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Abstract

In mouse early development, cell contact patterns regulate the spatial organization and segregation of inner cell mass (ICM) and trophectoderm
epithelium (TE) during blastocyst morphogenesis. Progressive membrane assembly of tight junctional (TJ) proteins in the differentiating TE
during cleavage is upregulated by cell contact asymmetry (outside position) and suppressed within the ICM by cell contact symmetry (inside
position). This is reversible, and immunosurgical isolation of the ICM induces upregulation of TJ assembly in a sequence that broadly mimics that
occurring during blastocyst formation. The mechanism relating cell contact pattern and TJ assembly was investigated in the ICM model with
respect to PKC-mediated signaling and gap junctional communication. Our results indicate that complete cell contact asymmetry is required for TJ
biogenesis and acts upstream of PKC-mediated signaling. Specific inhibition of two PKC isoforms, PKCS and ¢, revealed that both PKC activities
are required for membrane assembly of ZO-2 TJ protein, while only PKC( activity is involved in regulating ZO-la+ membrane assembly,
suggesting different mechanisms for individual TJ proteins. Gap junctional communication had no apparent influence on either TJ formation or
PKC signaling but was itself affected by changes of cell contact patterns. Our data suggest that the dynamics of cell contact patterns coordinate the

spatial organization of TJ formation via specific PKC signaling pathways during blastocyst biogenesis.

© 2005 Elsevier Inc. All rights reserved.
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Introduction

Epithelial differentiation during development is a dynamic
process and is spatially restricted to appropriate cell lineages
by cell interactions and signaling mechanisms. The epithelial
trophectoderm (TE) forms as progenitor of placental tissues
and surrounds the inner cell mass (ICM), the progenitor of the
fetus. Transepithelial transport processes driven by Na+/K+-
ATPase on basolateral membranes of the TE generate the
fluid-filled blastocoel cavity that further segregates the two
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cell phenotypes (Watson and Barcroft, 2001; Fleming et al.,
2004).

In the mouse, cell phenotype divergence and TE differen-
tiation are established gradually over three cell cycles between
the 8-cell stage (compaction) and the 32-cell stage (cavitation).
At compaction, blastomere polarization and differentiative
division into outer polarized and inner non-polarized cells
segregate the epithelial TE and pluripotent ICM within the
blastocyst (Fleming et al., 2004). The outer TE cells assemble
typical epithelial intercellular junctions (Tsukita et al., 2001;
Braga, 2002; D’Atri and Citi, 2002) comprising apicolateral
zonula adherens (ZA) and tight junctions (TJ) and lateral
desmosomes which collectively mediate TE epithelial integ-
rity, polarization and selective paracellular transport required
for blastocoel formation. While ZA formation initiates at
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compaction with E-cadherin/catenin adhesion and persists
throughout the entire embryo, the more apical TJ assembles
gradually exclusively within the TE, with constituents
incorporating into the complex at different times during
cleavage. For example, the intracellular plaque protein ZO-
la— and the transmembrane protein JAM-1 first assemble at
the membrane at the 8-cell stage, cingulin and ZO-2 plaque
proteins at the 16-cell stage, followed by the transmembrane
protein occludin and the second isoform of ZO-1, ZO-1at, at
the 32-cell stage (Sheth et al., in preparation; reviewed in
Fleming et al., 2004). To stabilize epithelial cohesion after
initiation of cavitation, desmosomes form during the 32-cell
stage, comprising of transmembrane desmocollin (DSC2) and
cytoplasmic desmoplakin (Fleming et al., 1991; Collins et al.,
1995).

The mechanisms by which junctional maturation within the
TE lineage is temporally and spatially regulated are complex
and involve both exogenous cell-contact-mediated and endog-
enous biosynthetic processes. Exogenous processes mediated
by cell contact patterns influence spatial restriction of
epithelial differentiation and junctional maturation within the
embryo. The asymmetric cell contacts within the outer TE
lineage induce epithelial differentiation, while the symmetric
contacts of the enclosed ICM lineage suppress differentiation
(Fleming et al., 1984, 2004; Eckert et al., 2004a). This spatial
control mechanism is reversible since provision of contact
asymmetry to the ICM by immunosurgical isolation from the
early blastocyst permits upregulation of TJ membrane
assembly and reformation of a blastocoel (Spindle, 1978;
Handyside, 1978; Rossant and Lis, 1979; Chisholm et al.,
1985; Louvet-Vallee et al., 2001; Eckert et al., 2004a). Further
developmental potential of isolated ICMs has been demon-
strated previously (Azim et al., 1978; Rossant and Lis, 1979),
underpinning the authenticity of the ICM model to investigate
developmental mechanisms.

Among the endogenous biosynthetic processes, transcrip-
tional regulation does not appear to be a limiting mechanism
since transcripts for TJ constituents are often detectable well in
advance of membrane assembly and within both TE and ICM
lineages (Fleming et al., 2004). Thus, membrane assembly of
the majority of TJ components during embryo development
seems to be regulated by translation (Javed et al., 1993) and/or
post-translational modifications such as phosphorylation
(Fleming and Hay, 1991; Sheth et al., 2000a; Eckert et al.,
2004a). Only ZO-la+ is an exception, being transcribed just
prior to blastocoel formation in both lineages and regulating the
completion of TJ membrane assembly in the TE and immediate
cavitation (Sheth et al., 1997, 2000a). (Post)Translational
mechanisms are also found within non-developmental epithe-
lial models comprising of already differentiated cultured cells,
such as Madin—Darby canine kidney (MDCK) cells, where
signaling systems, such as heterotrimeric G-proteins, intracel-
lular calcium levels and protein kinase Cs (PKCs), regulate
assembly, maintenance and function of TJs (Denker and
Nigam, 1998; Matter and Balda, 1999; Braga, 2002; Hurd et
al., 2003). Since certain TJ proteins are direct targets for PKC
phosphorylation (occludin: Andreeva et al., 2001; ZO-2: Avila-

Flores et al., 2001), the post-translational changes in occludin
may be important in gaining competence to assemble on TE
membranes during embryo development (Sheth et al., 2000a)
and could be PKC-mediated.

To date, 10 different PKC isoforms (calcium-dependent
conventional or cPKCs «, PRI, PIL, v; calcium-independent
novel or nPKCs 9, €, m, 6; phospholipid-dependent atypical or
aPKCs 1/4, §) have been characterized that require different co-
factors and exert a large number of different effects dependent
upon the cellular context (Mochly-Rosen and Gordon, 1998).
Altered PKC localization is indicative of a change in activation
status and function, reflecting altered accessibility of the kinase
to protein substrates (Csukai and Mochly-Rosen, 1999; Jaken
and Parker, 2000; Newton, 2003). Although PKC signaling is
significantly involved in regulation of early embryo develop-
ment and expression and localization of several PKC isoforms
are developmentally regulated, detailed functions remain
unclear as mostly chemicals have been used that modulate
broad PKC activity but do not target specific PKC isoforms
(Bloom, 1989; Winkel et al., 1990; Ohsugi and Yamamura,
1993; Gangeswaran and Jones, 1997; Raz et al., 1998; Pauken
and Capco, 1999, 2000; Eckert et al., 2004a,b). With this
approach, we have identified a role for PKCs in TJ assembly in
the mouse embryo (Eckert et al., 2004a) and are now using
recently developed peptides that modulate localization or
substrate binding of specific PKC isotypes (Souroujon and
Mochly-Rosen, 1998).

The relative importance of gap junctional intercellular
communication (GJIC) in early development remains con-
troversial since pharmacological inhibition and a series of
knockouts of connexins (Cx), the subunits of gap junctions,
show no early lethality, while antibody-mediated inhibition
has perturbed compaction and blastocyst development
(Vance and Wiley, 1999; Kidder and Winterhager, 2001).
However, GJIC is thought to play a critical role in growth
and differentiation within developmental models (White and
Paul, 1999). Some evidence suggests that GJIC could be
involved in regulating formation and maintenance of cell
lineage divergence by participating in TJ assembly control.
Initiation of GJIC coincides with compaction paralleling the
initiation of TJ membrane assembly (Houghton, 2005), and
gap junction components were found to interact with ZO-1
and other TJ proteins (Toyofuku et al., 1998; Kausalya et
al., 2001; Giepmans, 2004). Most importantly, in connexin-
knockout hepatocytes, newly expressed GJIC induced
functional TJ formation, a process preventable by a
chemical inhibitor of GJIC (Kojima et al., 2002). PKC
signaling may be involved in these processes since
membrane assembly of Cxs depends upon PKC- and
PKA-mediated phosphorylation (Ogawa et al., 2000) and
broad chemical PKC activators such as phorbol esters affect
GJIC (Lampe and Lau, 2004).

