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SUMMARY

The electrophore,tic variants of the JT-chromosome-linked enzyme
phosphoglycerate kinase (PGK-1) have been used to investigate the ran-
domness of X chromosome expression in the fetus and various extra-
embryonic membranes of the mouse conceptus. The amnion shows
essentially random expression of the maternally derived X chromosome
(Xm) and the paternally derived X chromosome (Xp). The parietal endo-
derm, however, shows exclusive or preferential expression of Xm. The
results support the idea that the randomness of X chromosome expression
is correlated with embryonic cell lineage such that Xm is preferentially
(perhaps exclusively) expressed in derivatives of the primitive endoderm
and trophectoderm but that Xm and Xp are randomly expressed in the
derivatives of the primitive ectoderm.

Experiments involving ovary transplants, embryo transfers or crosses
with heterozygous mothers confirm previous findings that Xm is pre-
ferentially expressed regardless of the X chromosome expressed in the
reproductive tract. Additional experiments show that the preferentially
expressed X chromosome in the parietal endoderm and visceral yolk sac
endoderm of a normal XmXp conceptus is always Xm regardless of grand-
parental origin of Xm and regardless of whether the mother is a normal XX
female or an XO female. Xp is, however, expressed in these tissues in
XPO female conceptuses. It is argued that a form of chromosome imprint-
ing occurs at each generation to mark Xm and Xp as different and that this
diff-:ionce influences the choice of which X chromosomes are expressed in
each cell lineage.

1. INTRODUCTION

Cytogenetic and genetic studies have shown that X chromosome expression is
not random in all tissues of the developing female mouse conceptus (Takagi &
Sasaki, 1975; Westetal. 1977; Frels, Rossant& Chapman, 1979; Frels & Chapman,
1980). In some extraembryonic tissues the maternally derived X chromosome
(Xm) is expressed in preference to its paternal homologue (Xp). This nonrandom X
chromosome expression seems to be dependent both on the parental origins of the
two X chromosomes and on the embryonic cell lineage to which the tissue belongs.

By 4£ days post coitum (p.c), the mouse embryo comprises three separate tissues,
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the trophectoderm, the primitive endoderm (or hypoblast) and the primitive
ectoderm (or epiblast), which form separate cell lineages in later development. Pre-
ferential expression of Xm has been reported in two derivatives of the trophecto-
derm, namely the chorionic ectoderm and the mural trophoblast (Frels, Rossant &
Chapman, 1979; Frels & Chapman, 1980) and also in the visceral yolk sac endoderm
(West et al. 1977), which is the only derivative of the primitive endoderm so far
analysed. In contrast, X chromosome expression seems to be more nearly random
in the fetus, yolk sac mesoderm and allantois, which are all derived from the
primitive ectoderm lineage (Takagi & Sasaki, 1975; West et al. 1977; Takagi, 1978).
The preferential expression of Xm in the visceral yolk sac is not due to a selective
pressure exerted by the maternal environment dependent on X-chromosome-
linked gene expression in the mother (West et al. 1977). We argued from this that
the preferential expression of Xm, in this tissue at least, was due to an intrinsic
difference between Xm and Xp, which we described as a difference in ' X chromo-
some imprinting' between Xm and Xp.

In this study we have continued to examine how nonrandom X chromosome
expression is related to cell lineage and to the parental origin of the X chromo-
somes. Our investigations have been directed towards the following four questions.

(i) Does X chromosome expression in other derivatives of primitive ectoderm
and primitive endoderm, namely the amnion and parietal endoderm, fit the
lineage dependency model outlined above ?

(ii) Is Xm preferentially expressed in the primitive endoderm lineage irrespective
of whether it is derived from the maternal grandmother or the maternal grand-
father and irrespective of the environment of the reproductive tract? We have
analysed the relevant tissues from heterozygous PGK-1AB female conceptuses
from reciprocal backcross matings and from embryo transfer and ovary transplant
experiments.

