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The role of spectrin and its association with calmodulin in spreading mouse blastomeres was investigated. Embryonic
gpectrin binds ®I-calmodulin in a caleium-dependent fashion in the blot overlay technique. Double-labeling experi-
ments show coordinate redistribution of spectrin and calmodulin in blastomeres preparing to undergo active spreading
movement. At this stage cortical spectrin staining is lost from the region of cell-substrate contact and speetrin and
calmodulin become concentrated in two structures closely associated with the contacted region: a group of spherical
bodies located on the cytoplasmic side of the cortical layer and a subcortical ring that marks the perimeter of the
contacted region. The localization pattern of spectrin and calmodulin is also coordinated with that of actin and myosin.
The results suggest that spectrin plays a role in the spreading of blastomeres and that this function may involve linkage

of spectrin, calmodulin, and the cortical contractile apparatus.

INTRODUCTION

A spectrin-like protein has recently been identified in
the preimplantation mouse embryo (Damjanov et al,
1986; Reima and Lehtonen 1985; Sobel and Alliegro,
1985; Schatten et al, 1986) which undergoes develop-
mentally related changes in distribution from the egg to
the blastocyst stage (Schatten et al., 1986; Sobel and
Alliegro, 1985).

Spectrin can be expected to play a role in early devel-
opment for the following reasons: (1) Spectrin is impli-
cated in the control of cell shape and shape transfor-
mation (Branton 1981; Lux, 1979). (2) Nonerythroid, like
erythroid, spectrin binds calmodulin in a calcium-sen-
sitive fashion (Glenney et al., 1982; Kakiuchi et al., 1982;
Palfrey et al, 1982). Calmodulin is an intracellular re-
ceptor for calcium that mediates important cellular re-
actions (Cheung, 1980; Means and Dedman, 1980) in-
cluding some that are involved in preimplantation de-
velopment (Bilozur and Powers, 1982; Pakrasi and Dey,
1984). (3) Nonerythroid, like erythroid, spectrin binds to
and crosslinks actin filaments (Bennet et al., 1982; Bur-
ridge et al, 1982; Glenney et al.,, 1982; Hirokawa et al.,
1983; Howe et al, 1985) and can modulate the interac-
tion of actin and myosin in a calcium-sensitive fashion
(Shimo-Oka and Watanabe, 1981; Wagner, 1984). Actin
(Johnson and Maro, 1984; Sutherland and Calarco-Gil-
lam, 1983) and myosin (Sobel, 1984a) are both impli-
cated in preimplantation development.

The present study was designed to test the hypothesis
that spectrin plays a role in cell contact interactions
and spreading in mouse blastomeres (Sobel and Allie-
gro, 1985.) We utilized a model system in which two-cell
embryos cultured on concanavalin A (Con A)-coated

47

© 1988 Academic Press, Inc.

coverslips undergo spreading movements and changes
in cytoskeletal organization that resemble changes
which occur during cell-cell interaction in the embryo
(Kimber and Surani, 1982; Sobel, 1984a). The results
indicate that there is a spatial and temporal relation-
ship between spectrin distribution and the potential of
blastomeres to spread, that embryonie spectrin can
bind calmodulin in a calcium-sensitive fashion, and that
the distribution of spectrin is related to that of calmod-
ulin and the intracellular contractile apparatus.

METHODS
Collection and Culture of Embryos

Preimplantation mouse embryos were obtained from
6- to 8-week-old ICR females (West Seneca Breeding
Facility, Roswell Park Memorial Institute, Buffalo,
NY). The animals were superovulated with iv injections
of 5 IU each of pregnant mare’s serum (Gestyl, Dio-
synth, Chicago, IL) followed by human chorionic gonad-
otrophin (hCG) (APL, Ayerst, NY) 48 hr later and
mated with CB¢Fl/J males (Jackson Labs, Bar Har-
bor, ME).

Two-cell embryos were recovered from the oviducts
42 hr post-hCG. The embryos were cultured as de-
scribed previously (Sobel 1984a), harvested at the
hatched blastoeyst stage, washed with 0.4% polyvinyl-
pyrrolidone in Hanks’ balanced salt solution (HBSS)
and suspended in sample buffer for electrophoresis
(Sobel and Alliegro, 1985).