In the present study, using the ICM immunosurgery model,
we evaluate the relative contribution and interrelationship of
exogenous regulators such as cell contact patterns combined
with intrinsic PKC signaling and GJIC that are associated with
TJ biogenesis in the embryo. We show that complete cell
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contact asymmetry is mandatory to initiate TJ biogenesis and
acts upstream of PKC-mediated stimulation of TJ biogenesis,
provoking functional changes in specific PKC isoforms. We
find no apparent role for gap junctions, but their function can
also be influenced by cell contact pattern. We show that
membrane assembly of individual TJ components is regulated
by specific and different PKC isotypes. Membrane assembly
of both ZO-2 and ZO-la+ was found to be dependent upon
PKC¢, while ZO-2 membrane assembly also required PKCO
activity.

Materials and methods

Embryo collection and culture

Embryos were collected from MF1 female mice (University of South-
ampton Biomedical Facility) after superovulation by intraperitoneal injection
of 5 iu. pregnant mares serum gonadotrophin (PMS; Folligon, Intervet)
followed by 5 i.u. human chorionic gonadotrophin (hCG; Chorulon, Intervet)
and mating 48 h later. Eight-cell embryos were flushed from dissected
oviducts using H6 medium supplemented with 4 mg/ml BSA (H6-BSA;
Sigma) and cultured up to the early blastocyst stage in T6 medium containing
4 mg/ml BSA (T6-BSA) in 5% CO, in air at 37°C in microdrops under oil
(J.M. Loveridge, Southampton) as described previously (Sheth et al., 1997,
2000a,b; Thomas et al., 2004).

Isolation and culture of ICMs

ICMs were isolated from early blastocysts (92—96 h after hCG) by
immunosurgery as described (Eckert et al., 2004a). ICMs were checked upon
isolation to ensure all TE cells had been removed, initially on cohorts by
incubation in propidium iodide (see below) to visualize lysed TE cells and
subsequently using light microscopy. The freshly isolated ICMs were placed
in 500 pl DMEM (Gibco) + 10% FCS (heat-inactivated; Labtech Interna-
tional) in 4-well plates (Nunc, Roskilde, Denmark) and incubated at 5% CO,
in air and 37°C in a humidified atmosphere for up to 29 h before fixation.
Initially, culture times adequate to allow for sufficient tight junction
membrane assembly to occur were determined to provide the baseline for
experimental endpoints. Treatment times were also deducted from these
experiments and were related to previous results (Eckert et al., 2004a). In
some cases, the lysed TE cells were left undisturbed, still surrounding the
ICM (partial immunosurgery, Ist partlS) before culture. Some 1st partIS were
subjected to a second round of immunosurgery (see above) with only 5-min
exposure to complement without shelling out of the ICM (2nd partIS) before
culture in parallel with intact blastocysts and Ist partlS. TE cell lysis was
demonstrated by incubation in propidium iodide (Sigma; 0.05 pg/ml He-
BSA) and, in some experiments, with co-incubation with FITC-labeled
dextran (4 kDa; Sigma; 1 mg/ml H6-BSA; Sheth et al., 2000b) for 20 min
before confocal microscopy.

Antibodies

Antibodies to the junctional proteins occludin (rabbit polyclonal against
human occludin, diluted 1:100; Van Itallie and Anderson, 1997), ZO-1
(R40.76, rat monoclonal against mouse ZO-1, neat culture supernatant;
Anderson et al., 1988), ZO-1a— (rabbit polyclonal, diluted 1:250; Sheth et
al,, 1997), ZO-la+ (rabbit polyclonal, diluted 1:250, or guinea pig
polyclonal, diluted 1:250, both against the murine o-motif, Sheth et al.,
1997), E-cadherin (rat polyclonal, Sigma; 1:1000) and desmoplakin (mouse
monoclonal 11-5F against bovine desmoplakin 1 and 2, neat culture
supernatant; Parrish et al., 1987; Fleming et al., 1991) were diluted in PBS
and used as previously described. The antibody to ZO-2 (rabbit polyclonal,
diluted 1:1000) was purchased from Zymed. The staining for PKC isoforms
was performed with polyclonal antibodies against the rat sequences as
detailed previously (Eckert et al., 2004a,b) at dilutions between 1:200 and

1:500. To verify the specificity of these antibodies, a set of commercial
antibodies generated in mouse (Transduction Labs) or rabbit (PKCg, Sigma)
against the various PKC isoforms was used in parallel at the appropriate
dilutions (1:100—1:300, and 1:1000 for PKCg, respectively; see also Eckert et
al., 2004a,b).

Immunofluorescence and confocal microscopy

Zona-free embryos or ICMs were fixed in PBS supplemented with 1%
formaldehyde (Analar or Sigma) for 7—15 min, attached onto coverslips
coated with 1.5 mg/ml poly-L-lysine hydrobromide (Sigma) and processed
for immunofluorescence as described previously (Fleming et al., 1991; Sheth
et al., 1997, 2000a,b; Eckert et al., 2004a,b; Thomas et al., 2004). For all
experiments, each coverslip contained isolated ICMs and 2-3 intact control
blastocysts to ensure staining efficiency. The embryos/ICMs were stained
overnight at 4°C with the different primary antibodies as described above at
the appropriate dilutions. In some experiments, embryos were co-stained for
F-actin with Phalloidin (0.5 ng/ml PBS; Sigma). A set of cross-purified
ALEXA-488-, ALEXA-546- or ALEXA-568-labeled anti-mouse, anti-rabbit
or anti-rat secondary antibodies (Molecular Probes) was used at dilutions of
1:500 either alone or in combinations for double labeling experiments for 1
h at room temperature. After three final washes and mounting with an
antifading agent (Citifluor in PBS; Citifluor Ltd), specimens were visualized
with a x 63 oil-immersion Nikon inverted microscope linked to a Bio-Rad
MRC-600 series confocal imaging system, equipped with a krypton—argon
laser. Images were analyzed and processed using the Bio-Rad software
system (Confocal assistant version 4.01). While linear staining within the
membrane region was observed for TJs, desmosomes (desmoplakin) are
punctate junctions by nature. The staining pattern for all junctional proteins
in isolated ICMs was judged as negative if no staining was detected within
cell membranes, incomplete if less than half of the ICM showed membrane
staining or continuous if more than 50% of the ICM showed membrane
staining (see Fig. 1). The incomplete pattern was seen as an intermediate
state of membrane assembly as observed during junction biogenesis in intact
embryos (Fleming et al., 1989, 1993; Sheth et al., 1997, 2000a,b).

Chemical PKC activation and inhibition

To evaluate the hierarchy between cell contact patterns and PKC signaling,
intact control blastocysts or 1st partlS and 2nd partIS were cultured in the
presence of up to 10 uM of the cell-permeable broad PKC activators TPA
(phorbol ester; Calbiochem) or indolactam (alkaloid-type activator; Calbio-
chem) or 10 uM 4aPDD (inactive analogue; Calbiochem) or 0.1% DMSO
(vehicle; Sigma) as controls. After 4 h or overnight culture (approximately 14
h to expanded blastocysts), the embryos were fixed and stained for PKCS and ¢
isotypes with ZO-1a+ double labeling in some experiments or ZO-2 or ZO-la+
alone in others.

Isotype-specific PKC activation and inhibition

PKC isozyme-specific activator and inhibitor peptides coupled to the
antennapedia carrier (Drosophila antennapedia, positions 43-58, [RQI-
KIWFQNRRMKWKK]; Derossi et al., 1994; Chen et al., 1999, 2001) for
cell membrane permeability were kindly provided by Dr. Daria Mochly-
Rosen (Stanford University, USA) and used as described previously (Eckert et
al., 2004b). Briefly, peptides were dissolved in PBS and diluted to their final
concentration in DMEM with 10% FCS. Inhibitory peptides against PKC¢
(from the pseudosubstrate region of the human PKC isozyme, positions 113—
129 [STYRRGARRWRKLYRAN], and PKC5 (translocation inhibitor; 6V1-1),
positions 8—17 [SFNSYELGSL], and an activator peptide for PKCO
(translocation activator; YORACK), positions 74—81 [MRAAEDPM]) were
supplemented to DMEM culture medium containing 10% FCS in 4-well
dishes (Nunc) at 0.1, 0.5 or 1 uM to generate a dose—response curve. These
concentrations have previously been shown to be effective and non-toxic in
other cell systems (e.g. Chen et al., 2001; Braun and Mochly-Rosen, 2003)
and mouse embryos (Eckert et al., 2004b). Evidence for peptide specificity
and cell entry mechanism has been discussed in detail previously (Eckert et
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Fig. 1. Sequential membrane assembly of various TJ proteins in cultured isolated ICMs. (A) Bright field and single section confocal images of fixed and stained
isolated ICMs showing negative, incomplete (arrow) or continuous membrane assembly of ZO-1a+ (upper panel) as well as complete TE regeneration and belt-like
membrane assembly of ZO-2 (lower panel) in tangential (t) or midplane (m) sections or a 3D reconstruction of 1 pum sections (3D). Scale bar, 10 pm. (B) Each data
point represents at least 5 replicates and a total number of 35—-50 isolated ICMs. Shown are overall percentages of ICMs stained either continuous (solid line) or
incomplete (dotted line, shown including continuos staining) for the different junctional proteins over time in culture. See Materials and methods for definition of
incomplete and continuous. (C) Confocal midplane sections showing a representative isolated ICM after 6 h of culture double labeled for ZO-1a+ and occludin. Co-
localization at the cell membrane and within the cytoplasm is indicated in the merged image (arrows). Scale bar, 10 um. (D) Midplane confocal images showing E-
cadherin (left) and F-actin (right) in isolated ICMs cultured for 0, 6 or 14 h. Scale bar, 10 pm.

al., 2004b; Chen et al., 2001; Braun and Mochly-Rosen, 2003). No peptide,
antennapedia carrier monomer (0.05—1 uM) and dimer (0.025-0.5 uM) were
used as controls. Isolated ICMs were fixed and stained for ZO-2 or ZO-la+
for TJ membrane assembly assessment or PKCS, 6 or { to determine
translocation modulator peptide specificity after 1 h of culture in our system.
PKCH was used as a control for specificity of PKCO peptides as PKCH and o
show a 52% amino acid identity in the V1 (first variable) domain (Chen et
al., 2001). PKCC was used as an unrelated control to demonstrate peptide
specificity in our system. In some cases, isolated ICMs were cultured

overnight (18—29 h) in the presence of peptides or carriers to determine
recavitation capacity.

