
INTRODUCTION

The junctional complex of polarised epithelia consists of an
apicolateral tight junction (zonula occludens) beneath
which are found the zonula adherens, desmosomes and gap
junctions, each possessing distinct characteristics and mol-
ecular properties (reviewed in Staehelin, 1974; Stevenson
and Paul, 1989; Garrod and Collins, 1992). Tight junction
ultrastructure consists of circumferential membrane contact
sites where the intercellular space is occluded and which,
in freeze-fracture preparations, contain a network of branch-
ing ridges composed of linearly arranged intramembrane-
ous particles (P-face) and complementary grooves (E-face)
(Staehelin, 1974; Pinto da Silva and Kachar, 1982). The
tight junction is thought to restrict paracellular passage of
ions and macromolecules between mucosal and serosal
compartments, and to contribute to the maintenance of
epithelial membrane domain polarity (Claude and Goode-
nough, 1973; van Meer and Simons, 1986).

Although the molecular identity of integral membrane
components of the tight junction are unknown, two periph-
eral tight junction proteins, ZO-1 and cingulin, have been
identified at the cytoplasmic face of the junction in a vari-
ety of epithelia (eg, Stevenson et al., 1986; Citi et al., 1988,
1989; Schnabel et al., 1990; reviewed in Anderson and
Stevenson, 1992). ZO-1 is a large, asymmetric, monomeric
phosphoprotein (215-225×103 Mr; Anderson et al., 1988),
whereas cingulin (140×103 Mr) is an elongated, acidic, heat-
stable dimeric phosphoprotein possessing an alpha-helical
coiled-coil structure (Citi et al., 1988, 1989, 1990;
Denisenko and Citi, 1991). These two immunologically
unrelated tight junction proteins show overall similarities
in their tissue distribution and subcellular localisation,
although double-label immunogold analysis indicates ZO-
1 is positioned closer to the membrane than cingulin
(Stevenson et al., 1989). 

The mouse preimplantation embryo provides a model
system in which to study the expression and assembly of
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The expression of the tight junction peripheral mem-
brane protein, cingulin (140 103 Mr), was investigated
in mouse eggs and staged preimplantation embryos by
immunoblotting and immunoprecipitation. Polyclonal
antibody to chicken brush border cingulin detected a
single 140 103 Mr protein in immunoblots of unfertilised
eggs and all preimplantation stages. Relative protein
levels were high in eggs and early cleavage stages,
declined during later cleavage and increased again in
expanding blastocysts. Quantitative immunoprecipita-
tion of metabolically labelled eggs and staged embryos
also revealed a biphasic pattern for cingulin synthesis
with relative net levels being high in unfertilised eggs,
minimal during early cleavage, rising 2.3-fold specifi-
cally at the onset of compaction (8-cell stage, when tight
junction formation begins), and increasing further at a
linear rate during morula and blastocyst stages. Cin-
gulin synthesis in eggs is not influenced by fertilisation
(or aging, if unfertilised), but this level declines sharply

after first cleavage. These results indicate that cingulin
is expressed by both maternal and embryonic genomes.
The turnover of maternal cingulin (unfertilised eggs)
and embryonic cingulin at a stage before tight junction
formation begins (4-cell stage) is higher (t ~4 hours)
than cingulin synthesised after tight junction formation
(blastocysts; t ~10 hours). This increase in cingulin sta-
bility is reversed in the absence of extracellular calcium.
Cingulin synthesis is also tissue-specific in blastocysts,
being up-regulated in trophectoderm and down-regu-
lated in the inner cell mass. Taken together, the results
suggest that (i) cingulin may have a role during oogen-
esis and (ii) cell-cell contact patterns regulate cingulin
biosynthesis during early morphogenesis, contributing
to lineage-specific epithelial maturation. 
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tight junction components during development. The
polarised epithelial features of the blastocyst trophecto-
derm are acquired progressively during cleavage and the
tissue becomes functional from the late 32-cell stage when
vectorial transport causes blastocoele formation (reviewed
in Fleming and Johnson, 1988; Fleming, 1992). The
assembly of tight junctions begins at compaction (8-cell
stage), coinciding with the onset of cell polarity and the
activation of cell-cell adhesion mediated by uvomorulin
(E-cadherin). Freeze-fracture analysis indicates that the
tight junction at compaction is focal rather than zonular,
but subsequently extends laterally to become belt-like
before the blastocyst is formed (Ducibella and Anderson,
1975; Ducibella et al., 1975; Magnuson et al., 1977; Pratt,
1985). We have previously reported on the expression and
assembly of ZO-1 in the early embryo and identified mech-
anisms that appear to control its tissue-specificity (Flem-
ing et al., 1989; Fleming and Hay, 1991). These studies
indicated that the time of ZO-1 protein expression (4- to
8-cell stage) and membrane assembly at nascent tight junc-
tion sites (compaction) was closely related to the timing
of the structural development of the tight junction, as seen
in freeze-fracture.