(iii) Is the ratio of autosomes to X chromosomes in the diploid germ cells of the
parents important in setting up the differential between Xm and Xv ? Some kind of
interaction between the autosomes and X chromosomes might be one way of
introducing a difference in X chromosome imprinting between Xm and Xp since
the ratio of autosomes to X chromosomes is different in males and females. If so,
there should be no differential between Xm and Xp when Xm is derived from an
XO mother, and so preferential expression of Xm would not be expected in these
individuals.

(iv) In XO conceptuses, where the only X chromosome is derived from the father,
is Xp expressed in tissues that would normally show exclusive or preferential
expression of Xm?

2. MATERIALS AND METHODS

(i) Mice

The two electrophoretic variants of X-linked phosphoglycerate kinase (PGK-1)
described by Nielsen & Chapman (1977) were used as markers for X chromosome
expression. Heterozygous Pgk-la/Pgk-lb female conceptuses were produced by
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reciprocal crosses and reciprocal backcrosses between the random-bred CFLP
strain (PGK-lB) and the inbred C3H/HeHa-Pgk-la/Ws strain (PGK-1A). The
CFLP mice were maintained in Oxford and were derived from mice originally
supplied by Anglia Laboratory Animals, Ltd. The C3H/HeHa-Pgk-la/Ws strain
was derived from a cross between a single Pgk-la/Y male and a C3H/HeHa female.
Heterozygous Pgk-la/Pgk-lb females were then backcrossed to C3H/HeHa males
for a further seven generations to N8 before intercrossing to establish the inbred
strain.

A stock of mice homozygous for Pgk-lb and the X chromosome inversion In(X)
1H (Evans & Phillips, 1975) was obtained from R. Phillips at Harwell. In(X)lH/Y
males were mated with CFLP females to produce In(X)lH/ + heterozygotes. Some
of the gametes produced by the In{X)lH/ + heterozygous females lack an X
chromosome. XO mice and conceptuses for analysis were then produced in the next
three generations from the following matings:

(l)Pgk-l»,In(X)lH/Pgk-lb, +$
(2) Pgk-la/O$ x Pgk-P/YS,
(3) Pgk-1»/O$ x Pgk-la/Y<$.

The males were either CFLP or C3H/HeHa-Pgk-la/Ws depending on the Pgk-1
allele required. The Pgk-la/O and Pgk-lb/O mothers used in crosses 2 and 3 above
were identified by typing peripheral blood for PGK-1. An additional blood sample
and a liver sample were taken when the females were killed for recovery of con-
ceptuses. Six of the mothers that were presumed to be Pgk-1*/O by electrophoresis
of blood and liver samples were confirmed as XO by chromosome counts kindly
done by E. P. Evans, M. Burtenshaw and B. Brown. (There was one additional
case where an adult female was classified as PGK-IB from the blood sample,
PGK-lAB from the liver and XX by chromosomes. Presumably, she was a PGK-
1AB XX female but the PGK-1A cell population was absent or at a low level in the
blood when the sample was taken.)

In addition, C3H/HeH mice (PGK-lB) from the Zoology Department, Oxford
were used in experiments involving ovary transplants. CFLP females were used as
recipient foster mothers for embryo transfers.

(ii) Embryo transfers and ovary transplants

Blastocysts were flushed from the uterus at 3 | days p.c. in PB1 medium plus
10% fetal calf serum (PBl + 10% FCS). (This medium is essentially the PBl
medium described by Whittingham & Wales (1969) but the original recipe, based
on Dulbecco's phosphate buffered saline, was modified by substituting glucose
(1 g/1) for lactate and 10% fetal calf serum for bovine serum albumin.) The em-
bryos were then transferred surgically to the uteri of CFLP females on the third
day of pseudopregnancy as described by McLaren & Michie (1956), using Avertin
anaesthesia.

Ovaries were taken from freshly killed females and were transplanted (either uni-
laterally or bilaterally) into recipient congenic females under Avertin anaethesia.
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Whole or half ovaries were placed inside the ovarian bursa immediately after
removal of the host ovary. In some unilateral transplants, the contralateral ovary
was also removed.