Analysis of gap junctional communication

Embryos were flushed at the 8-cell stage and cultured to blastocysts in the
presence of the gap junction channel inhibitor 18 a-glycyrrhetinic acid (AGA, 65
puM; Sigma), 0.1% DMSO (vehicle control; Sigma) or no treatment. Freshly
isolated or cultured ICMs (1, 3, 6 or 14 h of culture with or without AGA,
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respectively) were stained for junctional proteins or PKC isotypes. To ensure
inhibition of gap junction communication, isolated ICMs were microinjected
with 5% lucifer yellow (LY) as described previously (Eckert et al., 2004b). To
control for developmental capacity of isolated ICMs in the presence of AGA, a
subset of ICMs was cultured for 14 h in its presence and monitored for
recavitation.

Statistical analysis

Using the SigmaStat software package (Jandel Scientific), a general linear
model was used to test for interactions between treatment and staining pattern. A
2-way ANOVA followed by a Tukey test or a 2-way ANOVA on Ranks followed
by a Dunn’s test where appropriate was used to identify significant differences. In
the experiments involving the GJIC inhibitor AGA, coupling rates were
compared by Chi-square. Differences were considered as significant if P < 0.05.

Results

Membrane assembly of junctional proteins in isolated ICMs is
rapid and broadly mimics the sequence occurring during
normal trophectoderm development

Isolated ICMs were either fixed immediately after immu-
nosurgery or cultured for up to 14 h to determine the timing

A

Control Ohr

PKC3

PKC8

PKCL

Control 1hr

and order of membrane assembly of junctional proteins by
immuno-confocal microscopy (Figs. 1A—C). Overall, 70%
ICMs cultured for 14 h recavitated (n = 112). Isolated ICMs
had between 12 and 16 cells irrespective of 0 or 14 h of culture
(n =40 at each time point). The ZA junction protein E-cadherin
was detected at all cell contact sites in freshly isolated ICMs as
well as after up to 14 h of culture (» = 14 at each time point;
Fig. 1D). Similarly, the F-actin cytoskeleton remained undis-
turbed (n = 10 at each time point, Fig. 1D).

In general, the TJ and desmosomal proteins assembled in
the sequence ZO-2, ZO-la— isoform, occludin, ZO-loa+
isoform and desmoplakin (Fig. 1B). Freshly isolated ICMs
already showed 15-30% and 3-8% of incomplete or
continuous staining respectively (see Materials and methods
for definition) for early assembling proteins (ZO-2, ZO-la—)
but were negative for late assembling proteins (ZO-lot,
desmoplakin). This presumably reflects nascent assembly
during the immunosurgery period (20—30 min) since ICM
cells within intact blastocysts at this stage do not display TJ
protein membrane assembly (see Introduction). By 2 h of
culture, rapid upregulation of TJ protein membrane assembly
was observed with 20—-25% ICMs showing continuous and

merged

+ PKC8
antagonist 1hr

+ PKCS
agonist 1hr

Fig. 2. (A) Representative distribution of PKC{ in relation to ZO-1a+ within intact blastocysts. b = blastocoel. Scale bar, 30 pm. (B) Representative confocal images
(n = 8—11 ICMs per treatment, time point and antibody from 2 to 3 replicates) showing isolated ICMs immediately after isolation (control 0 h) or cultured for 1 h in
the presence or absence of PKCd antagonist peptide or PKCS agonist peptide and stained for either PKCS (upper panel, 3D z-series reconstructions of 1 pm sections),
PKCH (middle panel, midplane sections) or PKCC (lower panel, 3D z-series reconstructions of 1 um sections). Scale bar, 10 pum.
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60—-72% ICMs showing incomplete membrane assembly of
Z0-2 and ZO-la—. By 9 h of culture, continuous staining
for all TJ proteins was observed in most (>65%) ICMs.
Finally, continuous membrane staining for the desmosome
junction protein desmoplakin was evident between 9 and 14
h of culture in most ICMs. Double labeling of isolated
ICMs for occludin and ZO-lat+ showed co-localization
within the majority of ICMs (n = 14; Fig. 1C). This order
and pattern of membrane assembly broadly resemble the
pattern identified for intact embryos during compaction and
cavitation (see Introduction), however, it is extremely
accelerated and takes place over approximately one cell
cycle. These experiments established a model suitable to
examine mechanisms regulating membrane insertion for
early (ZO-2) and late (ZO-la+) TJ assembly events. These
two proteins also differ in their binding capacity to adherens
junction proteins. While ZO-1a+ is specific for TJs, ZO-2 is
also transiently associated with adherens junctions during
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early stages of epithelial differentiation (Itoh et al., 1999;
Sheth et al., 1997; 2000a,b; Sheth et al., in preparation).

Specific PKC isotypes influence membrane assembly of
different TJ proteins

In a separate study, we have found that certain PKC
isotypes, the nPKCd and 6 and the aPKCi/A and g, show
lineage-specific distribution in intact blastocysts (predominant-
ly membrane-associated in TE and cytoplasmic in ICM) and in
the TE co-localize to varying extents with TJ proteins (Eckert
et al., 2004b). Co-localization is most evident with PKC¢ and
Z0O-la+ in TE, and a representative sample is shown in Fig.
2A. We have also found that, upon isolation of ICMs, PKCo
and ¢ rapidly relocate (within minutes; see e.g. Nowicki et al.,
2000) from cytoplasmic to membrane sites in ICM cells both
spontaneously and in an increased manner in response to
chemical PKC activation (TPA and indolactam) and subse-
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" o) C = Control M =1 UM carrier monomer D =0.5 uM carrier dimer
0.14 = 0.1 uM antagonist 0.54 = 0.5 uM antagonist 14 =1 pM antagonist
OZ01a+ 017 =0.1 pM agonist 0.5 = 0.5 uM agonist 17T = 1 uM agonist

AB,Cand X,Y;Z = p<0.05 between peptide treatments within continuous or negative pool for ZO-2
(A;B;C) and ZO-1a+ (XY,Z), respectively.
*A = p<0.05 between continuous and negative within ZO-2 (*) or ZO-1a+ (A), respectively.

Fig. 3. Membrane assembly of ZO-2 or ZO-1a+ in isolated ICMs cultured for 1 h with different PKC isoform-specific inhibitory or activator peptides coupled to the
antennapedia carrier for cell membrane permeability. Data were collected from at least 5 replicates, and a total number of 17—30 isolated ICMs per treatment.
Significant differences (P < 0.05) are indicated by different superscripts within either the continuous or negative pool, respectively. Asterisks (ZO-1a+) or triangles
(Z0-2) indicate significant differences between the continuous (upper panel) and negative pools (lower panel) within one treatment group. The incomplete pool is not
shown (no significant effect of treatment) but can be deducted from the continuous and negative pools. (A) A representative midplane confocal section of an isolated
ICM cultured for 1 h in the presence of 0.5 uM PKC( antagonist is shown after fixation and staining for ZO-2. Scale bar, 10 pm.
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quently co-localize with TJ proteins (Eckert et al., 2004a).
Representative examples of spontancous PKCo and ¢ reloca-
tion at 0 h and 1 h after ICM isolation are shown in Fig. 2B.

To elucidate more precisely the role of PKCS or ¢, isolated
ICMs were cultured for 2 h in the presence of different
concentrations of PKCS translocation activating or inhibiting
peptide or PKC{¢ pseudosubstrate inhibitor. Specificity and
potency of inhibition or activation of PKCS translocation were
confirmed in isolated ICMs cultured for 1 h in the presence of
PKCo agonist or antagonist or control antennapedia carrier
dimer (Fig. 2B; Eckert et al., 2004b). Due to high amino acid
similarity between PKC6 and 6 within the V1 domain, the area

A Intact blastocyst

ZO0-1a+ in 1% partlS

1t partlS 2" partlS

L

-
-

No partls

L
.

b

Z0-2 in intact blastocyst

of peptide design, PKC6 was used as a control for isoform
specificity against PKCS (Fig. 2B, middle panel), while PKC{
served as unrelated control. PKCo antagonist or agonist
inhibited or stimulated membrane accumulation of PKCO,
while PKC¢ and 6 distribution remained unaffected. Long-term
culture of isolated ICMs in the presence of carrier peptide
controls (I pM monomer or 0.5 uM dimer, 25-28 isolated
ICMs per treatment group) did not affect recavitation rate (P >
0.05; 12—-25% and 40-63% recavitation after 18 and 29 h of
culture in treatment groups, respectively) excluding toxicity of
the carrier peptides as suggested for other cell types (Drin et al.,
2003; Christiaens et al., 2004).