In this paper, we report on the pattern of expression and
synthesis of the tight junction protein cingulin in mouse
oocytes and early embryos using biochemical analyses.
Complementary morphological studies are reported sepa-
rately (Fleming et al., 1992). Our results indicate that cin-
gulin, unlike ZO-1, is expressed by the maternal as well as
the embryonic genome, and that cell interactions regulate
the level of cingulin synthesis, stability and tissue-speci-
ficity.

MATERIALS AND METHODS

Egg and embryo collection, culture and
manipulation
Three- to four-week old MF1 female mice (Olac-derived,
Southampton University Animal House) were superovulated by
intraperitoneal injections (48 hours apart) of pregnant mares serum
(PMS, Folligon, Intervet) and human chorionic gonadotrophin
(hCG, Chorulon, Intervet). Cumulus masses were collected from
oviducts at 12 hours post-hCG and unfertilised eggs recovered fol-
lowing hyaluronidase treatment (100 mM in M2+BSA for 5-10
minutes). Embryos were obtained by mating female mice
overnight with MF1 males, checking for copulation plugs and
flushing oviducts at appropriate times post-hCG injection. Flush-
ing times were 30 hours (early 2-cell), 46-48 hours (late 2-cell,
4-cell, 8-cell), or 65-70 hours post-hCG (16-cell, blastocysts) and
embryos staged following washing in M2+BSA and culture for
varying times in M16+BSA (up to blastocyst) or DMEM+FCS
(blastocysts and ICMs) as described previously (Fleming et al.,
1991). Fertilized eggs were obtained from cumulus masses at 18-
20 hours post-hCG and checked for the presence of two pronu-
clei. Removal of the zona pellucida was by acid Tyrode’s solu-
tion (Nicolson et al., 1975) and immunosurgery to isolate ICMs
from blastocysts by the method described by Chisholm et al.
(1985).

Western blotting
Eggs and staged embryos were washed three times in M2+PVP

(see Fleming et al., 1991), boiled for 3 minutes in SDS sample
buffer and stored at −70°C until required. The soft upper pellet
from liver homogenate in 1 mM NaHCO3, spun for 10 minutes
at 2,000 g (Stevenson et al., 1986), was used as a positive con-
trol. Egg/embryo samples were separated on 7.5% SDS-poly-
acrylamide gels, electrophoretically transferred (Trans-Blot Semi-
Dry Transfer Cell, BioRad Labs, UK) in 48 mM Tris, pH 9.2, 39
mM glycine, 1.3 mM SDS, 20% methanol at 20 V for 1.5 hours
onto Hybond C-extra nitrocellulose (Amersham International,
UK). Blots were treated with blocking buffer (BB; 1% dried milk
powder, 0.02% Tween 20, 0.01% NaN3 in phosphate-buffered
saline (PBS)) for 3 hours before probing with rabbit polyclonal
antibody to chicken brush border cingulin at 1:3000 dilution in
BB for 16 hours at 4°C. The nitrocellulose was washed several
times in BB, probed with 125I-labelled goat anti-rabbit IgG (Dako
Ltd, UK; approx. 3×105 cts/minute/ml) in BB for 1 hour at 4°C,
and washed several times in BB for 1 hour before drying.
Immunoblots were exposed to Fuji X-ray film for 3 days at −70°C
before developing and fixing. Relative cingulin protein levels in
egg/embryo samples were measured by scanning densitometry
(Joyce Lobel densitometer) over a range shown to be linearly
related to sample size defined by stage-specific embryo number.
Embryo number rather than protein estimations were used for stan-
dardising blot (and immunoprecipitation) samples since protein
levels are relatively consistent throughout preimplantation devel-
opment (Brinster, 1967).