Coverslip cultures of two-cell embryos were prepared
as described previously (Sobel, 1984a). Acid cleaned No.
1 coverslips were incubated with 5 mg/ml Con A
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(Sigma) in HBSS for 2 hr, rinsed in H,0, covered with a
drop of meodified egg culture medium (Spindle, 1980)
and preequilibrated at pH 7.3 at 37°C. Embryos were
treated with acid Tyrode’s to remove the zona pellucida,
immediately transferred to a dish of preequilibrated
medium, and precultured for 1 hr. The embryos were
then transferred to the coverslips and cultured for 4.5
hr (44-48.5 hr post-hCG).

Purification of Mouse Brain a-Spectrin

Adult mice were anesthetized with pentobarbitol and
perfused through the heart with saline, and the brains
were removed and frozen in ethanol cooled with dry ice.
Spectrin was purified from 10-g samples of brain by gel
filtration on Sepharose 4B and the eluant fractions,
enriched for spectrin, were subjected to preparative 4%
SDS-PAGE as described by Levine and Willard (1981).

Preparation of Brain Fractions and Erythrocyte
Membranes

Cytoskeletal fractions of mouse brain enriched for
spectrin were prepared according to Palfrey ef al
(1982). Chicken erythrocyte membranes were isolated
as described previously (Sobel and Alliegro, 1985). Ali-
quots were suspended in sample buffer and stored
at —70°C.

Antibody Production

Antiserum against mouse brain a-speetrin was raised
in rabbits. Bands of a-spectrin were excised from 4%
acrylamide gels, homogenized, and injected according
to the protocol described previously (Sobel and Alliegro,
1985). IgG fractions were partially purified by fraction-
ation with NH,S04 at 50% saturation.

Affinity-purified antibody to mouse brain a-spectrin
was prepared by adsorption of antiserum to homoge-
nized bands of a-spectrin that were used as an affinity
matrix (Mangeat and Burridge, 1984).

Calmodulin antibody was raised against bovine testis
in 2 sheep and was affinity-purified as previously de-
scribed (Dedman et al., 1978).

Electrophoresis

Protein samples were analyzed by SDS-PAGE using
the Tris-glycine buffer system of Laemmli (1970). The
running gel contained 10% acrylamide and 0.13%
N,N'-methylene bisacrylamide; the stacking gel con-
tained 5% acrylamide and 0.13% N,N’-methylene bis-
acrylamide.
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Transfer to Nitrocellulose

Protein subjected to SDS-PAGE was stained with
Coomassie blue or electrophoretically transferred to
nitrocellulose sheets according to Towbin et al (1979).
The blotting buffer contained 25 mM Tris, 192 mM gly-
cine, 20% methanol, and 0.1% SDS (Sobel and Alliegro,
1985).

I'mmunological Detection of Spectrin on Nitrocellulose

Blots were waghed in 10 mM sodium phosphate, 0.9%
NaCl (pH 7.5) in PBS with Tween 20 (TPBS) and 5%
(w/v) Carnation milk (Johnson et al., 1984), incubated
with antibody (1:125 dilution) in TPBS, and washed
three times in TPBS. Antibody binding was detected by
immunoperoxidase staining using the Vectastain ABC
Kit (Vector Laboratories, Inc., Burlingame, CA) ac-
cording to the manufacturer’s instructions. Because of
the large number of embryos required to obtain visible
bands, only immunoblots and no Coomassie blue-
stained gels were prepared from blastocysts.

Detection of *°I-Calmodulin Binding to Spectrin by the
Blot-Overlay Technique

Bovine brain calmodulin (Sigma) was iodinated by
the method of Bolton and Hunter (1973) and calmodulin
was separated from reactants by chromatography on a
Sephadex G-25 column. Blot-overlays were performed
as described by Flanagan and Yost (1984) in buffer A
containing 50 mM Tris, pH 7.6, 0.2 M NaCl, 1 mM CaCl,,
and 0.056% Tween 20 as a quenching agent. Blots were
treated for 3 hr in buffer A, incubated for 75 min with
1%T_calmdulin in buffer A, and washed 4X with 15-min
washes in Buffer A. Blots were then dried overnight and
autoradiographed on Kodak XAR film with a Picker
rare earth intensifying screen at —80°C. Molecular
weights were calculated using either cold standards in
stained gels or in blots stained with India ink.