1t partlS

Z0-2in 2™ partlS

control

PKCt

15t partlS

2" partlS
-

o

Fig. 4. (A—D) Bright field or representative single confocal sections of intact blastocysts or blastocysts after one or two rounds of partial immunosurgery (1st and
2nd partlS, respectively; n = 13—25 from 3 to 4 replicates). (A) After partlS, the lysed TE cells (asterisks) surround the ICM (arrow) in the bright field picture and
(B, D) their nuclei stained with propidium iodide (red) in the confocal images. Shown are representative single confocal images of 1st or 2nd partIS blastocysts
stained for (B) the TJ components ZO-1a+ or ZO-2 (ZO-2: cultured with or without the PKC activator TPA; see Table 1 for distribution and treatment groups;
arrowhead: remnants of TJ seal stained for ZO-2 in the lysed TE, arrow: initiation of ZO-2 membrane assembly in areas within the ICM) or for (C) PKCS or . (D)
Representative distribution of FITC-Dextran (green) and propidium iodide (red) in relation to no immunosurgery (no partIS), 1st or 2nd partIS is shown; arrow:

FITC-Dextran distribution within the ICM. b = blastocoel. Scale bar, 25 pum.
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Membrane assembly of ZO-2 or ZO-la+ remained unaf-
fected by carrier monomer or dimer used in the highest
concentration corresponding to isoform-specific peptides (Fig.
3, incomplete staining pool not shown but deducted from
continuous and negative pools, respectively). This therefore
suggests that, in our hands and with the concentrations used
here, the carrier does not cause broad disturbance of membrane
protein distribution in early embryos as discussed controver-
sially in other cell lines (Drin et al., 2003; Christiaens et al.,
2004). ZO-2 membrane assembly was significantly reduced in
a dose-dependent manner (P < 0.05) by PKCS and ¢ inhibitory
peptides, respectively (Fig. 3, black bars), mainly due to a
significant (P < 0.05) shift towards the negative staining pool
(all three doses of PKCS inhibitor and 0.5 and 1 uM PKC{g
inhibitor, respectively). ZO-2 was found within the cytoplasm
in a speckled pattern (Fig. 3A, insert) when ICMs were
cultured with PKC¢ inhibitory peptide. Although PKCS agonist
did not further increase continuous membrane staining for ZO-
2 compared to controls, a significant shift towards the
continuous pool away from the incomplete (not shown;
deducted from Fig. 3) or negative one was observed in the
presence of 0.5 or 1 uM PKCHS agonist. In contrast to ZO-2,
membrane assembly of ZO-la+ was only significantly (P <
0.05) decreased by PKC( pseudosubstrate, also reflected in a
significant shift towards the negative pool compared to the
continuous and incomplete pools (0.5 or 1 pM PKC{ inhibitor)
but remained largely unaffected by PKCO peptides (Fig. 3,
open bars). Only in the presence of 1 uM PKCS agonist was
there a significant shift towards the continuous membrane
staining pool compared to the incomplete (not shown; deducted
from Fig. 3) or negative pools. Overall, these data show that
PKC( plays a role in membrane assembly of both ZO-2 and
Z0O-la+, while PKCO only regulates membrane assembly of
Z0-2 in our ICM model. We next examined what mechanisms
might regulate PKC signaling to drive TJ membrane assembly.

Cell contact asymmetry is obligatory for PKC-mediated
upregulation of TJ protein membrane assembly

To elucidate the role of cell contact pattern in relation to
PKC-mediated regulation of TJ membrane assembly in ICMs,
we either cultured intact early blastocysts with chemical PKC
activators (TPA, indolactam) or used a model in which the
generation of a contact-free cell surface in ICMs remained
incomplete (one or two rounds of partial immunosurgery; 1st or
2nd partlS). For st or 2nd partIS, ICMs were left surrounded
by the lysed TE cells after one or two treatments of
complement-mediated lysis as performed during immunosur-
gery and shown by propidium iodide counterstaining of lysed
TE cells, while ICM cells remain unstained, demonstrating
their membrane integrity (Fig. 4). To ensure viability of the
ICMs after 1st or 2nd partIS, a small percentage was shelled
out after up to 6 h of initial TE lysis and cultured for an
additional 9—14 h. Of these, 80% recavitated (n = 34),
indicating no loss in viability of the ICM by this treatment.

Membrane assembly of both TJ proteins (ZO-2 and ZO-1a+)
remained absent from the ICM of intact embryos when

cultured overnight to expanded blastocysts in the presence of
10 uM broad PKC activators or their control reagents 0.1%
DMSO or 10 uM 4aPDD (n = 32-47 embryos per
treatment). Similarly, membrane distribution of both TJ
proteins and both PKCS and ¢ was not seen in ICMs after
Ist partlS treatment and cultured for 4 h either in the presence
or absence of either PKC activator (1 uM; Table 1; Fig. 4).
The same was observed after 2nd partlS treatment and 4
h culture for ZO-lat and both PKC isotypes, while ZO-2
was occasionally detectable at ICM cell membranes but only
after additional PKC activator treatment (Table 1; Fig. 4). To
evaluate the extent to which partIS indeed did destroy the seal
function of the TE after cell lysis, propidium iodide and the
larger FITC-Dextran were used. While propidium iodide
clearly demonstrated membrane penetrability of the lysed
TE after the 1st partlS and intact membranes of the remaining
ICM cells, FITC-Dextran was taken up by some ICMs after
the 1st and by all ICMs after the 2nd partlS. This clearly
demonstrated the remainder of some barrier function even
after TE lysis after the 1st partlS. This was also indicated by
the remainder of a visible blastocoelic cavity in the majority
of 1st partlS embryos. On the other hand, the PKC and TJ
protein distributions after partlS treatment appeared to be
independent of the penetration capacity of FITC-Dextran into
TE or ICM cells: while dextran was undetectable within the
ICMs of intact controls after 20 min of culture, 40% of 1st
partIS ICMs and 100% of 2nd partlS ICMs contained dextran
despite the absence of membrane distribution of TJ and PKC
proteins (Table 1, Fig. 4). Taken together, this may suggest
that two rounds of IS are indeed required to effectively
destroy the barrier function of the TE entirely but that this is
not sufficient to allow upregulation of signaling networks
leading to epithelial differentiation.

Our data demonstrate that the maintenance of a symmetric
cell contact pattern, even with lysed cells, overrules PKC-
mediated upregulation of TJ membrane assembly in ICM cells.
The data suggest that a specific membrane interaction is
responsible for maintaining the suppression of phenotype
change within ICMs. Moreover, relocation of PKC isoforms
in ICM cells is also suppressed, even when chemical activators
are employed.

Table 1
Effects of incomplete cell contact modulation and activation of PKC on TJ
membrane assembly within ICMs after 4 h

Drug treatment No IS 1st partIS 2nd partIS
ICM ICM ICM
localization localization localization
x/n (%) x/n (%) x/n (%)
Dextran None 0/5 (0) 8/20 (40) 19/19 (100)
p.i. None 0/5 (0) 0/20 (0) 0/19 (0)
Z0O-1a+ 0.1% DMSO 0/19 (0) 0/19 (0) 0/22 (0)
1 uM TPA 0/21 (0) 0/20 (0) 0/15 (0)
1 uM Ind. 0/23 (0) 0/17 (0) 0/13 (0)
70-2 DMSO 0/23 (0) 0/21 (0) 0/24 (0)
1 uM TPA 0/25 (0) 0/21 (0) 2/17 (12)
1 uM Ind. 0/22 (0) 0/20 (0) 1/15 (7)

p.i.: propidium iodide; Dextran: FITC-Dextran.
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Intercellular communication via gap junctions is not required
for cavitation or tight junction formation in isolated ICMs