(iii) Dissections and sample preparations

Conceptuses were removed from the uterus at 12 J days or 17| days p.c. and
various tissues were dissected out in P B l + 1 0 % FCS under a dissecting micro-
scope. The fetus and visceral yolk sac were dissected at both ages, but the parietal

Amnion
Ectoderm
Mesoderm

Visceral yolk sac
Mesoderm
Endoderm

Parietal endoderm

Mural trophoblast

Fig. 1. Diagram showing the arrangement of the fetus and extra-embryonic mem-
branes at about 12£ days. The layers are shaded according to the lineage relation-
ships described by Gardner & Papaioannou (1975). The stippled areas belong to the
primitive ectoderm lineage, the black regions are descended from the primitive endo-
derm and the areas shaded with vertical stripes develop from the trophectoderm.
The maternal uterus is shaded with diagonal stripes and the umbilical cord and pla-
centa (of mixed origin) are unshaded.

endoderm was recovered only at 12\ days and the amnion was analysed only at
days p.c. The arrangement of these tissues in a mid-gestation conceptus is shown
diagrammatically in Fig. 1. The parietal endoderm at 12 | days was covered with a
variable amount of mural trophoblast tissue which was carefully picked off with
watchmaker's forceps. The endoderm and mesoderm layers of the visceral yolk
sac from some conceptuses were separated by dissection following digestion with a
mixture of 0-5% trypsin and 2-5% pancreatin in calcium- and magnesium-free
Tyrode's solution for 3 h at 4 °C (Levak-Svajger, Svajger & Skreb, 1969) followed
by up to 2 h at 4 °C in PB1 + 10 % FCS. The larger samples were homogenized in
distilled water (30 jA for 12£ day intact visceral yolk sacs and 100-200 /A for 17£
day fetuses). The smaller samples were lysed in 2 /A of distilled water (parietal
endoderm, amnion, and visceral yolk sac mesoderm) or 2-10 /A of distilled water
(visceral yolk sac endoderm) in a microtest plate. Maternal liver samples were
homogenized in distilled water and maternal blood was stored untreated. All
samples were coded and stored at — 20 °C before electrophoresis. The larger samples
were centrifuged to remove cell debris immediately before electrophoresis.

Only Pglc-la/Pgk-lb heterozygotes or XO female conceptuses were considered in
the experimental analysis. These were identified by their PGK-1 phenotype after
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electrophoresis. In some cases the XX females were identified either by fetal mor-
phology at 17| days or by positive sex chromatin staining of the amnion with
aceto-orcein (Vickers, 1967) at 12J days. Males could, therefore, often be dis-
carded before electrophoresis although some were included to avoid prejudicing the
blind scoring of the gel patterns.

(iv) Electrophoretic analysis

Starch gel electrophoresis was carried out with 12 % electrostarch using a pH 6-4
Tris-citrate buffer system. The staining mixture was based on that described by
Beutler (1969) and is similar to the one we previously used (West et al. 1977)
except that a mixture of glycerol-3-phosphate dehydrogenase and triose phosphate
isomerase (GDH/TIM from Boehringer) was added (Harris & Hopkinson, 1976)
and the NADH concentration was reduced (Cooper et al. 1971; Chapman & Frels,
personal communication) in order to increase the sensitivity. (20 fi\ of GDH/TIM
mixture (2 mg/ml) and 2 mg NADH were used per 20 ml stain made up in buffer
and agar as previously described.) Bands of PGK-1 activity were observed under
long-wavelength ultraviolet illumination and the proportions of the two allozyme
bands of PGK-1 were classified (blind) by two observers according to the semi-
quantitative five-point scale described in Table 1.

3. RESULTS

(i) X chromosome expression in the amnion and parietal endoderm

The mean PGK scores from tissues of PGK-1 AB conceptuses produced by
reciprocal crosses (Table 1) and by crosses involving In(X)lH/ + heterozygous
mothers (crosses l a and 2a in Table 3) show that the maternally derived Pgk-1
allele is preferentially expressed in the parietal endoderm whereas the two Pgk-1
alleles are expressed more equally in the amnion. In these crosses the mean PGK
score is close to 3 for both the fetus and the amnion. The similarity between the
PGK scores for the amnion and fetus is shown on a per conceptus basis in Fig. 2,
and this is considered in more detail in the Discussion section below. The scores
for the parietal endoderm are close to 5 when the Pgk-la allele is inherited from
the mother and close to 1 when Pgk-lb is inherited from the mother. The PGK
scores for whole yolk sac and especially yolk sac endoderm also confirm previous
observations on the preferential expression of the maternally derived allele in this
tissue (West et al. 1977).