Immunofluorescent Localization of Spectrin, Actin,
Myosin, and Calmodulin

Cytoskeletal preparations of two-cell embryos at-
tached to Con A-coated coverslips were prepared as de-
scribed previously (Sobel, 1984a). Each labeling proto-
col was repeated at least three times with a minimum of
20 embryos per group. The embryos were permeabilized
with 0.02% saponin in stabilization buffer, fixed in cold
methanol, rinsed in PBS with 0.4% PVP, transferred to
PBS, and stained for spectrin, myosin, and calmodulin
by indirect immunofluorescence in PBS with 0.02% sa-
ponin. Antibodies used were affinity-purified antibody
to mouse brain o-spectrin (90 pg/ml); affinity-purified
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sheep antibody to bovine testis calmodulin (200 pg/ml)
(Dedman et al.,, 1978); and rabbit antiserum to human
platelet myosin (Fujiwara and Pollard, 1976) provided
by K. Fujiwara which stains myosin specifically (Sobel,
1984a). Fluoresceinated rabbit anti-sheep IgG and fluo-
resceinated goat anti-rabbit IgG (Antiibodies, Inec.,
Davis, CA) were preabsorbed with mouse tissues and
diluted 1:10 and 1:40, respectively. For double-labeling
experiments the embryos were stained for actin with
rhodamine-phalloidin (1:10; Molecular Probes, Eugene,
OR). After extensive washing the embryos were
mounted in Elvanol, examined in an inverted Zeiss
photomicroscope with a Planapo 63X objective, and
photographed with Kodak Tri-X film which was devel-
oped in Microdol X.

RESULTS

Immunoftuorescent Localization of Spectrin, Actin,
Myosin, and Calmodulin

The specificity of the antibody to mouse brain «-
spectrin (240,000 MW) and its cross-reactivity with
avian erythrocyte a-spectrin (240,000 MW) and a comi-
grating polypeptide in mouse blastoeyst are shown in
Fig. 1.

Blastomeres are characterized by the presence of a
submembranous layer of spectrin (Damjanov et al,

a b c d e

F1G. 1. Immunological cross-reaction of mouse brain, avian erythro-
¢yte, and mouse blastocyst a-spectrin. Coomassie blue staining pat-
tern of mouse brain (a) and avian erythrocyte ghosts (b) separated on
10% SDS-PAGE. Numbers indicate molecular weights X 1073 of pro-
tein standards. Western blots of brain (c), erythrocyte ghosts (d) and
blastocysts (e) exhibit bands with the same mobility as a-spectrin.
Lane e is derived from 870 embryos.
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1986; Reima and Lehtonen, 1985; Schatten et al., 1986;
Sobel and Alliegro, 1985). Standard procedures for im-
munofluorescent localization of cortical proteins pro-
vide limited information about spectrin organization in
the region of cell-cell contact because embryos are gen-
erally viewed perpendicularly to the plane of contact
(Fig. 3). In order to obtain an en face view of the con-
tacted region of the blastomeres we utilized a model
system in which two-cell embryos are cultured on Con
A-coated coverslips (Fig. 2) (Sobel, 1984a). These sub-
strate-bound embryos undergo active spreading move-
ments and cytoskeletal reorganization that mimic the
behavior of blastomeres in the embryo (Kimber and
Surani, 1982; Kimber ef al., 1982; Sobel, 1984a). An ad-
ditional advantage of the model system is that cells can
be monitored throughout the course of contact develop-
ment and spreading. Since previous studies suggested
that spectrin localization may be related to an enhanced
potential for contact interaction (Sobel and Alliegro,
1985) we focused on the stage when the substrate-bound
cells have acquired the potential to spread but have not
yvet undergone extensive spreading movements. This
occurs between 4-5 hr in culture (44-49 hr post-hCQ)
(Sobel, 1984a).

Figure 4 illustrates the distribution of spectrin in a
substrate-bound embryo with the focus on the plane of
contact. There is weak cortical staining in contacted
regions and bright fluorescence in small spherical
bodies and in a ring-like structure around the perimeter
of the contacted areas. The spherical bodies and the
cytoskeletal ring are both located subjacent to the cor-
tical layer on the cytoplasmic side. The specificity of the
staining reaction is demonstrated by the absence of
staining in preabsorption controls (Fig. 8).