Metabolic labelling and immunoprecipitation
Eggs and staged embryos (200-1000 per sample) were labelled in
50 µl M16+BSA (for pre-blastocyst stages) or methionine-free
Eagle’s MEM+FCS (ICN Flow, UK; for blastocysts) containing
‘Trans 35S-label’ (ICN Flow; specific activity >1000 Ci/mmol) for
either 3 hours (1000 µCi 35S/ml) or for 14 hours (100 µCi 35S/ml),
before washing four times in M2+PVP containing nonradioactive
methionine (7.45 µg/ml) and cysteine (6.05 µg/ml;
M2+PVP+MC). Immunoprecipitation was carried out as described
previously (see Fleming et al., 1991); cingulin polyclonal anti-
body was used at saturating doses (1 or 10 µl per sample). Pre-
liminary work showed that the SDS-buffer used for extraction of
embryos (Fleming et al., 1991) solubilised at least 94% of total
radiolabelled cingulin, indicating high efficiency. Immunoprecip-
itates were run on a 7.5% SDS-PAGE gel, which was soaked in
Amplify (Amersham) for 15 minutes before drying and autoradi-
ography at −70°C using Fuji RX-film. A pulse-chase metabolic
labelling protocol was used for cingulin turnover analysis. Eggs
and staged embryos (100-400 per sample) were labelled with
‘Trans 35S-label’ (100 µCi 35S/ml) for 3 hours in 50 µl M16+BSA,
washed four times in M2+PVP+MC, and chased in
M16+BSA+MC for various times before washing in M2+PVP and
immunoprecipitation.

In this paper, we define cingulin net synthesis as the relative
amount accumulated after a defined metabolic labelling period
and, therefore, this figure does not account for concurrent degra-
dation, although turnover has also been assayed at specific stages.
Quantitation in relative terms of cingulin net synthesis and
turnover was analysed routinely by scintillation counting (Raytest
4700 counter) of replicated immunoprecipitates. This method was
compared directly with scanning densitometry (over a range where
sample and scan area are linearly related) and was found to be
reliable and, importantly, more sensitive for small embryo sam-
ples. Thus, in preliminary time course experiments in which unfer-
tilized eggs were metabolically labelled in a time course up to 9
hours, the level of newly synthesised cingulin measured by scin-
tillation counting was within 8% of that determined by scanning
densitometry and was directly related to sample size within 2%
(data not shown).
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RESULTS

Cingulin expression in mouse eggs and staged
embryos
The relative levels of expression of cingulin in eggs and
preimplantation embryos were studied by western blotting
using polyclonal rabbit antiserum against purified chicken
intestinal cingulin. In chicken intestine, cingulin antibody
recognises two polypeptides of 108×103 and 140×103 Mr
(Citi et al., 1988), the former thought to be a breakdown
product (Stevenson et al., 1989). Two major bands, corre-
sponding to these mobilities were detectable in mouse liver,
together with a lower band (65×103 Mr) that also may be
a breakdown product. However, in all egg and embryo
stages, only a single protein band at 140×103 Mr was blot-
ted (or immunoprecipitated, see later) with cingulin anti-
body (Fig. 1A). The radiolabelled bands on mouse embryo
immunoblots were analysed by scanning densitometry (Fig.
1B). Unfertilised eggs (14 hours post-hCG) and early cleav-
ing embryos (48-52 hours post-hCG) contained higher rel-
ative levels of cingulin compared with early and compacted
8-cell embryos (65-68 hours post-hCG). The cingulin level
increased again in early blastocysts (96 hours post-hCG)
and more so in later blastocysts (120 hours post-hCG) (Fig.
1A,B). 