(ii) Effect of grandparental origin of X chromosome and reproductive
tract environment on X chromosome expression in the parietal endoderm

and visceral yolk sac

The four reciprocal backcross matings shown in Table 1 confirm that the pre-
ferential expression of Pgk-1 in the visceral yolk sac and parietal endoderm is
dependent on the parental origin and not on the uterine environment or on some
grandparental effect. To ensure that Pgk-1 expression in the part of the uterus
closest to the conceptus was indeed heterozygous we analysed decidual tissue from
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nine implantation sites from a pregnant Pgk-la/Pgk-lb heterozygous female on the
9th day of pregnancy. All samples of decidual tissue (which is produced entirely
by the uterus) contained both PGK-lA and PGK-lB allozymes, confirming that
the uterine environment was mosaic. The maternally derived Pgk-1 allele is
preferentially expressed in the whole visceral yolk sac and parietal endoderm in
conceptuses from all four backcrosses shown in Table 1. Since Xm is inherited from

Table 1. Mean PGK scores in tissues derived from the primitive
ectoderm and primitive endoderm in PGK-1 AB conceptuses from

reciprocal crosses and backcrosses

(The PGK score is based on a five-point scale: (1) only PGK-IB detected; (2) PGK-
lB > PGK-lA; (3) PGK-lB ^ PGK-lA; (4) PGK-lB < PGK-lA; (5) only PGK-
lA detected.)

Cross*

? x ,

BBxAY
BBxAY
AAxBY
AAxBY

BAxAY
ABxAY
BAxBY
ABxBY '

Conceptuses
A

B
B
A
A

B
B
A
A

Age
(days)

124
174
124

124
124
124

No.

30
29
16
33

10
7

11
11

Fetus

Reciprocal

3-30±0-08J
3-17 + 0-07
3-25 ±0-11
3-30 ±0-09

Primitive
ectoderm

lineage (-
A

Amnion

crosses

314±O12

3-27 ±009

Reciprocal backcrosses

3-80 ±0-13
2-71+0-17
3-45 + 0-15
300 ±0

—

Primitive endoderm
lineage

Whole
yolk sac

1-97 ±009
1-97 ±0-06
4-63 ±0-12
4-39 ±009

l-90±0-22
l-71±0-17
4-73±0-13
4-36±0-14

Parietal
endoderm

M0±0-05§

4-94 ± 0-06||

114 + 013**
5-00 + 0
5-00 ±0

* BB = Pgk-lb/Pgk-l>>%; BY = Pgk-l*/Y3 (CFLP strain).
AA = Pgk-la/Pgk-l<>$; AY = Pgk-la/Y<$ (C3H/HeHa-Pgk-l"/Ws strain).
BA = (CFLP?xC3H/HeHa-Pgk-l-/Ws <?)F1?.
AB = (C3H/HeHa-Pgk-l-/Ws$ x CFLP <J)F1?.

t B = Pgk-P allele inherited on Xm; A = Pgk-1" inherited on Xm.
% Mean PGK score + standard error of the mean.
§ 27 scores of 1 and 3 scores of 2.
|| 15 scores of 5 and 1 score of 4.
If 9 scores of 1 and 1 score of 2.
** 6 scores of 1 and 1 score of 2.

the maternal grandmother in the first and fourth backcross and from the maternal
grandfather in the other two backcrosses we can rule out the possibility that the
grandparental origin of Xm influences the randomness of its expression. The mean
PGK scores for the fetuses are again consistent with random X chromosome ex-
pression. Although the variation in mean PGK scores for the reciprocal backcross
fetuses is greater than for the fetuses from the reciprocal crosses in Table 1, there is
no correlation between preferential X chromosome expression in the fetuses and
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either parental or grandparental origin of that X chromosome. (The significantly
higher PGK scores for fetuses from PGK-lBA compared with PGK-lAB mothers
are not understood but could be an artifact of small sample size and the use of
random-bred mice.)