The embryos in Figs. 5 and 6 were double-labeled in
order to identify the simultaneous distribution patterns
of spectrin, actin, and myosin, and the embryo in Fig. 5
was compressed between the coverslip and slide to ex-
pose more of the uncontacted parts of the cells. Em-
bryos double-labeled for actin (with rhodamine-phal-
loidin) (Fig. 5a) and spectrin (Fig. 5b), and embryos
double-labeled for actin (Fig. 6a) and myosin (Fig. 6b),
show identical distribution patterns. The uncontacted
region of the blastomeres is characterized by a promi-
nent cortical staining reaction for spectrin, actin, and
myosin. The contacted region shows coordinated redis-
tribution of spectrin, actin, and myosin with loss of
cortical staining in the contacted area and concentra-
tions of the three proteins in the spherical bodies and in
the ring that marks the perimeter of the contacted re-
gion. This pattern was observed in 90-100% of the em-
bryos in each experiment.

The reorganization of the eytoskeletal cortex can also
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FiGs. 2-8. Localization of spectrin, actin, and myosin in two-cell embryos cultured for 4.5 hr on Con A-coated coverslips.

FiG. 2. Diagram illustrates the planes of focus: Contact region, plane X; embryc midsection, plane X”. Hatched areas indicate positive
staining; clear areas indicate an absence or reduced staining. The broken line marks the locus of the cytoskeletal ring.

F16. 3. Embryo stained for spectrin with the focus on the plane of midsection shows fluorescence in the cortical regions.

F1Gs. 4-8, Focus in the contact region.
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be demonstrated in “cortical lawns.” In these prepara-
tions the substrate-bound embryo is sheared off, leav-
ing the membrane with its associated filaments at-
tached to the coverslip (Sobel, 1984b). Remnants of the
uncontacted cell periphery sometimes remain attached
to the lawn and this allows direct comparison of the
inner face of the cortex in the contacted and uncon-
tacted parts of the cell (Fig. 7). When stained for actin
the cortex associated with the uncontacted region ap-
pears as a thick meshwork of actin filaments (Fig. 7,
arrowhead). The filamentous lawn associated with the
contacted region gives a much weaker staining reaction
(Fig. 7, arrows) and these filaments are intimately as-
sociated with some of the smaller spherical bodies.

Embryos labeled for calmodulin usually exhibited
diffuse intracellular fluorescence with no detectable
concentration of calmodulin in the cortical layer, as
shown in the embryo double-labeled for actin (Fig. 9a)
and calmodulin (Fig. 9b). A minority of the embryos
showed regional concentrations of calmodulin which
took the form of cortical bands in the polar body (Fig.
10), punctate nuclear concentrations (Fig. 10), and cor-
tical caps in one or both blastomeres (Fig. 11).

Embryos cultured on coverslips exhibited a consis-
tent reorganization of calmodulin in the contact region.
This is illustrated in an embryo double-labeled for actin
and calmodulin (Figs. 12a and 12b) which shows,
against a background of diffuse interior staining, a ring
of calmodulin around the contact region. The diffuse
interior staining is characteristic of intact cells and is
specific for calmodulin (Fig. 14). It is absent from
membrane lawns and the improved resolution in these
preparations shows that calmodulin colocalizes with
actin in at least some spherical bodies as well as in the
cytoskeletal ring (Figs. 13a and 13b).

B I-Calmodulin Binding to Spectrin

Blastocysts were compared for their ability to bind
125]-calmodulin with avian erythrocyte ghosts and a
fraction of mouse brain enriched for spectrin by the
125]-calmodulin blot-overlay technique. Interaction of
125T-calmodulin with a 240,000 MW polypeptide was
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found in brain, erythrocytes, and blastocysts (Fig. 15,
lanes ¢, d, and e). The autoradiogram was exposed for 27
hr, 3 days, and 8 days for the erythrocyte, brain and
blastocyst samples, respectively, to obtain optimal reso-
lution of the 240,000 MW band. Because of the large
number of embryos required for this assay (approxi-
mately 2000) the sensitivity of this reaction to calcium
was tested by a subsequent incubation of the same blot
in calcium-free buffer. As shown in Fig. 1, lanes f, g, and
h, the binding of ®I-calmodulin was eliminated in the
absence of calcium in each sample. Blastocysts also
showed bands that bound ®I-calmodulin in a calcium-
dependent manner with molecular weights of approxi-
mately 210,000, 170,000, 72,000, 40,000-50,000, 20,000,
and 12,000.

