk sac mesoderm, yolk sac endoderm and parietal endoderm
for analysis of PGK-1 allozymes.

Nine conceptuses showed no contaminating PGK-1B allozyme in any of the
five samples and the remaining conceptus had no contamination in four of the
five samples. One sample of parietal endoderm, that had been recorded as
visibly contaminated, produced very low PGK-1 activity and contained about
7-5 % of the maternal PGK-1B allozyme. These results indicate that con-
tamination with maternal PGK-1 is unlikely for the foetus, amnion, yolk sac
mesoderm and yolk sac endoderm but may occur occasionally in the parietal
endoderm.

*Footnote: Although the Xce® allele is associated with the closely linked Pgk-1“ allele in
this partially congenic strain, feral mice carrying Pgk-1° were trapped in several locations in
Denmark by Nielsen & Chapman (1977) and at least one appeared to carry Pgk-1° in
association with a different Xce allele (West & Chapman, 1978).
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b) Chimaeras

Of 190 pairs of embryos that were cultured overnight, 189 aggregated and
were transferred to 27 recipient females. Twenty-one of these recipient
females subsequently became pregnant, accounting for 149 of the embryos
transferred. At 125 days p.c. there were 56 implants comprising 34 small
moles, 1 dead foetus and 21 live foetuses. These 21 normal conceptuses were
dissected for analysis.

The percentage of PGK-1B in each of the five samples analysed from the 21
normal conceptuses is shown in Table 2. The conceptuses are grouped accord-
ing to the distribution of the two cell populations among the five tissues
examined. Those in which the foetus was not chimaeric are grouped according
to the stage when one cell population was excluded from the foetal lineage.
This occurs at allocation events 1, 2 and 3 (see Fig. 1) for groups 1, II and III
respectively (Table 2).

One cell population was absent from all of the tissues examined in the nine
conceptuses in group I. These represent either technical failures or chimaeras
where one cell population was allocated exclusively to the trophectoderm
lineage (allocation event 1 in Fig. 1).

The five conceptuses in group II (Table 2) were not chimaeric in any of the
primitive ectoderm derivatives but analysis of the yolk sac endoderm and
parietal endoderm revealed that the conceptuses were chimaeric. One cell

Table 2. Percentage PGK-1B in twenty-one prospective chimaeric conceptuses

Primitive ectoderm Primitive endoderm
Conceptus Yolk sac Yolk sac Parietal
Group*  Number Foetus Amnion mesoderm  endoderm  endoderm

1 C1-C8 0 0 0 0 0
a9 100 100 100 100 100

1I C10 0 0 0 9 0
C1l 0 0 0 46 0

C12 0 0 0 59 62

C13 0 0 0 52 17

Cl4 100 100 100 0 0

I C15 0 5 55 58 71
v Cl6 7 9 48 47 29
C17 28 12 19 50 50

C18 53 62 41 7 15

c19 54 45 27 61 67

C20 77 87 97 42 34

C21 90 88 91 46 42

*The conceptuses are grouped according to the distribution of the two cell populations
among the five tissues examined. Those in which the foetus was not chimaeric are grouped
according to the stage when one cell population was excluded from the foetal lineage.
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Fig. 3. A-E: Distributions of % PGK-1B in five tissues from chimaeric concep-
tuses. F: distribution of estimated % PGK-1B in the inner cell mass, calculated
from the % PGK-1B in the five tissues analysed, as explained in the text. Open bars
represent conceptuses C1-C9 (possible technical failures), the hatched bars repre-
sent C10-C15 (foetus not chimaeric but the conceptus is chimaeric) and the black
bars represent C16-C21 (foetal chimaeras).

population was, therefore, lost from the foetal lineage when cells of the inner
cell mass were allocated to the primitive ectoderm or primitive endoderm
lineages. This illustrates that this allocation event can increase the variability
among chimaeras. Conceptus C14 is an example of the presumably rare,
extreme condition where the two cell populations segregate completely at cell
allocation so that the primitive ectoderm comprises exclusively one cell popu-
lation and the primitive endoderm is composed entirely of the other cell
population.

In the one conceptus in group III (C15, in Table 2), one cell population was
lost from the foetal lineage within the primitive ectoderm since the foetus was
entirely PGK-1A but both PGK-1A and PGK-1B allozymes were present in

.the other four tissues. The remaining six conceptuses (group IV, in Table 2)
were chimaeric in all five samples analysed.