To examine whether communication via gap junctions is
involved in organizing TJ membrane assembly or PKC
relocation in response to cell contact modulation, we investi-
gated GJIC in isolated ICMs by lucifer yellow (LY) injection.
While all intact control blastocysts showed dye coupling over
the entire embryo within 3 min irrespective of injection into an
ICM or TE cell, 56% of freshly isolated ICMs did not show any
dye transfer between blastomeres within 30 min (Figs. 5A, B).
To elucidate whether this closure of gap junctions has an effect
on TJ membrane assembly or PKC signaling, we chemically
inhibited gap junctional coupling by incubation in AGA.
Embryos were cultured in the presence of AGA or DMSO
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from the 8-cell stage onwards until blastocyst formation and
isolated ICMs were cultured in the presence of AGA for up to
another 14 h. When fixed after 0—14 h of culture, membrane
assembly of ZA junctions (E-cadherin), TJs (ZO-2; ZO-1at;
occludin) and desmosomal (desmoplakin) proteins and the
distribution of PKC6 or ¢ remained unaffected by AGA
incubation of isolated ICMs (Fig. 5C; see Fig. 5D for
representative junctional and PKC images). Neither blastocyst
formation (Eckert et al., 2004b) nor recavitation of isolated
ICMs was affected (P > 0.05) after overnight culture in the
presence of AGA, DMSO or no drug, respectively (46, 52 and
70% ICMs recavitated, n = 24—30 per treatment). LY injection
confirmed that AGA treatment abolished gap junctional
coupling between blastomeres in isolated ICMs (only 8%
showed dye coupling within 30 min; Figs. 5A, B).
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Fig. 5. (A) Gap junctional coupling between blastomeres as monitored by lucifer yellow injection into intact blastocysts or isolated ICMs cultured with or without 65
1M AGA. Significant differences (P < 0.05) between coupling and no coupling are indicated by asterisks within intact and isolated ICMs, respectively. Shown are
overall percentages collected during 5 replicates (n = 14—37). (B) Representative fluorescent photographs of lucifer yellow (green) distribution in relation to
propidium iodide (p.i.; red) when injected into intact blastocyst (intact bla) or isolated ICMs cultured with or without AGA. Scale bar, 50 um. (C) Representative data
from 3 to 4 replicates showing continuous TJ membrane assembly (upper panel; data shown for ZO-2 and ZO-1a+; n = 10—18 ICMs per antibody and time point) or
membrane distribution of PKCS or ¢ (lower panel; n = 10— 14 per antibody and time point) in isolated ICMs cultured with or without 65 uM AGA for up to 6 h before
fixation. (D) Representative confocal images of isolated ICMs cultured in the presence or absence of AGA for 0 or 1 h showing the distribution of the TJ components
Z0-2 or ZO-1at (left panel) after 1 h of culture or PKC¢ (right panel) after O or 1 h of culture. Shown are reconstructed z-series projections of 1 pm sections (3D) or

individual midplane sections (m). Scale bar, 10 um.
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These data suggest that, although GJIC appears to decrease
upon ICM isolation and provision of a contact-free cell surface,
it is not the signaling system involved in regulating PKC
relocation or junction membrane assembly in response to
changes in cell contact patterns.

Discussion

In the present study, we have used the isolated ICM model
for reformation of TE epithelial differentiation and have
established for the first time that cell contact patterns act
through PKC signaling but not via GJIC to induce TJ protein
membrane assembly. While we find that cell contact patterns
act as primary or obligatory regulators of TJ membrane
assembly, distinct PKC isoforms, namely, at least PKC6 and ¢,
are involved in regulating membrane assembly of different TJ
components. Finally, contact patterns appeared to modulate all
cellular processes examined (TJ membrane assembly, GJIC,
PKC signaling).

Isolated ICMs as an accelerated developmental model for TJ
formation

Our confocal microscopy time course of TJ membrane
assembly in isolated and cultured ICMs characterized this
system as a suitable and synchronized model to investigate
underlying mechanisms. ZA junction formation (E-cadherin)
which is required for TJ formation in the embryo (Ohsugi et al.,
1997; Fleming et al., 2004) and the cytoskeleton (F-actin) were
unaffected by ICM immunosurgery or culture. Moreover,
membrane assembly of junctional proteins, upon provision of
a contact-free cell surface in isolated ICMs, followed a similar
sequence (see Introduction) but was accelerated to less than
one cell cycle (9—14 h in this study; similar cell numbers were
present within each ICM freshly isolated or cultured for up to
24 h) compared to normal embryo development (three cell
cycles). Duration of the cell cycle within ICM cells can vary
substantially between 12 and 24 h depending upon blastocyst
stage, whether they remain within the intact blastocyst, in vivo
vs. in vitro development, and cell cycle number (Spindle, 1978;
Rossant and Lis, 1979; Handyside, 1978; Nichols and Gardner,
1984; Chisholm et al., 1985). Our results confirm that cell
contact symmetry suppresses TJ protein membrane assembly
within the ICM (Fleming et al., 2004) and illustrate the
capacity of the ICM to compensate rapidly and repair cellular
loss in the outer TE wall.

Identification of specific PKC isoforms involved in the
regulation of TJ membrane assembly

Recently improved design of PKC isotype-specific peptide
modulators (Mochly-Rosen and Gordon, 1998; Souroujon and
Mochly-Rosen, 1998) combined with new transmembrane
delivery systems (Derossi et al., 1994) helps overcome
specificity problems experienced with chemical PKC mod-
ulators. In our hands, the use of these isoform-specific peptide
modulators indicated that more than one PKC isoform and

different isotype combinations (dependent upon the TJ
component) are involved in regulating TJ formation in the
ICM model. In the case of ZO-2 membrane assembly, both
PKCb and ¢ activity were required, while ZO-1a+ assembly
only required PKC¢ activity. These data therefore extend our
previous finding that chemical PKC activators stimulate TJ
assembly in isolated ICMs (Eckert et al., 2004a). It should be
noted, however, that the specific requirements for TJ protein
membrane assembly could differ dependent upon the cell type
and the combinations of PKC isoforms and/or other second
messengers present within the same cell. Nevertheless,
involvement of certain PKC isotypes, particularly aPKCs, is
evident for both ZO-2 and ZO-1 in different systems that
represent an established epithelial phenotype (see D’Atri and
Citi, 2002; Gonzales-Mariscal et al., 2003). In MDCK cells,
for example, the phosphorylation state of different sites of
Z0-2 determines its capacity to function at the junctional
complex, although, in these cells, increased ZO-2 phosphor-
ylation via aPKCs was suggested to cause TJ degradation,
while cPKCs and nPKCs were thought to promote TJ re-
assembly. In addition, PKCp, ¢, 1/4 and § were the identified
isotypes to directly phosphorylate ZO-2 (Avila-Flores et al.,
2001). ZO-1 translocation regulated via cPKCs o/ was
observed during toxin-induced TJ membrane disassembly in
colon epithelium (Chen et al., 2002). ZO-1 may also be a
direct target for PKC¢ in MDCK cells (Stuart and Nigam,
1995), and overexpression of dominant-negative aPKCs could
disrupt ZO-1 membrane assembly (Suzuki et al., 2001). In
our ICM model, data reported here together with the co-
localization evident between PKC isotypes and the ZO-la+
isoform (Eckert et al., 2004b) may suggest some direct
interaction possibly at the cell membrane between PKCs and
this TJ component during membrane assembly. This was
suspected previously in MDCK cells (Dodane and Kachar,
1996). Alternatively, PKCs and TJ proteins could interact
within the cytoplasm to coordinate the assembly process.
During membrane assembly of new TJs, it is more likely that
various PKC isoforms and/or other second messengers are
involved in a complex signaling cascade which regulates the
different steps for membrane assembly of each individual TJ
protein (Dodane and Kachar, 1996). These pathways, which
might be very adaptable, specifically in the early embryo,
remain to be explored further. Potential PKC isoform
redundancy during early development might also explain
why knockouts of specific PKC isotypes do not show early
lethal effects (B: Leitges et al., 1996; v: Abeliovich et al.,
1993; 6: Sun et al., 2000; &: Khasar et al., 1999).

Interrelationship between cell contact pattern, gap junctional
communication and PKC signaling networks in the regulation
of TJ membrane assembly

Cell contact symmetry plays an important role in regulating
cell phenotype and fate during tissue differentiation including
the preimplantation embryo (Johnson, 1979; Kimber et al.,
1982; Schoeck and Perrimon, 2002; Fleming et al., 2004). It is
widely acknowledged that cell contact patterns induce signal
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transduction pathways, but these remain poorly understood
(Fagotto and Gumbiner, 1996). Although it is emerging that
signaling via extracellular matrix/integrins integrates cell
morphology and signal transduction in three-dimensional tissues
or cells grown on different substrates, it is unclear which
intracellular signaling pathways are affected (Boudreau, 2003;
Bourdeau and Jones, 1999). Moreover, it remains elusive which
mechanisms are involved in the early embryo as the first
epithelial TE develops independently of extracellular matrix/
integrin components, although many are beginning to be present
in the preimplantation embryo (Sueoka et al., 1997; Bowen and
Hunt, 2000). Provision of a contact-free cell surface alone
changes the gene expression program and cellular organization
in the embryo (Johnson, 1979; Fleming and Hay, 1991; Fleming
et al., 2004). We have shown in the present study that some of
this reorganization is mediated by PKC signaling. Thus,
membrane assembly of two TJ components and membrane
distribution of PKC6 and ¢ were abolished when cell contact
asymmetry was absent or incomplete following partIS treatment
when only remnants of porous TE cells remained surrounding
the ICM as suggested by propidium iodide penetration and
increased dextran-tracer uptake. This block of membrane
distribution was maintained even when broad chemical PKC
activators were used, a treatment that enhanced membrane
relocation of at least PKC6 and ¢ in the ICM model (Eckert et al.,
2004a). These results suggest that cell contact pattern is
mediated by a specific membrane interaction situated upstream
of the PKC signaling cascade controlling PKC protein localiza-
tion and membrane delivery of TJ components. The exact
(membrane) protein(s) systems responsible for this suppressive
effect of cell contact symmetry remain to be determined in future
studies but could include growth factor receptors, integrins,
adherens junction or extracellular matrix components (see
above). Cell contact patterns may further sustain the change in
cellular phenotype by downregulating the expression of the
transcription factor Oct-4 involved in ICM and germline
pluripotency (Pesce and Scholer, 2001), thereby further enhanc-
ing an epithelial phenotype possibly involving TJ function
(Nichols et al., 1998; Niwa et al., 2000). A recent study may
support this idea since it showed upregulation of Oct-4
expression and downregulation of H19 expression in response
to a functional inhibitor of occludin during blastocyst formation
(Kim et al., 2004).