DISCUSSION

This study was designed to investigate the role of
spectrin in spreading blastomeres. Because of the diffi-
culties in visualizing contacted regions in the intact
embryo we utilized a model system in which blasto-
meres spread on Con A-coated coverslips. Spreading
behavior on the Con A-coated substrate is similar to
that on other substrate-bound lectins (Kimber and
Surani, 1982; Sobel, 1984a) and can also be evoked by
physical stress on cells attached to untreated coverslips
(J. S. Sobel, unpublished experiments). Substrate-
bound Con A thus seems to stimulate a form of “stan-
dard” spreading response to artificial substrates.

Spreading in the embryo is associated with compac-
tion, a process that takes place at the 8-cell stage and is
thought to have an important influence on blastocyst
formation (Johnson, 1979). The spreading movements of
blastomeres on Con A-coated substrate and the asso-
ciated changes in cytoskeletal organization appear to
mimic the behavior compacting cell in the embryo
(Kimber and Surani, 1982; Kimber et al, 1982; Sobel,
1984a). Moreover, blastomeres of two-cell embryos can
be induced to spread like those of eight-cell embryos on
artificial substrates (Sobel, 1984a). Blastomeres from
two-cell rather than eight-cell embryos were utilized
for these experiments for the following reasons: (1)

FIG. 4. Embryo stained for spectrin with the focus on the plane of cell-substrate contact shows weak cortical staining in the contact region
and bright fluorescence in spherical bodies and in rings that delimit the edge of contacted regions.

Fic. 5. Embryo double-labeled for actin (5a) and spectrin (5b) was compressed between the coverslip and slide to expose more of the
uncontacted region of the cells. Actin and spectrin show coordinate distribution with prominent cortical layers in uncontacted regions, loss of
staining in contacted regions, and double-labeling of the spherical bodies and surrounding rings.

Fi1G. 6. Embryo double-labeled for actin (6a) and myosin (6b) shows coordinate distribution of both proteins with the same pattern as in the

embryo in Fig. 5.

FIG. 7. Membrane lawn stained for actin. Membrane associated filaments in the contacted regions give a weak staining reaction (arrows),
whereas remnants of the cortex from uncontacted parts of the cells show bright fluorescence (arrowhead). Subcortical spherical bodies
associated with the contact region (bright spots) are out of the plane of focus.

Fic. 8. Control embryo treated with preabsorbed antibody to spectrin shows no staining reaction. Bar equals 20 um.
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Fics. 9-14. Localization of actin and calmodulin in 2-day embryos cultured for 4.5 hr on Con A-coated coverslips.

F1G. 9. Embryo double-labeled for actin (9a) and calmodulin (9b), with the focus on the plane of the embryo midsection. Calmodulin shows a
diffuse distribution with no peripheral concentration like that of actin.

FI1G. 10. Embryo stained for calmodulin with the focus on the plane of the embryo midsection. Nuclei and the cortex of the polar body show
bright fluorescence.
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F1G. 15. Detection of calmodulin binding proteins in mouse brain,
avian erythrocyte ghosts and blastoeysts. (A) Coomassie blue staining
of proteins separated on 10% SDS-PAGE. (B, C) Autoradiogram of a
blot first incubated in the presence of 1 mM calcium (B) and then in
the absence of calcium (C). Lanes (a, ¢, f) Mouse brain. Lanes (b, d, g)
Erythrocyte ghosts. Lanes (e, h) Blastocysts. Numbers indicate mo-
lecular weights X 1072 of protein standards. Embryo spectrin, like
brain spectrin and avian erythrocyte a-spectrin, bound calmodulin in
a calcium-gensitive fashion,