Of the twelve known chimaeras (C10-C21), both cell populations were
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present more frequently in the primitive endoderm lineage (11/12) than in the
primitive ectoderm lineage (7/12). The PGK-1B (C3H/HeH) cell population
was more frequently excluded than PGK-1A (C3H-Pgk-1%) cells and it is
possible that C3H «— C3H-Pgk-1¢ is an unbalanced strain combination, as
defined by Mullen & Whitten, 1971.

The distributions of the % PGK-1B in the various individual chimaeric
samples is shown in Figs. 3A-E. If the proportion of inner cell mass cells that
are allocated to primitive ectoderm is reflected by the proportion that can be
identified as such when they become overtly differentiated, it seems likely that
about 50% of the inner cell mass cells are allocated to the primitive ectoderm
and the remaining 50% are allocated to the primitive endoderm (see McLaren,
1976b). A crude estimate of the percentage of PGK-1B in the inner cell mass
was calculated, on this basis as: Y2 (unweighted ectoderm mean) + Y2 (un-
weighted endoderm mean). The distribution of this estimate is shown in
Fig. 3F.

The percentage PGK-1B in samples from the twelve known chimaeras did
not fit a normal distribution (Fig. 3), so Spearman’s rank correlation co-
efficient (r;) was calculated to test Falconer and Avery’s prediction that the cell
proportions in the primitive ectoderm and primitive endoderm should be
negatively correlated (Falconer & Avery, 1978). The results are shown in
Table 3 and Fig. 4.

The three primitive ectoderm tissues were significantly positively correlated
as were the two primitive endoderm tissues. Correlations between samples
from the primitive endoderm and primitive ectoderm lineages however, were
not statistically significant. Although there was no significant negative corre-
lation between primitive endoderm and primitive ectoderm, the observation,
that the correlations are lower between these two lineages than within them,
supports Falconer and Avery’s suggestion that allocation event 2 (see Fig. 1) is
an important source of variation among chimaeras.

¢) Mosaics

Thirty of the 68 (C3H/HeH x C3H-Pgk-1°)F; conceptuses that were
examined produced both PGK-1A and PGK-1B allozymes in the foetus,
amnion and yolk sac mesoderm. These were assumed to be mosaics (hetero-
zygous Pgk-1°/Pgk-1° females). The remaining 38 conceptuses, which pro-
duced only PGK-1B in these samples, were assumed to be Pgk-1°/Y males and
were not considered further.

The percentage of PGK-1B in the individual samples is shown in Table 4 and
the distributions shown in Fig. 5. The mean for all three tissues is lower than

Fig. 4. Correlations for % PGK-1B between five pairs of tissues from chimaeric
conceptuses (A-E) and between the mean values for the primitive ectoderm and
primitive endoderm (F).



Variability among mouse chimaeras and mosaics 319

100 - A * B ° *
L L [ ]
S
! . 2l
s g4
£ sof L
g N g
< | Iz .
=
o
N > F .
- - L
- L4 -
0" L 1 n Il 1 I J ‘ 1 1 t 1 1 1 1 ]
Foetus Foetus
100 c B
e | . el
3 i °
2t * Ty .
el =1
8 5ol . o % )
3 3 9 .
s | ° 2 | .
=i o
L )
£ - o >-‘ r—
- . . -
I~ [ 2 °
0 o L L Lol L IS | ) ] L | ] ; L L4
Yolk sac endoderm Foetus
100 E —
9
£ ¢ 3
53 d s [ ] Y
3 2 v e
T 2
o SOF ° g - 3
s ° B i
:‘é g ? ° L]
A - e ﬁ B
- ‘_
1 [ ]
L - [
0 L L M| L . ] T § g L L ] 1 L L T §
0 50 100 0 50
Foetus Mean primitive ectoderm



320 J.D. WEST, T. BUCHER, I. M. LINKE AND M. DUNNWALD

Table 3. Spearman’s rank correlation coefficients (r,) for the percentage PGK-
1B in different tissues from the twelve known chimaeric conceptuses.