Cingulin synthesis in eggs and staged embryos
Cingulin synthesis was first examined in unfertilised eggs
freed from cumulus cells before metabolic labelling and
immunoprecipitation. A single radiolabelled protein was
precipitated, migrating at 140×103 Mr (Fig. 2A). Cingulin
synthesis in unfertilised eggs was inhibited by cyclohex-
imide treatment (Fig. 2A). However, the level of synthesis
in fertilised eggs (containing two pronuclei) and in aging
unfertilised eggs was similar to that occurring in non-aged
unfertilised eggs (Fig. 2C). Metabolic labelling and
immunoprecipitation of cumulus cells freed from unfer-
tilised eggs provided no evidence of cingulin synthesis
(using equivalent or greater protein levels to eggs; Fig. 2B).
Immunoblotting of freed cumulus cells also failed to detect
cingulin protein in these cells (data not shown). Analysis
of cingulin synthesis after first cleavage showed that a sharp
decline occurred by the late 2-cell stage (Fig. 2C).

Immunoprecipitation of newly synthesised cingulin from
synchronised populations of metabolically labelled cleav-
age-stage embryos revealed an increasing level of synthe-
sis up to the blastocyst stage (Fig. 3A). Scintillation count-
ing of triplicated immunoprecipitate samples from defined
stages was used to quantify in relative terms changes in net
cingulin synthesis during cleavage (Fig. 3B). This analysis
indicated (i) a low and apparently unchanging net level of
synthesis between late 2-cell and early (pre-compact) 8-cell
stages, approx. 12% of that occurring in unfertilised eggs,
(ii) a sharp rise in cingulin synthesis specifically at com-
paction in the 8-cell embryo (approx. 2.3-fold higher than
pre-compact embryos) and (iii) a linear increase in net syn-
thesis occurring throughout later cleavage and blastocyst
stages (doubling time approx. 24 hours). Only during blas-
tocyst expansion was the net level of synthesis evident in
unfertilised eggs exceeded (Fig. 3B). 

Turnover of newly synthesised cingulin
Unfertilised eggs (cumulus-free) and preimplantation
embryos (4-cell and early blastocyst stages) were metabol-
ically labelled for 3 hours and ‘chased’ in label-free
medium for various times before immunoprecipitation and
radiolabel counting (Fig. 4). Newly synthesised cingulin in
unfertilised eggs and 4-cell embryos had a similar relatively

Fig. 1. (A) Western blot analysis of relative cingulin levels in
unfertilised mouse eggs (E; 14 hours post-hCG), mixed late 2-cell
and early 4-cell embryos (2/4; 48-52 hours post-hCG),
precompact 8-cell embryos (E8; 65 hours post-hCG), compact 8-
cell embryos (C8; 68 hours post-hCG), early blastocysts (EB; 96
hours post-hCG) and late blastocysts (LB; 120 hours post-hCG).
1,000 eggs/embryos were loaded per lane of 7.5% SDS-
polyacrylamide gels, transferred to nitocellulose and incubated in
polyclonal cingulin antibody; iodinated anti-rabbit IgG was used
for detection (see Materials and methods). At each stage, a single
prominant band at approx. 140×103 Mr is detectable (arrow),
while in liver homogenate (L) additional bands at approx.
108×103 and 65×103 Mr are evident. M, 14C-labelled molecular
weight standards as indicated in ×103 Mr. (B) Relative levels of
cingulin present in eggs and embryo stages following scanning
densitometry of representative autoradiograms. The blotting
experiment was repeated twice. For each, densiometric data from
UF eggs up to early blastocyst stages were from a single gel and
blot; the result for the late blastocyst stage was from a separate gel
but an additional early blastocyst sample was used for
standardisation.
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high rate of turnover (t ~4 hours) compared with early blas-
tocysts (t ~10 hours). To investigate whether cell-cell adhe-
sion influenced this change in stability, the net level of syn-
thesis and turnover of newly synthesised cingulin was

compared between early blastocysts cultured either in the
presence or absence of extracellular calcium (Fig. 4). In
these experiments, calcium depletion (i) reversed adhesion
between blastomeres and reduced net cingulin synthesis by
25% (mean of three experiments) and (ii) increased cin-
gulin turnover rate to approx. that detected in eggs and 4-
cell embryos (t ~4 hours).