The embryo transfers and ovary transplant experiments shown in Table 2
provide further evidence against a role for selection dependent on the X-chromo-
some-linked gene expression in the maternal environment. In both of these

20

10

20

BB(CFLP) X AY

AA X BY(CFLP)
i I I i I

BB(CFLP) X AY

AA X BY(CFLP)

- 3 - 2 - 1 0 l

F-YS

- 3 - 2 - I 0 1

F-A

PGK score

Fig. 2. Distribution of PGK scores in the reciprocal crosses analysed at 17 £ days shown
in Table 1. The PGK score for each yolk sac (YS) is subtracted from the PGK score
for its fetus (F) and plotted as the F-YS difference. Similarly the PGK score for each
amnion (A) is subtracted from the fetal PGK score and plotted as the F-A difference
The distributions for the AA x BY cross have been inverted so that distributions from
reciprocal crosses could be plotted on the same horizontal axis for easier comparison
of their positions along that axis. The yolk sac consistently contains a higher pro-
portion of the maternally derived PGK allozyme than the fetus, so the F-YS distri-
butions are skewed away from zero. However, the F-A distributions are approxi-
mately normal, with modes and means close to zero, because the proportions of the
two allozymes in the amnion are similar to that in the fetus.

experiments the uterine selection pressure postulated to cause preferential ex-
pression of Xm would be of opposite influence to that of the genetic mother.
Blastocysts, produced by a C3H/HeHa-Pgk-la/Ws mother and a CFLP strain
father were transferred to a pseudopregnant CFLP strain female. At 12^ days the
Pgk-la allele was preferentially expressed in the parietal endoderm and the
visceral yolk sac endoderm of PGK-lAB conceptuses even though both Xv and the
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recipient female were of the CFLP strain. In the reciprocal ovary transplants
between inbred strains, when the whole of development from fertilization occurred
in a reproductive tract genetically similar to Xv, the maternally derived Pgk-1
allele is still preferentially expressed in the parietal endoderm and visceral yolk sac
endoderm.

(iii) X chromosome expression in XX conceptuses with XO mothers

Analysis of PGK-1 expression in heterozygous XX conceptuses with XO
mothers is shown in Table 3. The PGK scores for parietal endoderm and visceral
yolk sac show that preferential expression of the maternally derived Pgk-1 allele
occurs just as clearly in these tissues in XX conceptuses with XO mothers (crosses
3a and 4a in Table 3) as in those with XX mothers (crosses l a and 2a in Table 3
and Tables 1 & 2).

(iv) X chromosome expression in XVO conceptuses

The results from XVO conceptuses produced in crosses 16-46 (Table 3) show that
PGK-1 activity is detected in all tissues analysed including the parietal endoderm
and visceral yolk sac endoderm. Throughout the entire study some samples have
been unscoreable either because the PGK-1 activity was too low (usually only
amnion or parietal endoderm samples) or because of poor resolution of PGK-1 A
and PGK-IB bands, but taken together the proportion of scoreable visceral yolk
sac endoderm and parietal endoderm samples from Xp0 conceptuses (43/50) was
not significantly different than from XX conceptuses (80/92): x2 — 0-03, P >
0-05. Conceptuses with some unscoreable samples have been omitted from Tables 1
and 2 but included in Table 3, where the proportion of scoreable samples is shown
in parentheses after the mean and standard error.

4. DISCUSSION

(i) Lineage dependency of preferential expression of Xm

The results of this study support the lineage dependency model for preferential
expression of Xm. The fetus shows random expression of Xm and Xv. Of the other
tissues that develop from the primitive ectoderm lineage, the allantois (Takagi &
Sasaki, 1975) and the visceral yolk sac mesoderm (West et al. 1977) both showed a
slight preferential expression of Xm in the first experiments reported. Later studies
involving larger numbers of allantois samples (Takagi, 1978) and individual rather
than pooled visceral yolk sac mesoderm fractions (Table 3) support a random
expression of Xm and Xp in these tissues. Our present results for the amnion now
add a fourth tissue from this lineage that shows essentially random expression of
Xm and XP.