Primitive ectoderm lineage Primitive endoderm lineage
Yolk sac Ectoderm
Foetus Amnion mesoderm mean Yolk sac endoderm

Primitive ectoderm lineage

Amnion +0-974** - - - —
Yolk sac mesoderm +0-790* +0-877** - - -

Primitive endoderm lineage

Yolk sac endoderm -0-414 —0-437 -0-376 - -
Parietal endoderm —0-015  +0-039 +0-118 - +0-797* -
Endoderm mean - - - —0-096 -

*0-001<P<0-01 **P<0-001

Table 4. Percentage PGK-1B in mosaic conceptuses

Conceptus number Foetus Amnion Yolk sac mesoderm
M1 11 20 18
M2 16 14 17
M3 22 19 21
M4 23 11 23
M5 24 20 32
M6 24 23 26
M7 24 25 34
M8 25 18 28
M9 26 21 19
M10 27 23 33
M11 27 23 21
M12 27 22 31
M13 28 30 40
M14 29 24 32
M15 30 26 27
M16 31 24 29
M17 31 32 40
M18 33 25 29
M19 34 22 43
M20 34 22 25
M21 35 19 29
M22 35 32 35
M23 35 23 31
M24 36 34 39
M25 36 30 39
M26 36 28 30
M27 38 24 29
M28 40 29 31
M29 43 26 37
M30 50 33 47
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50% PGK-1B because the mosaic conceptuses are Pgk-1 b Xce/Pgk-1°, Xce®.
Heterozygosity for the X-chromosome controlling element, Xce results in non-
random X-inactivation such that a majority of cells express the X-chromosome
carrying Xce® (Johnston & Cattanach, 1981).

The yolk sac endoderm and parietal endoderm are not normally mosaic for
X-linked gene expression because the maternally derived X-chromosome is
preferentially expressed in these tissues (West, Frels, Chapman & Papaio-
annou, 1977; Papaioannou & West, 1981). We tested these two tissues from
eight (C3H x C3H-Pgk-1“)F, conceptuses to check whether this was true of
Xce®/Xce® conceptuses, where the Xce® allele was inherited from the father.
Four of these conceptuses proved to be Pgk-1°/Pgk-1° females but none
produced any PGK-1A allozyme in either the yolk sac endoderm or parietal
endoderm. We concluded that preferential expression of the maternally
derived Pgk-1° allele occurred in the yolk sac endoderm and parietal endo-
derm of ng-l”, Xce“/Pgk-1¢, Xce® females and so we excluded these tissues
from further analysis of the mosaics. (Rastan & Cattanach (1983) have
subsequently published cytogenetic evidence that suggests that XP is active in
some yolk sac endoderm cells of Xce?/Xce® conceptuses but this has yet to be
confirmed.)

Table 5 shows that the percentage of PGK-1B in the three mosaic tissues
analysed were positively correlated.

d) Comparison of chimaeras and mosaics

The distributions of the % PGK-1B in the foetus, amnion and yolk sac
mesoderm samples from the chimaeras (Figs. 3A—-C) was much broader than
the corresponding distributions for mosaic samples (Fig. 5) even when the nine
possible technical failures, C1-9 (shown as open bars in Fig. 3), are excluded.

A Foetus B Amnion C Yolk sac mesoderm
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Fig. 5. Distribution of % PGK-1B in three tissues from mosaic conceptuses.
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Table 5. Correlations between the percentage PGK-1B in three tissues from

thirty mosaic conceptuses

Foetus Amnion
Correlation coefficients (r)
Amnion +0:643** -
Yolk Sac Mesoderm +0-680** +0-716**
Spearman’s rank correlation coefficients (r,)
Amnion +0-678** -
Yolk sac mesoderm +0-568* +0-693**

*P = 0-001 **P<0-001

Table 6. Percentage PGK-1B in mosaic and known chimaeric conceptuses

% PGK-1B

Coefficient of
Sample Mean * sE.  Number Variance  Variation (%)*
CHIMAERAS (C3H/HeH «— C3H/HeHa — Pgk-1°)
Foetus 341 + 112 12 1513-4 114-1
Amnion 34.0 + 11-5 12 1596-4 117-5
Yolk sac mesoderm 39-8 + 113 12 1522-7 98-0
Yolk sac endoderm . 398+ 62 12 4677 54-4
Parietal endoderm 323+ 76 12 697.1 819
Mean primitive ectoderm (ect.) 36-0 £ 10-9 12 14359 105-3
Mean primitive endoderm (end.)  36:0 £ 6-5 12 504-5 62-4
1 (ect. + end.)** 36:0 £ 58 12 396-5 553
MOSAICS (C3H/HeH x C3H/HeHa - Pgk-1°)F, Q9
Foetus 303+ 14 30 62-3 26-0
Amnion 241+ 10 30 29-1 22:4
Yolk sac mesoderm 305+ 14 30 56-1 24-6
Yolk sac endoderm 100 4 -
Parietal endoderm 100 4 -

*Coefficient of Variation (%) = (Standard Deviation/Mean) x 100 %.
**This represents a crude estimate of the % PGK-1B in the inner cell mass (see text).