Tissue-specificity of cingulin synthesis
Since tight junction formation is restricted to the trophec-
toderm lineage of the blastocyst, we next compared cin-
gulin net synthesis between trophectoderm and inner cell
mass (ICM) tissues in both early (96 hours post-hCG) and
expanded (120 hours post-hCG) blastocysts (Fig. 5). These
experiments indicated that the level of cingulin synthesis in
early blastocysts is over three-fold higher in the trophecto-
derm than in the ICM, while in late blastocysts, this dif-
ference increases to fifteen-fold.

DISCUSSION

In this paper, we report on biochemical studies concerned
with the expression of the tight junction peripheral mem-
brane protein cingulin in the early stages of mouse devel-
opment. The timing and characteristics of cingulin
expression in the embryo, where tight junction formation
takes place de novo during cleavage, is relevant to the
processes controlling the assembly of different junction
components. One important finding from our work is that
cingulin expression occurs in two phases that appear to
involve sequential maternal and embryonic gene expression
programmes. Cingulin is detectable at relatively high levels
by both immunoblotting and by immunoprecipitation in
unfertilised eggs. This maternal expression programme is
maintained after fertilisation and declines during the 2-cell
stage, coincident with the global degradation of inherited
maternal RNA and the transition to embryonic gene activity
(Flach et al., 1982; Bensaude et al., 1983). The embryonic
programme of cingulin expression initiates during early
cleavage at a relatively low level of net synthesis which
then increases significantly at compaction and at later cleav-
age stages.

The maternal expression of cingulin was unexpected
since tight junctions have not been identified in unfertilised
eggs. Moreover, expression of another tight junction periph-
eral membrane protein, ZO-1, was not detectable (either by
immunoblotting or by immunocytochemistry) in unfer-
tilised eggs (Fleming et al., 1989) although uvomorulin, the
cell adhesion molecule involved in compaction, is synthe-
sised at this stage (Sefton et al., 1992). Our data suggest,
therefore, that cingulin may occur at sites where tight junc-
tions are not definable by electron microscopy (see Citi et
al., 1989), as has recently been shown for ZO-1 (Howarth
et al., 1991). Although cingulin expression was detectable
in eggs, it was not evident within cumulus cells, either by
immunoprecipitation or immunoblotting. This result is con-
sistent with immunolocalisation of maternal cingulin in the
oocyte cortex and corona radiata layer but not in bulk cumu-
lus tissue (Fleming et al., 1992).

To understand the mechanisms of tight junction

Q. Javed and others

Fig. 2. (A) Immunoprecipitation of newly synthesised cingulin
from mouse unfertilised eggs (UE; 14 hours post-hCG; n=900),
following 35S-metabolic labelling for 3 hours (see Materials and
methods for details). A single band at approx. 140×103 Mr has
been precipitated (arrow). Metabolic labelling in the presence of
cycloheximide (CH; 400 µM) inhibits cingulin synthesis. M,
molecular weight markers as indicated (×103 Mr). (B) Cingulin
immunoprecipitation from unfertilised eggs (UE) and cumulus
cells either at equivalent total protein concentration to the UE lane
(Cu1) or five-fold higher (Cu5). Arrow indicates position of
140×103 Mr band only identifiable in UE sample. M, molecular
weight markers. (C) On left, cingulin immunoprecipitation from
unfertilised eggs (UE; 14 hours post-hCG), aging unfertilised eggs
(AE; 24 hours post-hCG) and fertilised eggs (FE; 24 hours post-
hCG); all samples contain 900 eggs, following metabolic labelling
for 3 hours. In each, a 140×103 Mr band is evident (arrow on
right). On right, cingulin immunoprecipitation from unfertilised
eggs (UE), early 2-cell embryos (E2; 34 hours post-hCG) and late
2-cell embryos (L2; 46 hours post-hCG), 1000 eggs or embryos
per lane; the cingulin band at 140×103 Mr declines in intensity
during the 2-cell stage. M, molecular weight markers.