We have presented the results in the tables in terms of a mean PGK score for
each group. However, in those tissues where both Xm and Xp are usually expressed,
it is helpful to consider the individual PGK scores for these tissues relative to the
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corresponding PGK score for the fetus. Comparison of PGK scores from two tissues
from the same conceptus parcels out any genetic variation among individuals that
influences the randomness of X chromosome expression. The data for the 17£ day
conceptuses from reciprocal crosses (Table 1) is plotted on a per conceptus basis in
Fig. 2. The PGK score for the whole visceral yolk sac has been subtracted from the
score for the corresponding fetus and plotted as the fetus minus yolk sac (F-YS)
PGK score. Similarly the fetus minus amnion (F-A) PGK score is plotted to show
any difference between the fetus and its amnion. The preferential expression of Xm

in the whole visceral yolk sac is reflected by the positions of the distributions for
F-YS which are skewed in opposite directions for reciprocal crosses. However, both
of the F-A distributions approximate normal distributions with modes (and means)
of 0, indicating that in most conceptuses the X chromosome expression is similar
in the fetus and the amnion.

The amnion comprises two layers (the ectoderm and the mesoderm) both of
which are derived from the primitive ectoderm lineage of the mouse blastocyst
(Gardner & Papaioannou, 1975). The visceral yolk sac is also composed of two
layers, but the endoderm layer is derived from the primitive endoderm and the
mesoderm layer belongs to the primitive ectoderm lineage (Gardner & Papaioannou,
1975). Previous work (West et al. 1977) and results from this study (Table 2 and
crosses 2a-ia in Table 3) show that preferential expression of the maternally
derived allele in the visceral yolk sac is the consequence of almost exclusive
expression in the visceral yolk sac endoderm and a more equal expression in the
visceral yolk sac mesoderm. The amnion ectoderm and mesoderm were not sepa-
rated but the results of the amnion are clearly different from the visceral yolk sac
and suggest that consistent preferential expression of one allele does not occur
in either layer of the amnion unless a preferential expression of the maternally
derived allele in one layer is either balanced by a preferential expression of the
other allele in the second layer, or masked by a much higher PGK-1 activity in the
second layer. It seems more likely that X chromosome expression is random in both
layers of the amnion.

The parietal endoderm and the visceral yolk sac endoderm showed only the
maternally derived PGK-1 allozyme in the great majority of cases in the present
study, indicating an overwhelming preference for the expression of Xm. I t is still
not clear whether the presence of the paternally derived PGK-1 allozyme in some
samples is the result of a false positive due to technical reasons or whether this
indicates that Xm is preferentially expressed but not always exclusively expressed
in these tissues. However, it is clear that neither of these derivatives of the
primitive endoderm lineage shows random expression of Xm and Xp.

These results on parietal endoderm and visceral yolk sac endoderm, together
with the work from other laboratories on other tissues (Takagi, 1978; Frels &
Chapman, 1980; Frels, Rossant & Chapman, 1979) supports the idea that X chro-
mosome expression is random in the primitive ectoderm lineage but that Xm is
preferentially (and possibly exclusively) expressed in the primitive endoderm and
trophectoderm lineages.
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(ii) Influence of reproductive tract and grandparental origin

In both the parietal endoderm and the visceral yolk sac endoderm, Xm is
preferentially expressed regardless of the oviduct or uterine environment. We
previously argued from similar experiments on whole visceral yolk sacs that this
implies that Xm and Xv are somehow ' marked' as different from one another and
that this differential 'marking' (or chromosome imprinting) influences which X
chromosome is expressed (West et al. 1977). This imprinting could occur at any
time before or during fertilization. The results from reciprocal backcrosses show
that Xm is preferentially expressed in these tissues regardless of whether Xm is
inherited from the maternal grandmother or the maternal grandfather, which
implies that the differential imprinting occurs anew at each generation.

In addition, these experiments, where Xm is preferentially expressed in the
parietal endoderm and visceral yolk sac endoderm despite the expression of a
different Pgk-1 allele in the reproductive tract, show that this preferential ex-
pression is not an artifact resulting from maternal contamination. However,
without sophisticated blastocyst reconstitution experiments (Gardner,
Papaioannou & Barton, 1973) it is impossible to rule out completely that the
PGK-1 activity from the parietal endoderm samples is due to contamination from
the overlying mural trophoblast.