Evidence from other cell types may suggest interrelationships
(see Introduction) between GJIC, PKC signaling and TJ
membrane assembly as candidate mechanisms by which cell
contact pattern coordinates the PKC signaling cascade within
adjacent ICM cells. For example, in bovine embryos, dye
transfer was enhanced in isolated ICMs compared with TE (Boni
etal., 1999). Furthermore, localization of Cx43 differed between
ICM and TE cells in the nascent mouse blastocyst (De Sousa et
al., 1993), suggesting different mechanisms of communication
in these two cell phenotypes. Regulation of GJIC is very
complex, depends upon channel composition and reacts rapidly
to extra- and intracellular changes. Due to this complexity of
influences on GJIC, its relative importance in developmental and
organ functions may be obscured and is difficult to assess as

reflected by controversial discussions in the literature (White
and Paul, 1999; De Sousa et al., 1993; Vance and Wiley, 1999;
Cruciani et al., 2001; Saez et al., 2003; Giepmans, 2004; Lampe
and Lau, 2004). The objective of the present study was,
therefore, to establish whether GJIC is or is not involved in
regulating TJ membrane assembly or PKC signaling by
chemical inhibition of GJIC by AGA. In the present study,
56% isolated ICMs did not show any dye coupling, suggesting a
rapid spontaneous closure of GJIC upon isolation since, within
the intact embryo, ICM cells show as extensive dye transfer as in
the TE (Eckert et al., 2004b). This is in contrast with the bovine
embryo (Boni et al., 1999) and suggests that regulation of GJIC
may not be conserved over different mammalian species. In
addition, in our hands, development to the blastocyst, recavita-
tion of isolated ICMs and distribution of different PKC isoforms
and TJ proteins were not altered after total chemical inhibition of
GJIC, similar to a previous report in embryos (Vance and Wiley,
1999) and in lens epithelial cells (Le and Musil, 1998) but
contrary to Cx-knockout hepatocytes (Kojima et al., 2002). Our
findings indicate, therefore, that contact-mediated changes in
PKC signaling involved in epithelial differentiation of ICM cells
are independent of GJIC. We speculate that the spontaneous
decrease in GJIC in isolated ICMs could be due to PKC-
mediated phosphorylation of connexins as reported in liver cells
or fibroblasts (Ren et al., 1998; Lampe et al., 2000), indicating
that suppression of gap junctional activity, like TJ membrane
assembly, may be influenced by cell contact disturbance and
PKC signaling. Alternatively, we cannot exclude the possibility
of short-term closure of gap junction channels as a result of
cellular stress or injury (see De Maio et al., 2002, for review)
experienced during immunosurgery (although cell death was not
observed nor was damage to the membranes (exclusion of
propidium iodide), cytoskeleton (F-actin), ZA (E-cadherin) or
viability (rapid TJ membrane assembly, high recavitation rate)).

Conclusions

We have shown that isolated ICMs are a suitable time-
controlled model to study mechanisms governing TJ membrane
assembly during early mammalian development. The sequence
of membrane delivery of TJ components in ICMs induced to
differentiate by provision of cell contact asymmetry broadly
mimics, but at a protracted time course, that occurring within
intact embryos. Specific PKC isoforms (6, {) have been
identified which promote TJ membrane assembly. The pattern
of isoforms involved differed for the two TJ proteins examined,
indicating that each TJ component has its own mechanism of
membrane assembly. Manipulation of contact patterns and
PKC activation in the early embryo have further demonstrated
that cell contact asymmetry acts upstream of PKC-mediated
signaling mechanisms governing TJ membrane assembly. This
pathway is not dependent upon GJIC, which, in turn, may be
subject to regulation by disturbances in cell contact patterns.
We propose that cell position and the dynamics of cell contact
acting via PKC signaling provide a spatially and temporally
controlled mechanism to coordinate TE differentiation and
blastocyst morphogenesis.



J.J. Eckert et al. / Developmental Biology 288 (2005) 234—247 245

Acknowledgments

We are grateful for the financial support provided by The
Wellcome Trust and the Medical Research Council to research
within TPF’s laboratory. We also thank Dr. Daria Mochly-
Rosen and the team from Stanford University for the kind
provision of the PKC isoform-specific peptides. The anti-PKC
isotype antibodies used in this work were raised by Prof. Nigel
Groome of Oxford Brookes University.

References

Abeliovich, A., Paylor, R., Chen, C., Kim, J.J., Wehner, J.M., Tonegawa, S.,
1993. PKCy mutant mice exhibit mild deficits in spatial and connextual
learning. Cell 75, 1263—1272.

Anderson, J.M., Stevenson, B.R., Jesaitis, L.A., Goodenough, D.A., Mooseker,
M.S., 1988. Characterization of ZO-1, a protein component of the tight
junction from mouse liver and Madin—Darby canine kidney cells. J. Cell
Biol. 106, 1141—1149.

Andreeva, A.Y., Krause, E., Muller, E.C., Blasig, LE., Utepbergenov, D.IL.,
2001. Protein kinase C regulates phosphorylation and cellular localization
of occludin. J. Biol. Chem. 276, 38480—38486.

Avila-Flores, A., Rendon-Huerta, E., Moreno, J., Islas, S., Betanzos, A.,
Robles-Flores, M., Gonzalez-Mariscal, L., 2001. Tight-junction protein
zonula occludens 2 is a target of phosphorylation by protein kinase C.
Biochem. J. 360, 295—-304.

Azim, M., Surani, H., Torchiana, D., Barton, S.C., 1978. Isolation and
development of the inner cell mass after exposure of mouse embryos to
calcium ionophore A23187. J. Embryol. Exp. Morphol. 45, 237-247.

Bloom, T.L., 1989. The effects of phorbol ester on mouse blastomeres: a role
for protein kinase C in compaction? Development 106, 159—171.

Boni, R., Tosti, E., Roviello, S., Dale, B., 1999. Intercellular communication in in
vivo- and in vitro-produced bovine embryos. Biol. Reprod. 61, 1050—1055.

Boudreau, N.J., 2003. Organized living: from cell surfaces to basement
membranes. Sci. STKE, e34.

Bourdeau, N.J., Jones, P.L., 1999. Extracellular matrix and integrin signaling:
the shape of things to come. Biochem. J. 339, 481—-488.

Bowen, J.A., Hunt, J.S., 2000. The role of integrins in reproduction. Proc. Soc.
Exp. Biol. Med. 223, 331-343.

Braga, V.M., 2002. Cell-cell adhesion and signalling. Curr. Opin. Cell Biol. 14,
546-556.

Braun, M.U., Mochly-Rosen, D., 2003. Opposing effects of delta- and zeta-
protein kinase C isozymes on cardiac fibroblast proliferation: use of
isozyme-selective inhibitors. J. Mol. Cell. Cardiol. 35, 895-903.

Chen, C.H., Gray, M.O., Mochly-Rosen, D., 1999. Cardioprotection from
ischemia by a brief exposure to physiological levels of ethanol: role of
epsilon protein kinase C. Proc. Natl. Acad. Sci. 96, 12784—12789.

Chen, L., Hahn, H., Wu, G., Chen, C.H., Liron, T., Schectman, D., Cavallaro,
G., Banci, L., Guo, Y., Bolli, R., Dorn II, G.W., Mochly-Rosen, D., 2001.
Opposing cardioprotective actions and parallel hypertrophic effects of
OPKC and ¢PKC. Proc. Natl. Acad. Sci. 98, 11114-11119.

Chen, M.L., Pothoulakis, C., LaMont, J.T., 2002. Protein kinase C signaling
regulates ZO-1 translocation and increased paracellular flux of T84
colonocytes exposed to clostridium difficile toxin A. J. Biol. Chem. 277,
4247-4254.

Chisholm, J.C., Johnson, M.H., Warren, P.D., Fleming, T.P., Pickering,
S.J., 1985. Developmental variability within and between mouse
expanding blastocysts and their ICMs. J. Embryol. Exp. Morphol. 86,
311-336.

Christiaens, B., Grooten, J., Reusens, M., Joliot, A., Goethals, M.,
Vandekerckhove, J., Prochiantz, A., Rosseneu, M., 2004. Membrane
interaction and cellular internalization of penetratin peptides. Eur. J.
Biochem. 271, 1187—1197.