1149Cingulin expression in embryos

assembly during cleavage, we must consider whether mater-
nal cingulin may act as a store of protein that is available
at the time of junction formation. The relatively long half-
life of many proteins expressed in mouse eggs and early
embryos is consistent with this possibility (eg. Merz et al.,

PostScript Picture
 fig3b.EPS

B

Fig. 3. (A) Immunoprecipitation of cingulin from unfertilised eggs (UE), late 2-cell/early 4-cell embryos (2/4), compact 8-cell embryos
(C8) and early blastocysts (EB). See Fig. 1A for staging times. 600 eggs/embryos per lane. Arrow indicates position of 140×103 Mr band
of precipitated cingulin which is evident in eggs, but declines in intensity during early cleavage before increasing again in later cleavage.
Arrowheads indicate position of molecular weight markers (from top, 200, 92, 69, 46, 30×103 Mr). (B) Relative net levels of cingulin
synthesis during early development assayed by immunoprecipitation (3 hours labelling time) and scintillation counting (see Materials and
methods). Each point represents the mean (±s.e.) of three samples of 200 eggs/embryos at specified stages/time post-hCG as indicated:
UF, unfertilised eggs; E8,C8 early and compact 8-cell embryos; EB,LB early and late blastocysts.
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Fig. 4. Turnover of newly synthesised cingulin in unfertilised
eggs, 4-cell embryos and early blastocysts. 400 eggs or embryos
at each stage were metabolically labelled for 3 hours and ‘chased’
in the presence of excess unlabelled methionine and cysteine for
the indicated times before immunoprecipitation and scintillation
counting (see Materials and methods). Blastocysts were also
cultured in calcium-free medium for 6 hours prior to metabolic
labelling and throughout the ‘chase’ period. Mean of three
experiments (±s.e.); note that newly synthesised cingulin increases
in stability by the blastocyst stage (t ~10 hours) but reverts to an
unstable pattern (t ~4 hours), typical of eggs and 4-cell embryos,
in the absence of extracellular calcium.

Fig. 5. Tissue-specific cingulin synthesis in blastocysts.
Blastocysts (200 per sample) at 96 hours post-hCG (3.5 days of
development) and 120 hours post-hCG (4.5 days) were
metabolically labelled for 3 hours before washing and
immunosurgery to isolate ICMs, which were then used for
immunoprecipitation and scintillation counting. Trophectoderm
data were obtained by subtraction of ICM values from whole
blastocyst samples. Mean of three experiments (±s.e.); note that
cingulin synthesis declines in the ICM lineage but increases in the
trophectoderm lineage during blastocyst expansion.
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1981; Barron et al., 1989). We also interpret the relatively
high levels of cingulin detected in blots of 2- and 4-cell
embryos when synthesis is minimal as a consequence
mainly of maternal inheritance. A similar expression pat-
tern has recently been revealed for uvomorulin (Sefton et
al., 1992). However, our turnover data for maternal cingulin
(t ~4 hours) indicate that the protein is too short-lived for
involvement in tight junction assembly some 24-48 hours
later in development. This view is further supported by the
fact that cingulin appears to associate with the tight junc-
tion mainly during the 16-cell stage rather than at com-
paction in the 8-cell embryo when ZO-1 assembles at
nascent junction sites (Fleming et al., 1992). Since our
metabolic labelling of oocytes in pulse-chase experiments
utilised cumulus-free oocytes, it is possible that newly syn-
thesised cingulin may have a longer half-life if cumulus
cells were present, possibly providing (indirectly) a bind-
ing site to promote cingulin stability. However, if this was
so, the detachment of cumulus cells from fertilised eggs
that occurs in vivo some 36 hours prior to compaction
would in turn induce an increase in cingulin turnover.