(iii) Importance of the X chromosome constitution of the mother

An interaction between the autosomes and the X chromosomes in the diploid
germ cells would be one way of imprinting Xm and Xv differently since the ratio of
autosomes to X chromosomes differs between normal males and females. If so the
imprinting of the X chromosome in an XO germ cell would be similar to the
normal Xv rather than the normal Xm. However, since the X chromosome in-
herited from XO mothers is preferentially expressed in XX progeny despite the
similar autosome: X chromosome ratio in the maternal and paternal diploid germ
cells this can be excluded as a mechanism for achieving a differential imprinting of
Xm and Xp.

(iv) XVO conceptuses

The difference between Xm and Xp probably causes the preferential expression
of Xm by controlling the randomness of X chromosome inactivation in certain
tissues. This could result if the differential chromosome imprinting of Xm and Xp

acted either (a) by programming Xp to inactivate in certain tissues or (b) by
influencing the choice of which X chromosome is inactivated without providing
the primary signal for X chromosome inactivation to occur. If the first of these two
possibilities is true we would expect Xp to be inactivated in the visceral yolk sac
endoderm and parietal endoderm of XPO conceptuses, and we would not expect to
detect any new JT-linked gene product after X chromosome inactivation had
occurred. Our results, however, show that Xp is consistently expressed in these
tissues in XPO females. Enzyme activity studies were not done, but neither the
staining intensity nor the proportion of scoreable samples of the tissues was
significantly lower in XPO conceptuses than in XX or X Y individuals at the same
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developmental stage. The expression of Xp in the mural trophoblast of Xp0
individuals has also been reported recently (Frels & Chapman, 1979). Unless there
is a selection pressure to reactivate an inactive Xp or to repopulate the entire
trophectoderm and primitive endoderm lineages from a few cells, this suggests that
Xp is not inactivated in Xp0 individuals even in those tissues where Xm is normally
almost exclusively expressed. If so, this suggests that the differential imprinting of
Xm and Xp influences the choice of which X chromosome is to be inactivated but
does not provide the primary signal for X chromosome inactivation to occur.

(v) X chromosome imprinting and inactivation

The concept that non-random X chromosome inactivation may result from
differential X chromosome imprinting was developed by Cooper (1971) and Brown
& Chandra (1973). However, these authors argued that X chromosome imprinting
provided the primary signal for X chromosome inactivation to occur, whereas we
invoke X chromosome imprinting simply as a modifier of an inactivation event that
is initiated independently. This issue is also discussed by Kaufman, Guc-Cubrilo
& Lyon (1978) who reach a similar conclusion. The nature of this X chromosome
imprinting is unknown. It could affect the entire X chromosome or modify a
specific site. One possibility is that the imprinting represents a gross physiological
alteration of the Xce region, since genetic polymorphisms of this locus can influence
the randomness of X chromosome expression in the adult (reviewed by Cattanach,
1975) and probably the fetus (West & Chapman, 1978).

It is still not clear how the differential X chromosome imprinting influences the
randomness of X chromosome inactivation in a lineage-specific way. Our current
thinking is influenced by Lyon (1977) who suggested that the differential in X
chromosome imprinting may 'wear off' during the period of early mouse develop-
ment and that X chromosome inactivation may occur at different times in dif-
ferent tissues so that the effect of the imprinting is lost by the time X chromosome
inactivation occurs in some tissues. This idea has been discussed in relation to the
three primary lineages of early mouse development by Takagi (1978), West et al.
(1978) and Monk & Harper (1979). In order to fit Lyon's (1977) suggestion to our
present results we would require that X chromosome inactivation occurs later in
the primitive ectoderm lineage than in the other two lineages. This has yet to be
proved, but the recent results of Monk & Harper (1979) support this idea, and other
more circumstantial evidence has been discussed by West et al. (1978).

Analysis of earlier embryos, using either cytogenetic techniques or a more
sensitive X-linked genetic marker, may be necessary before the control of the
randomness of X chromosome expression can be more fully understood.
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