Collins, J.E., Lorimer, J.E., Garrod, D.R., Pidsley, S.C., Buxton, R.S., Fleming,
T.P., 1995. Regulation of desmocollin transcription in mouse preimplanta-
tion embryos. Development 121, 743—753.

Cruciani, V., Husoy, T., Mikalsen, S.-O., 2001. Pharmacological evidence
for system-dependent involvement of protein kinase C isoenzymes in
phorbol ester-suppressed gap junctional communication. Exp. Cell Res.
268, 150-161.

Csukai, M., Mochly-Rosen, D., 1999. Pharmacologic modulation of protein
kinase C isozymes: the role of RACKS and subcellular localisation.
Pharmacol. Res. 39, 253-259.

D’Atri, F.,, Citi, S., 2002. Molecular complexity of vertebrate tight junctions.
Mol. Membr. Biol. 19, 103-112.

De Maio, A., Vega, V.L., Contreras, J.E., 2002. Gap junctions, homeostasis,
and injury. J. Cell. Physiol. 19, 269—282.

Denker, B.A., Nigam, S.K., 1998. Molecular structure and assembly of the tight
junction. J. Physiol. 274 (Renal Physiol. 43), F1—-F9.

Derossi, D., Joliot, A.H., Chassaing, G., Prochiantz, A., 1994. The third helix
of the antennapedia homeodomain translocates through biological mem-
branes. J. Biol. Chem. 269, 10444 —10450.

De Sousa, P.A., Valdimarsson, G., Nicholson, B.J., Kidder, G.M., 1993.
Connexin trafficking and the control of gap junction assembly in
preimplantation mouse embryos. Development 117, 1355—1367.

Dodane, V., Kachar, B., 1996. Identification of isoforms of G proteins and PKC
that colocalize with tight junctions. J. Membr. Biol. 149, 199-209.

Drin, G., Cottin, S., Blanc, E., Rees, A.R., Temsamani, J., 2003. Studies on the
internalization mechanism of cationic cell-penetrating peptides. J. Biol.
Chem. 278, 31192-31201.

Eckert, J.J., McCallum, A., Mears, A., Rumsby, M.G., Cameron, LT.,
Fleming, T.P., 2004a. PKC signalling regulates tight junction membrane
assembly in the pre-implantation mouse embryo. Reproduction 127,
653-667.

Eckert, J.J., McCallum, A., Mears, A., Rumsby, M.G., Cameron, .T., Fleming,
T.P., 2004b. Specific PKC isoforms regulate blastocoel formation during
mouse preimplantation development. Dev. Biol. 274, 384—401.

Fagotto, F., Gumbiner, B.M., 1996. Cell contact-dependent signaling. Dev.
Biol. 180, 445—-454.

Fleming, T.P., Hay, M.J., 1991. Tissue-specific control of expression of the tight
junction polypeptide ZO-1 in the mouse early embryo. Development 113,
295-304.

Fleming, T.P., Warren, P.D., Chisholm, J.C., Johnson, M.H., 1984. Trophecto-
dermal processes regulate the expression of totipotency within the inner cell
mass of the mouse expanding blastocyst. J. Embryol. Exp. Morphol. 84,
63-90.

Fleming, T.P., McConnell, J., Johnson, M.H., Stevenson, B.R., 1989.
Development of tight junctions de novo in the mouse early embryo: control
of assembly of the tight junction-specific protein, ZO-1. J. Cell Biol. 108,
1407-1418.

Fleming, T.P., Garrod, D.R., Elsmore, A.J., 1991. Desmosome biogenesis in the
mouse preimplantation embryo. Development 112, 527—-539.

Fleming, T.P., Hay, M., Javed, Q., Citi, S., 1993. Localisation of tight junction
protein cingulin is temporally and spatially regulated during early mouse
development. Development 117, 1135—1144.

Fleming, T.P., Wilkins, A., Mears, A., Miller, D.J., Thomas, F., Ghassemifar,
M.R., Fesenko, 1., Sheth, B., Kwong, W.Y., Eckert, J.J., 2004. The making
of an embryo: short-term goals and long-term implications. Reprod. Fertil.
Dev. 16, 325-337.

Gangeswaran, R., Jones, K.T., 1997. Unique protein kinase C profile in mouse
oocytes: lack of calcium-dependent conventional isoforms suggested by
RT-PCR and Western blotting. FEBS Lett. 412, 309—312.

Giepmans, B.N.G., 2004. Gap junctions and connexin-interacting proteins.
Cardiovasc. Res. 62, 233-245.

Gonzales-Mariscal, L., Betanzos, A., Nava, P., Jaramillo, B.E., 2003. Tight
junction proteins. Progr. Biophys. Mol. Biol. 81, 1-44.

Handyside, A.H., 1978. Time of commitment of inside cells isolated
from preimplantation mouse embryos. J. Embryol. Exp. Morphol. 45,
37-53.

Houghton, F.D., 2005. Role of gap junctions during early embryo development.
Reproduction 129, 129-135.

Hurd, T.W., Gao, L., Roh, M.H., Macara, 1.G., Margolis, B., 2003. Direct
interaction of two polarity complexes implicated in epithelial junction
assembly. Nat. Cell Biol. 5, 137—142.



246 J.J. Eckert et al. / Developmental Biology 288 (2005) 234—247

Itoh, M., Morita, K., Tsukita, S., 1999. Characterization of ZO-2 as a MAGUK
family member associated with tight as well as adherens junctions with a
binding affinity to occludin and « catenin. J. Biol. Chem. 274, 5981—-5986.

Jaken, S., Parker, P.J., 2000. Protein kinase C binding partners. BioEssays 22,
245-254.

Javed, Q., Fleming, T.P., Hay, M., Citi, S., 1993. Tight junction protein cingulin
is expressed by maternal and embryonic genomes during early mouse
development. Development 117, 1145—1151.

Johnson, M.H., 1979. Molecular differentiation of inside cells and inner cell
masses isolated from the preimplantation mouse embryo. J. Embryol. Exp.
Morphol. 53, 335-344.

Kausalya, P.J., Reichert, M., Hunziker, W., 2001. Connexin45 directly binds to
ZO-1 and localizes to the tight junction region in epithelial MDCK cells.
FEBS Lett. 505, 92—-96.

Khasar, S.G., Lin, Y.H., Martin, A., Dadgar, J., McMahon, T., Wang, D.,
Hundle, B., Aley, K.O., Isenberg, W., McCarter, G., Green, P.G., Hodge,
C.W., Levine, J.D., Messing, R.O., 1999. A novel nociceptor signaling
pathway revealed in protein kinase C epsilon mutant mice. Neuron 24,
253-260.

Kidder, G.M., Winterhager, E., 2001. Intercellular communication in
preimplantation development: the role of gap junctions. Front. Biosci. 6,
D53-D54.

Kim, J., Gye, M.C., Kim, M.K., 2004. Role of occludin, a tight junction
protein, in blastocoel formation, and in the paracellular permeability and
differentiation of trophectoderm in preimplantation mouse embryos. Mol.
Cells 17, 248—-254.

Kimber, S.J., Surani, M.A., Barton, S.C., 1982. Interactions of blastomeres
suggest changes in cell surface adhesiveness during the formation of
inner cell mass and trophectoderm in the preimplantation mouse
embryo. J. Embryol. Exp. Morphol. 70, 133—152.

Kojima, T., Spray, D.C., Kokai, Y., Chiba, H., Mochizuki, Y., Sawada, N.,
2002. Cx32 formation and/or Cx32-mediated intercellular communication
induces expression and function of tight junctions in hepatocytic cell line.
Exp. Cell Res. 276, 40—-51.

Lampe, P.D., Lau, A.F., 2004. The effects of connexin phosphorylation on gap
junctional communication. Int. J. Biochem. Cell Biol. 36, 1171-1186.

Lampe, P.D., TenBroek, E.M., Burt, J.M., Kurata, W.E., Johnson, R.G.,
Lau, A.F., 2000. Phosphorylation of connexin43 on serine368 by
protein kinase C regulates gap junctional communication. J. Cell Biol.
149, 1503 —1512.

Le, A.C.N,, Musil, L.S., 1998. Normal differentiation of cultured lens cells after
inhibition of gap junction-mediated intercellular communication. Dev. Biol.
204, 80-96.

Leitges, M., Schmedt, C., Guinamard, R., Davoust, J., Schaal, S., Stabel, S.,
Tarakhovsky, A., 1996. Immunodeficiency in protein kinase C beta-
deficient mice. Science 273, 788—791.

Louvet-Vallee, S., Dard, N., Santa-Maria, A., Aghion, J., Maro, B., 2001. A
major posttranslational modification of ezrin takes place during epithelial
differentiation in the early mouse embryo. Dev. Biol. 231, 190-200.

Matter, K., Balda, M.S., 1999. Occludin and the functions of tight junctions.
Int. Rev. Cytol. 186, 117-146.