This is also reflected by the higher variances and coefficients of variation found
for the twelve known chimaeras than for the mosaics (Table 6). The crude
estimates of the variability among the inner cell masses of the twelve known
chimaeras, before cells were allocated to primitive ectoderm or primitive
endoderm, (Fig. 3F and Table 6) is lower than for the individual chimaera
samples but still higher than the variation seen among individual mosaic

samples.
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- DISCUSSION

Previous reports have shown that the proportions of the two cell populations
contributing to various adult tissues in mouse aggregation chimaeras are more
variable than in the corresponding tissues of X-inactivation mosaics. Our
present results show that this greater variability is not confined to the foetal
lineage but is also true of the amnion and the yolk sac mesoderm.

Our observation that one cell population may be excluded from a particular
developmental lineage yet contribute to others in chimaeric conceptuses
(Table 2) may have wider implications. Unequal allocation may also occur, for
example, in those chromosome mosaics that arise by non-disjunction during
early cleavage, and result in a restricted pattern of mosaicism. Kalousek & Dill
(1983) reported two cases of restricted human chromosome mosaicism and
pointed out that restricted mosaicism could cause difficulties when prenatal
diagnosis of foetal mosaicism is based on samples of extraembryonic tissues.

The quantitative results for the chimaeric conceptuses did not show a
statistically significant negative correlation between the percentage of PGK-1B
in the primitive ectoderm and primitive endoderm. Nevertheless, Falconer and
Avery’s argument, that unequal allocation of cells to the primitive ectoderm
and primitive endoderm is an important source of variation in chimaeras, is-
supported by the results shown in Tables 2 and 3. One cell population was
excluded from the foetal lineage at this allocation event in five of the twelve
known chimaeras (group II in Table 2). Also, the correlations between
primitive ectoderm and primitive endoderm were considerably lower than
those within these lineages (Table 3).

However, the absence of a significant negative correlation between the
primitive ectoderm and primitive endoderm strongly suggests that variation
between inner cell masses was higher than predicted by Falconer and Avery..
This variation would tend to cause a positive correlation between all inner cell
mass derivities and reduce the significance of any negative correlation subse-
quently produced by unequal allocation of inner cell mass cells to the primitive
ectoderm and primitive endoderm. The variability seen among chimaeras
would then be a result of two superimposed sources of variation.

Variability between inner cell masses is perhaps to be expected a priori. Cell
death, chance exclusion of cells from the aggregate or differences in developm-
ental stage between the aggregants would all contribute to variation between
aggregates. Unequal allocation of cells to the inner cell mass (event 1 in Fig. 1)
could also occur by chance, because of the small numbers of cells involved, or
perhaps because of developmental asynchrony between the aggregants. (Kelly,
Mulnard & Graham (1978) showed that cells that divide early are more likely
to contribute to the inner cell mass and Spindle (1982) showed that 8-cell em-
bryos contributed disproportionately more cells to the inner cell masses of blasto-
cysts formed from the aggregates of various numbers of 4-cell and 8-cell embryos.)



324 1. D. WEST, T. BUCHER,I. M. LINKE AND M. DUNNWALD

The distribution of the crude estimate of the percentage of PGK-1B in the
inner cell masses of the present series of chimaeras (Fig. 3F) shows consider-
able variation (see also Table 6). Although much of this variation may be
attributable to experimental error, since the estimate is very indirect, inspec-
tion of Table 2 confirms that variation must exist among inner cell masses.
Chimaeras C10-C13 and C16 almost certainly developed from inner cell
masses where C3H-Pgk-1¢ cells (PGK-1A) predominated, whereas chimaeras
C20 and C21 probably developed from inner cell masses in which C3H cells
(PGK-1B) formed the majority.

Some direct evidence of the variation that exists between chimaeric inner
cell masses comes from the chimaeric blastocysts that were produced by
Garner & McLaren (1974) by aggregating radiolabelled and unlabelled 8—cell
embryos. The mean percentage of labelled cells in the inner cell masses of six
blastocysts was 45-2 %. The range was 27-3 %-56-6 %, the variance was
161-0 and the coefficient of variation was 28-1 %.