The net level of cingulin synthesis from the embryonic
genome is enhanced significantly when 8-cell embryos
engage in compaction (Fig. 3B). Previously, we have esti-
mated that the time at which ZO-1 expression in the embryo
is initiated is at the late 4-cell or early 8-cell stage, some
5-8 hours earlier than compaction (Fleming et al., 1989).
Thus, a temporal sequence appears to exist in which ZO-1
precedes cingulin both in expression and in junction assem-
bly times (Fleming et al., 1992). The most likely explana-
tion for the increase in cingulin synthesis level specifically
at compaction is that one or more aspects of cell-cell adhe-
sion are stimulatory. This increase in cingulin synthesis is
presumably required for assembly of cingulin at the tight
junction. 

The requirement for cell-cell adhesion for tight junction
assembly and subsequent stability has been demonstrated
in various morphological and biophysical studies (eg,
Curran et al., 1961; Galli et al., 1976; Gumbiner and
Simons, 1987; Gumbiner et al., 1988). In assembly, cell-
cell adhesion can provide conditions for molecular compo-
nents to associate with the junctional complex; this has been
shown for ZO-1 in epithelial cell lines (Siliciano and Good-
enough, 1988; Anderson et al., 1989) and in mouse blas-
tomeres (Fleming et al., 1989). It has also been shown that
upon provision of cell-cell adhesion in Caco-2 cells, ZO-1
protein levels gradually increase over an extended culture
period, which may result from either increased synthesis
and/or increased stability (Anderson et al., 1989). Similarly,
the rise in net cingulin synthesis at compaction may reflect
either a real increase in synthesis rate and/or enhanced sta-
bility. Our results favour a rise in the synthesis rate as the
most likely explanation, for two reasons. First, the increase
in cingulin stability in blastocysts (t ~10 hours, Fig. 4), if
initiated at compaction, would not account for more than a
minor proportion of the 2.3-fold rise in the net synthesis
data compared with precompact 8-cell embryos. Second,
since cingulin assembly at the developing tight junction in
most embryos is evident some 5-10 hours later in the next
cell cycle (Fleming et al., 1992), a case for junction assem-
bly promoting stability at compaction cannot be made.

However, it should be noted that cell adhesion stimulation
of synthesis appears effective only to initiate the rise in
expression (compaction) rather than to maintain it, since
inhibition of cell adhesion in blastocysts (by extracellular
calcium depletion) reduces net synthesis by 25%, a level
that can be explained by the observed reduction in stabil-
ity. Thus, cell-cell adhesion in the embryo (or events asso-
ciated with it, such as ZO-1 assembly) appears to influence
the onset of expression as well as the stability of junctional
components, a concept that has been established for other
proteins in various differentiation systems (eg, Ben Ze’ev,
1986; Bendori et al., 1987). 

Our immunoprecipitation data indicate that trophecto-
derm and ICM lineages in blastocysts exhibit distinct cin-
gulin synthesis patterns with synthesis being steadily down-
regulated in the ICM. Again, cell-cell interactions are likely
mediators of this diversification. We have shown previously
that ZO-1 can be inherited by ICM cells (or their precur-
sors) when polarised 8- or 16-cell blastomeres undergo dif-
ferentiative division (Fleming and Hay, 1991). In such cir-
cumstances, inherited ZO-1 is initially distributed randomly
on ICM cell surfaces in the embryo interior, before disap-
pearing. Various manipulations on ICMs isolated from early
blastocysts have indicated that ZO-1 down-regulation in the
ICM is reversible, and is regulated at the translational level
by the loss of outward-facing, contact-free membrane sur-
faces (Fleming and Hay, 1991). The ICM cingulin synthe-
sis data is therefore consistent with this model for how cell-
cell contact patterns may control the tissue-specific level of
expression of tight junction molecules during early devel-
opment.

In summary, our results indicate that during early devel-
opment, the expression of the tight junction protein cingulin
is temporally regulated, involving both maternal and embry-
onic transcripts. This pattern distinguishes cingulin
expression from that of ZO-1 and suggests a role specifi-
cally for cingulin during oogenesis. Cingulin synthesis is
up-regulated at compaction, apparently mediated by events
associated with cell-cell adhesion. Cellular interactions also
appear to influence cingulin expression during later cleav-
age, to control its tissue-specificity and stabilisation at tight
junction sites, events essential for blastocyst morphogene-
sis.
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