Mochly-Rosen, D., Gordon, A.S., 1998. Anchoring proteins for protein kinase
C: a means for isozyme selectivity. FASEB J. 12, 35-42.

Newton, A.C., 2003. Regulation of the ABC kinases by phosphorylation:
protein kinase C as a paradigm. Biochem. J. 370, 361—-371.

Nichols, J., Gardner, R.L., 1984. Heterogeneous differentiation of external cells
in individual isolated early mouse inner cell masses in culture. J. Embryol.
Exp. Morphol. 80, 225-240.

Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius, D.,
Chambers, 1., Scholer, H., Smith, A., 1998. Formation of pluripotent stem
cells in the mammalian embryo depends on the POU transcription factor
Oct4. Cell 95, 379-391.

Niwa, H., Miyazaki, J., Smith, A.G., 2000. Quantitative expression of Oct-3/4
defines differentiation, dedifferentiation or self-renewal of ES cells. Nat.
Genet. 24, 372-376.

Nowicki, S., Kruse, M.S., Brismar, H., Aperia, A., 2000. Dopamine-induced
translocation of protein kinase C isoforms visualized in renal epithelial
cells. Am. J. Physiol.: Cell Physiol. 279, C1812-C1818.

Ogawa, H., Oyamada, M., Mori, T., Mori, M., Shimizu, H., 2000.
Relationship of gap junction formation to phosphorylation of con-
nexin43 in mouse preimplantation embryos. Mol. Reprod. Dev. 55,
393-398.

Ohsugi, M., Yamamura, H., 1993. Differences in the effects of treatment of
uncompacted and compacted mouse embryos with phorbol esters on pre-
and postimplantation development. Differentiation 53, 173—179.

Ohsugi, M., Larue, L., Schwarz, H., Kemler, R., 1997. Cell-junctional and
cytoskeletal organization in mouse blastocysts lacking E-cadherin. Dev.
Biol. 185, 261-271.

Parrish, E.P., Steart, P.V., Garrod, D.R., Weller, R.O., 1987. Antidesmosomal
monoclonal antibody in the diagnosis of intracranial tumors. J. Pathol. 153,
265-273.

Pauken, C.M., Capco, D.G., 1999. Regulation of cell adhesion during
embryonic compaction of mammalian embryos: roles for PKC and beta-
catenin. Mol. Reprod. Dev. 54, 135—144.

Pauken, C.M., Capco, D.G., 2000. The expression and stage-specific localisa-
tion of protein kinase C isotypes during mouse preimplantation develop-
ment. Dev. Biol. 223, 411-421.

Pesce, M., Scholer, H.R., 2001. Oct-4: gatekeeper in the beginnings of
mammalian development. Stem Cells 19, 271-278.

Raz, T., Eliyahu, E., Yesodi, V., Shalgi, R., 1998. Profile of protein kinase
isozymes and their possible role in mammalian egg activation. FEBS Lett.
431, 415-418.

Ren, P, Mehta, P.P.,, Ruch, R.J., 1998. Inhibition of gap junctional intercellular
communication by tumor promoters in connexin43 and connexin32-
expressing liver cells: cell specificity and role of protein kinase C.
Carcinogenesis 19, 169—175.

Rossant, J., Lis, W.T., 1979. Potential of isolated mouse inner cell masses to
form trophectoderm derivatives in vivo. Dev. Biol. 70, 255-261.

Saez, J.C., Berthoud, V.M., Branes, M.C., Martinez, A.D., Beyer, E.C., 2003.
Plasma membrane channels formed by connexins: their regulation and
functions. Physiol. Rev. 83, 1359—1400.

Schoeck, F., Perrimon, N., 2002. Molecular mechanisms of epithelial
morphogenesis. Annu. Rev. Cell Dev. Biol. 18, 463—-493.

Sheth, B., Fesenko, I., Collins, J.E., Moran, B., Wild, A.E., Anderson, J.M.,
Fleming, T.P., 1997. Tight junction assembly during mouse blastocyst
formation is regulated by late expression of ZO-la+. Development 124,
2027-2037.

Sheth, B., Moran, B., Anderson, J.M., Fleming, T.P., 2000a. Post-translational
control of occludin membrane assembly in mouse trophectoderm: a
mechanism to regulate timing of tight junction biogenesis and blastocyst
formation. Development 127, 831—840.

Sheth, B., Fontaine, J.-J., Ponza, E., McCallum, A., Page, A., Citi, S., Louvard,
D., Zahraoui, A., Fleming, T.P., 2000b. Differentiation of the epithelial
apical junctional complex during mouse preimplantation development: a
role for rab13 in the early maturation of the tight junction. Mech. Dev. 97,
93-104.

Souroujon, M.C., Mochly-Rosen, D., 1998. Peptide modulators of protein—
protein interactions in intracellular signaling. Nat. Biotech. 16, 919-924.

Spindle, A.IL, 1978. Trophoblast regeneration by inner cell masses isolated from
cultured mouse embryos. J. Exp. Zool. 203, 483 -489.

Stuart, R.O., Nigam, S.K., 1995. Regulated assembly of tight junctions by
protein kinase C. Proc. Natl. Acad. Sci. 92, 6072—6076.

Sueoka, K., Shiokawa, S., Miyazaki, T., Kuji, N., Tanaka, M., Yoshimura,
Y., 1997. Integrins and reproductive physiology: expression and
modulation in fertilization, embryogenesis, and implantation. Fertil. Steril.
67, 799-811.

Sun, Z., Arendt, C.W., Ellmeier, W., Schaffer, E.M., Sunshine, M.J., Gandhi,
L., Annes, J., Petrzilka, D., Kupfer, A., Schwartzberg, P.L., Littman,
D.R., 2000. PKC-theta is required for TCR-induced NF-kappaB activa-
tion in mature but not immature T lymphocytes. Nature 404 (6776),
402-407.

Suzuki, A., Yamanaka, T., Hirose, T., Manabe, N., Mizuno, K., Shimizu, M.,
Akimoto, K., Izumi, Y., Ohnishi, T., Ohno, S., 2001. Atypical protein
kinase C is involved in the evolutionarily conserved PAR protein complex
and plays a critical role in establishing epithelia-specific junctional
structures. J. Cell Biol. 152, 1183 -1196.



J.J. Eckert et al. / Developmental Biology 288 (2005) 234—247 247

Thomas, F.C., Sheth, B., Eckert, J.J., Bazzoni, G., Dejana, E., Fleming, T.P.,
2004. Contribution of JAM-1 to epithelial differentiation and tight
junction biogenesis in the mouse preimplantation embryo. J. Cell Sci.
117, 5599-5608.

Toyofuku, T., Yabuki, M., Otsu, K., Kuzuya, T., Hori, M., Tada, M., 1998.
Direct association of the gap junction protein connexin-43 with ZO-1 in
cardiac myocytes. J. Biol. Chem. 273, 12725—-12731.

Tsukita, S., Furuse, M., Itoh, M., 2001. Multifunctional strands in tight
junctions. Nat. Rev., Mol. Cell Biol. 2, 285-293.

Vance, M., Wiley, L.M., 1999. Gap junction intercellular communication
mediates the competitive cell proliferation disadvantage of irradiated

mouse preimplantation embryos in aggregation chimeras. Radiat. Res. 152,
544-551.

Van Itallie, C.M., Anderson, J.M., 1997. Occludin confers adhesiveness when
expressed in fibroblasts. J. Cell Sci. 110, 1113—1121.

Watson, A.J., Barcroft, L.C., 2001. Regulation of blastocyst formation. Front.
Biosci. 6, D708—-D730.

White, T.W., Paul, D.L., 1999. Genetic diseases and gene knockouts reveal
diverse connexin functions. Annu. Rev. Physiol. 61, 283-310.

Winkel, G.K., Ferguson, J.E., Takeichi, M., Nuccitelli, R., 1990. Activation of
protein kinase C triggers premature compaction in the four-cell stage mouse
embryo. Dev. Biol. 138, 1-15.



	Relative contribution of cell contact pattern, specific PKC isoforms and gap junctional communication in tight junction assembly in the mouse early embryo
	Introduction
	Materials and methods
	Embryo collection and culture
	Isolation and culture of ICMs
	Antibodies
	Immunofluorescence and confocal microscopy
	Chemical PKC activation and inhibition
	Isotype-specific PKC activation and inhibition
	Analysis of gap junctional communication
	Statistical analysis

	Results
	Membrane assembly of junctional proteins in isolated ICMs is rapid and broadly mimics the sequence occurring during normal trophectoderm development
	Specific PKC isotypes influence membrane assembly of different TJ proteins
	Cell contact asymmetry is obligatory for PKC-mediated upregulation of TJ protein membrane assembly
	Intercellular communication via gap junctions is not required for cavitation or tight junction formation in isolated ICMs

	Discussion
	Isolated ICMs as an accelerated developmental model for TJ formation
	Identification of specific PKC isoforms involved in the regulation of TJ membrane assembly
	Interrelationship between cell contact pattern, gap junctional communication and PKC signaling networks in the regulation of TJ membrane assembly

	Conclusions
	Acknowledgments
	References