Falconer & Avery (1978) used the predicted negative correlation between
the endoderm and ectoderm and the observed positive correlation, between
the proportions of the two cell populations represented in the gametic output
and coat pigmentation of adult chimaeras, to argue that primordial germ cells
arise from the primitive ectoderm rather than the primitive endoderm.
Although we have not confirmed the predicted negative correlation between
the primitive ectoderm and the primitive endoderm our observations do
support Falconer & Avery’s argument. Tissues that are derived from the
pimitive ectoderm were positively correlated with each other (Table 3 and also
Falconer et al., 1981) but not with those derived from the primitive endoderm.

Our results also have some bearing on the nature of allocation of inner cell
mass cells to the primitive ectoderm and primitive endoderm. The lack of a
positive correlation between the primitive ectoderm and primitive endoderm
lineages in chimaeras rules out the rather unlikely possibility that one daughter
cell of each inner cell mass cell is allocated to each of these two lineages. Also,
the positive correlation between the yolk sac endoderm and the parietal
endoderm, and the lack of correlations between these two tissues and any of
the tissues derived from the primitive ectoderm suggest that the two endoderm
tissues share a common pool of cells that is separate from the primitive
ectoderm lineage. This supports the traditional lineage relationship (Fig. 1)
rather than the alternative model, proposed by Dziadek (1979). Dziadek
suggested that cells in the inner cell mass were allocated to the parietal
endoderm and visceral (yolk sac) endoderm in two successive allocation events
such that the two endoderm tissues did not share a common pool of cells other
than the inner cell mass. (See also Gardner, 1982 for discussion.)

The significance of the lower variance for primitive endoderm tissues in
chimaeras, compared to primitive ectoderm derivitives (Table 6) is unclear. It
could be interpreted to suggest that fewer inner cell mass cells are allocated to
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the primitive ectoderm than the primitive endoderm. However, according to
McLaren (1976b) direct cell counts revealed approximately equal numbers of
primitive ectoderm and primitive endoderm cells by the time they were overtly
differentiated.

The positive correlations for the percentage of PGK-1B in the three primi-
tive ectoderm derivatives analysed in the mosaic conceptuses (Table 5) are
relevant to our understanding of the timing of X-chromosome inactivation in
the primitive ectoderm. Individual (C3H x C3H-Pgk-1“)F, female concep-
tuses should be genetically almost identical, so the probability of say X™ being
inactivated in a particular cell should be the same in all individuals. The
positive correlations, therefore, indicate that the proportions of the two cell
populations were influenced by an event that caused some variation between
individuals and occurred before cells were allocated to the three separate
lineages (foetus, amnion and yolk sac mesoderm). In principle this variation
could arise by an earlier allocation event or by X-chromosome inactivation
itself.

The previous allocation event, where inner cell mass cells are allocated to
primitive ectoderm or endoderm, occurs before X-inactivation in the primitive
ectoderm lineage (Gardner, 1974) and so cannot contribute to this variation.
Therefore, the variation is attributable either to random X-inactivation in a
limited number of cells or to the death of some cells after X-inactivation
has occurred. It seems likely, therefore, that X-inactivation occurs sufficiently
carly to allow enough cell mixing between different regions of the primitive
cctoderm, allocated to the foetus, amnton and yolk sac mesoderm, to produce
similar proportions of cells that express Pgk-I1° among these three tissues
within an individual. (Extensive cell mixing may also explain why local
amplification of the subset of cells in the proliferative zone (Snow, 1977) does
not destroy the positive correlations between foetus, amnion and yolk sac
mesoderm in either the mosaics or chimaeras.)

Unless there is interflow of cells between these three tissues once they have
begun to differentiate, cell allocation is likely to occur at or before about 7 days
post coitum. (For origin of these tissues see Snell & Stevens, 1966; Theiler,
1983.) X-chromosome inactivation in the primitive ectoderm presumably
occurs at least several cell generations earlier which is consistent with the
current idea that it occurs between 4'2 and 5'2-6'% days p.c. (Gardner, 1974;
Monk & Harper, 1979; Rastan, 1982).