Their long interphase (approximately 12 hr under these
culture conditions) ensures sufficient time to recover
from the acid Tyrode’s used to remove the zona pellu-
cida. This treatment has profound effects on cytoskele-
tal organization (Sobel, 1983). (2) The long interphase
also provides sufficient time to study the spreading
phenomenon and the associated cytoskeletal changes
without the complications of cell division. (3) Blasto-
meres of two-cell embryos have a thicker cortex than
those of eight-cell embryos which allows much better
resolution of immunofluorescent staining patterns.
Two-cell blastomeres develop stable cell-substrate
contacts, as defined by resistance to detachment by
Triton X-100, by the fourth hr of culture and spread by
lamellipodial projections by 6 hr (Sobel, 1984a). In this
study we focused on the stage preceding extensive
spreading movements (4.5 hr) because previous studies
suggested that spectrin distribution may be related to
the state of activation of the cell periphery (Sobel and
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Alliegro, 1985). We define activation in this system as
the potential to undergo spreading.

Spectrin Distribution and Blastomere Activation

Substrate-bound blastomeres exhibited a consistent
redistribution of cortical spectrin by 4.5 hr in culture
with loss of spectrin staining in the contact region and
development of spectrin-containing spherical bodies
and a ring around the contacted area. Previous studies
utilizing interference reflection microscopy showed
that contacted regions in 4-6 hr cultures are character-
ized by a uniform mosaic pattern of close and far con-
tacts (Sobel et al,, 1985). Such close contacts between the
basal surface of cells and the substratum are specifi-
cally associated with spreading processes (Izzard and
Lochner, 1980; Keller et al., 1979). The substrate-bound
blastomeres also exhibit extensive reorganization of
membrane-associated actin filaments in the contact re-
gion (Fig. 7). Similar changes are associated with the
development of a motile cytoplasm in other cell types
(Bereiter-Hahn et al, 1979). This spatial and temporal
correlation between spectrin distribution and develop-
ment of a motile cytoplasm suggest that speetrin may
be involved in processes related to peripheral activa-
tion. Such a role is consistent with the evidence indi-
cating that development of the preimplantation em-
bryo, from the egg through the blastocyst stage, is char-
acterized by loss of cortical spectrin staining and
peripheral activation, on the one hand, and positive
cortical staining and peripheral stability, on the other
hand (Sobel and Alliegro, 1985).

Association of Spectrin with Actin and Myosin

Blastomeres have a prominent cortical layer that
stains for actin (Johnson and Maro, 1984; Lehtonen and
Badley, 1980) and myosin (Sobel 1984a) as well as spee-
trin. The 4.5-hr cultures of substrate-bound blasto-
meres underwent coordinate redistribution of the three
proteins causing the cell periphery to be partitioned
into two domains, the uncontacted region that retains
the cortical layer of proteins and the contacted region
that exhibits loss of staining for the three proteins. A
cytoskeletal ring marks the boundary between the two
regions. Polarization of the cortical proteins was asso-
ciated with two kinds of motile activity, the first in-

FiG. 11. Embryo stained for calmodulin with the focus on the plane of the embryo midsection shows asymmetric polarization in both

blastomeres.

F1G. 12. Embryo double-labeled for actin (12a) and calmodulin (12b), focus in the plane of contact. Calmodulin colocalizes with actin in the

ring surrounding the contact region.

F16. 13. Substrate-bound remnant of an embryoe that was double-labeled for actin (13a) and calmodulin (13b) and then detached from the
coverslip. Focus is on the spherical bodies on the cytoplasmic side of the contact region which show colocalization of both proteins (arrows).
FiG. 14, Control embryo treated with preabsorbed antibody to calmodulin shows no labeling. Bar equals 20 um.
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volving movement of spectrin, actin, and myosin in the
cortical compartment; the second becoming manifest
when the three proteins are cleared from the contact
region and the underlying cytoplasm extends lamelli-
podial projections (Sobel, 1984a). The influence of spec-
trin on peripheral activation may thus be related, at
least in part, to its linkage with the cortical contractile
apparatus. Nonerythroid spectrin can mediate the link-
age of actin filaments to each other (Bennet ef al,, 1982;
Burridge et al., 1982; Glenney et al., 1982; Hirokawa et
al., 1983; Howe et al., 1985) and to the membrane (Hiro-
kawa et al, 1983; Mangeat and Burridge, 1983) and could
thus influence peripheral stability by maintaining the
structural integrity of the contractile apparatus and/or
its association with the membrane. Spectrin can also
influence the interaction of actin and myosin by modu-
lating the activity of actin-activated myosin ATPase
(Shimo-Oka and Watanabe, 1981; Wagner, 1984). In this
view the loss of spectrin staining in the contacted re-
gion of the cell could be related to displacement or in-
activation of the actomyosin-based force generating
system.