A similar conclusion about the time of X-inactivation in the primitive
ectoderm was reached by McMahon, Fosten & Monk (1983) who found
positive correlations for the percentage of PGK-1A between the yolk sac
mesoderm and three foetal samples (neural ectoderm, heart and liver) among
three Pgk-1°/Pgk-1° and five Pgk-1°/Pgk-1° mosaic conceptuses. In this case,
however, the use of outbred mice as one of the parents complicates the
interpretation of the correlations and of the more sophisticated covariance
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analysis, that these authors used, because the Xce genotypes were unknown
and several Xce alleles could be present in the outbred stock.

Finally, the late allocation events that distribute cells to different lineages
within the primitive ectoderm (event 3 in Fig. 1) could also be a source of
variation. Since these events occur after X-inactivation, they would only
generate more variability among chimaeras than mosaics if the two cell
populations were less completely mixed in the chimaeras than in the mosaics.
The evidence, discussed above, suggests that quite extensive cell mixing occurs
within the primitive ectoderm of mosaics between the time of X-inactivation
and allocation of cells to the foetus, amnion and yolk sac mesoderm. More
variation, between these three tissues, was seen in two chimaeras (C15 and
C16 in Table 2) than in any of the mosaics (Table 4) so it is possible that less
cell mixing occurred in the chimaeras. In our experiments, genetic differences
between the two cell populations of the chimaeras were minimized by using
partially congenic strains but it is still possible that genetic differences existed
that inhibited cell mixing between cells of different genotypes (see West,
1976a). Although we cannot be certain whether these late allocation events
contribute to the greater variability among chimaeras they are probably less
significant than the first two allocation events since the variation in the
individual primitive ectoderm tissues is not significantly larger than for the
mean (Table 6).

In conclusion, we have shown that cells can be allocated unequally to the
primitive ectoderm and primitive endoderm. (This is particularly obvious in
group II in Table 2.) It seems very likely that variation exists among chimaeric
inner cell masses before this allocation event. We, therefore, propose that the
effects of these two sources of variation, that arise at sequential stages of
development, are superimposed and thereby generate significant variability
among chimaeras before X-chromosome inactivation occurs.

This conclusion supports the general arguments of the model proposed by
Falconer & Avery (1978). However, our experiments did not reveal the
inverse correlation between the primitive ectoderm and primitive endoderm
that was predicted (Falconer & Avery, 1978, p.213). The variability present
among inner cell masses may, therefore, be more extensive than Falconer and
Avery envisaged. Falconer and Avery’s assumption, that the cells of the inner
cell mass are still relatively unmixed when they are allocated to the primitive
ectoderm or primitive endoderm, may be unnecessary to account for the
greater variability among chimaeras if this arises from two superimposed.
sources of variability. With recent improvements in cell markers for chimaeras
it should now be possible to test this assumption directly.
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CONCLUSIONS

1. The proportions of the two cell populations in the foetus, amnion and
yolk sac mesoderm are more variable among mouse aggregation
chimaeras than among X-chromosome inactivation mosaics.

2. Much of this extra variability among chimaeras arises when cells of the
inner cell mass are allocated to either the primitive ectoderm lineage or
the primitive endoderm lineage.

3. Variation probably already exists among chimaeric inner cell masses
before cells are allocated to the primitive ectoderm and endoderm
lineages.

4. The greater variability among chimaeras can probably be attributed to
two superimposed sources of variation. One that exists among inner cell
masses and the other that arises, subsequently, as cells are allocated to
the primitive ectoderm lineage. Both sources of variation exist before X-
chromosome inactivation occurs in the primitive ectoderm lineage.

5. Variation that arises within the primitive ectoderm lineage (after X-
chromosome inactivation has occurred) may be greater in chimaeras than
mosaics but the evidence on this point is inconclusive. '

The series of mosaics was collected while J. D. W. worked at the Sir William Dunn
School of Pathology, Oxford. We are grateful to Dr. E. P. Evans for supplying C3H/HeH
mice and to the MRC for financial support during this period. Th. B., I. M. L. and M. D.
express gratitude for support to the Fonds der Chemischen Industrie and to the Deutsche
Forschungsgemeinschaft, Sachbeihilfe Bu 37/27 - Allozyme. We also thank Mr. P. H.
Glenister for technical advice, Mr. D. G. Papworth for help with statistical tests, Mr. G.
Fisher for preparing the illustrations and Drs. M. F. Lyon and A. McLaren for helpful
comments. .
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