The cytoskeletal organization of the substrate-bound
blastomeres mimics that of blastomeres that are
spreading against each other during compaction. Com-
pacting cells also develop a polarized distribution of
actin (Reima and Lehtonen, 1985) and myosin (Sobel,
1984a) and form a cytoskeletal ring that stains for
spectrin and actin (Reima and Lehtonen, 1985) as well
as myosin (Sobel, 1984a). These similarities suggest
that the spreading behavior of blastomeres on artificial
substrate can serve as a useful model to study the
spreading movements of compaction.

It is noteworthy that the pattern of cortical organiza-
tion that characterizes activated blastomeres in vitro
and in the embryo is also seen in capped lymphocytes.
Binding of Con A to lymphocytes stimulates the move-
ment of spectrin, actin, and myosin to one pole of the
cell (Levine and Willard, 1983; reviewed in Bourguignon
and Bourguignon, 1984) and, as in blastomeres, the pole
that is cleared of cortical proteins becomes the site of
active cytoplasmic protrusion. A cytoskeletal ring also
marks the boundary between the rounded and spread-
ing domains in lymphocytes (Lewis, 1931; reviewed in
Loor, 1981). Levine and Willard (1981, 1983) have pro-
posed that the coordinated movement of cortical spec-
trin, actin, and myosin in lymphocytes and in axonal
transport may constitute a mobile lining for the plas-
malemma. Such a dynamic flow of cortical actomyosin
in blastomeres is an attractive notion because it can
explain important features of epithelial development
(Jacobson et al., 1986) including, presumably, that of the
trophoblast.
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Association of Spectrin with Calmodulin

Development of spreading potential in cultured blas-
tomeres was associated with coordinate redistribution
of spectrin with calmodulin, together with actin and
myosin. While the possibility cannot be ruled out that
the permeabilization procedures induce redistribution
of calmodulin, it is noteworthy that calmodulin labeling
was specifically associated with structures that develop
at this stage, namely, the cytoskeletal ring and the
spherical bodies in the contact area (Fig. 12b and 13b).
A detailed analysis of these structures will be presented
elsewhere.

Technical reasons precluded analysis of spectrin from
the two-cell embryo in the '®I-calmodulin overlay tech-
nique and we tested blastocysts instead. The blastocyst
spectrin, like other nonerythroid spectrins (Glenney et
al., 1982; Kakiuchi et al., 1982; Palfrey et al., 1982), bound
calmodulin in a calcium-sensitive fashion. It is tempt-
ing to speculate that spectrin-mediated reactions may
be calcium-calmodulin regulated in the embryo.

There is indirect evidence to suggest that calmodulin
may play a role in regulating the spreading behavior of
blastomeres in situ. Calmodulin inhibitors can prevent
compaction by influencing reactions that are sensitive
to intracellular concentrations of calcium (Bilozur and
Powers, 1982, Pakrasi and Dey, 1984). Moreover, the
inhibitors appear to act specifically on the early stage
of compaction (Bilozur and Powers, 1982) when the
blastomeres are undergoing the first changes in cell
shape and developing the potential to spread. Calmodu-
lin has also been implicated in cell shape changes (Con-
nor et al., 1981; Kao et al., 1981; Nelson et al., 1983) and
spreading (Connor et al, 1981) in other cell types. The
calcium-sensitive association of calmodulin with blas-
tocyst spectrin and the coordinate redistribution of cal-
modulin with spectrin, actin, and myosin in the spread-
ing two-cell blastomeres suggest that calmodulin could
influence spreading behavior by regulating cytoskeletal
interactions. Potential loci include regulation of mem-
brane-cytoskeletal interactions (Connor et al, 1981),
spectrin modulation of actin-activated myosin ATPase
(Shimo-Oka and Watanabe, 1981; Wagner, 1984), and
activation of myosin light chain kinase (Adelstein,
1982).
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