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Summary. Actin- and fibronectin-like proteins were
characterized in the planarian, Dugesia lugubris s.l., by
sodium dodecyl sulphate polyacrylamide gel electro-
phoresis and immunoblotting analysis using antisera to
vertebrate actin and fibronectin. These antisera recog-
nized protein bands of 42 kDa and 220 kDa, respective-
ly. In addition, the immunohistochemical distribution
of both actin- and fibronectin-like material was exam-
ined by using immuno-electron microscopy. Actin-like
protein was localized in myofibrils in various differentia-
tion stages, and in the peripheral cytoplasm and lamelli-
podia of cells that were migrating. The fibronectin-like
component was associated with the extracellular matrix
in the fibrillar structures and with the surface of the
migrating cells. Our data suggest that similar cellular
and molecular mechanisms are involved in cell-matrix
interactions and in the morphogenesis of living organ-
isms at different evolutionary levels.
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The interrelationships between fibronectin (FN; an ex-
tracellular matrix glycoprotein of 500 kDa) and some
intracellular cytoskeletal proteins mediated by FN-re-
ceptors (integrins) have been studied in vivo and in vitro
(Hynes 1987; Akiyama et al. 1989; Welch et al. 1990;
Shaw et al. 1990). The interactions, involving transmem-
brane complexes, are characteristic of slowly moving or
stationary cells. Normally migrating or malignant cells
lack these complexes (Couchman and Rees 1979; Du-
band et al. 1988; Akiyama et al. 1989). Actin seems to
be one of the intracellular protein molecules responsible
for the phenotypic change that accompanies non-muscle
cell movement (for references, see Small 1989) in embry-
onic development (Boucaut et al. 1984; Ekblom et al.
1986; Winklbauer 1990) wound healing (Grinnell et al.
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1981; Clark et al. 1982; Welch et al. 1990; Gordon and
Staley 1990) and in transformed cells (Roman et al.
1989; Aznavoorian et al. 1990).

Few data on invertebrate tissues have been reported
(Akiyama and Johnson 1983; Bride et al. 1988; Hue
et al. 1989). However, studies on the molecular evolution
of FN and actin molecules indicate a marked evolution-
ary constancy as shown by amino acid sequence homolo-
gy (Hue et al. 1989) and cross-reactivity to mammalian
anti-FN and anti-actin antibodies (Akiyama and John-
son 1983; Hue et al. 1989).

Planarians may provide an excellent invertebrate
model for analyzing migration events in vivo because
the epidermis and perhaps all other somatic tissues are
incapable of self-renewal (Elhers 1985, 1986; Bagufia
et al. 1990), and depend upon stem-like cells migrating
from the underlying tissues (Skaer 1965; Pascolini et al.
1988a). This phenomenon seems to be responsible for
the high regenerative capacity of planarians. The regen-
erative pattern in these animals consists of three partially
overlapping stages: (1) wound healing in which the epi-
dermal cells and their precursors migrate (Pascolini et al.
1988a), (2) an intermediate stage in which “programmed
cell death” predominates (Bowen et al. 1982; Bowen
1984), and (3) a final stage in which the blastema devel-
ops (for a review, see Gremigni 1988).

In this paper, we report, for the first time, the charac-
terization of actin- and FN-like proteins in planarians
using vertebrate antibodies and sodium dodecyl sulphate
polvacrylamide gel electrophoresis (SDS-PAGE). In ad-
dition, the immunocytochemical localization of these
proteins is described with particular reference to cell-
matrix interactions during migratory events.

Materials and methods

Tissue preparation

Intact (n=40) and regenerating (n=160) freshwater planarians Du-
gesia lugubris sd. were used. Head regeneration was induced by
decapitating chloretone-anesthetized specimens immediately be-
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hind the auricles according to Hay and Coward (1975). The portion
containing the transected area was processed at various times after
dissection as follows.

SDS-PAGE, immunoblotting and analytical procedures

The extract for actin immunocharacterization was prepared by ho-
mogenization of the sample in PEM buffer (1 mM Pipes, 0.1 mM
EGTA, 0.04 mM MgCl,, pH 7). After centrifugation at 105000 g
for 90 min, the supernatant was treated with a sample quenching
solution containing 2% SDS, 50 mM fS-mercaptoethanol, and
boiled for 3 min. SDS-PAGE was carried out according to Laemm-
1i (1970) in 10% acrylamide mini-slabs (Bio-Rad, USA) and protein
was transferred onto nitrocellulose paper using a semi-dry trans-
blot apparatus (Bio-Rad). After blotting, the proteins of the plana-
rian extract and rat skeletal actin, prepared from acetone powder
(Spudich and Watt 1971), were immunodecorated with a mouse
monoclonal (mAb) anti-actin IgM antibody (Amersham, UK) as
described by Towbin et al. (1979), and visualized using a secondary
antibody coupled with alkaline phosphatase (Bio-Rad) for 60 min
at 20° C.

For immunocharacterization of actin-like proteins during re-
generation, extracts were prepared as described above at various
times after transection; the same amount of protein, 15-20 pg
(Bradford 1976) was stratified on each gel.

The presence of large amounts of fats and polyphenol com-
pounds made it difficult to extract FN-like molecule from planarian
tissues. For this reason, the FN extraction suggested by Akyama
and Johnson (1983) was unsuitable and gave a low yield. The best
results were obtained as follows: in order to reduce proteolytic
splicing of the FN-molecule, the tissue was homogenized in phos-
phate-buffered saline (PBS: 0.2M NaCl, 0.081 M Na,HPO,,
0.0189 M NaH,PO,) (about 200 mg of fresh material/ml) contain-
ing 1 mM phenyl methyl sulfonyl fluoride (PMSF), 1 mM leupep-
tin, 0.1 mM pepstatin and 50 pg/ml aprotinin. After centrifugation
at 23000 g for 15 min, the supernatant was collected and stored
at 4° C. The pellet was re-extracted as described above in a PBS
+ antiprotease cocktail (1 mM PMSF, 1 mM leupeptin, 0.1 mM
pepstatin, 50 pg/ml aprotinin) containing 4 M urea and 10 mg/ml
heparin. It was then stirred for 1 h at 20° C after which 0.2 vol
of cold carbon tetrachloride was added and the suspension stirred
vigorously at 4° C for S min. The aqueous phase, obtained after
centrifugation at 5000 g for 10 min, was aspirated, and the proteins
concentrated by adding (NH,),SO, at 70% saturation. The
(NH,),SO, peilet was solubilized in the sample quenching solution
of Laemmli (1970) and used for electrophoresis.

Human plasma FN was purified as described by Akiyama and
Johnson (1983) and used as a marker in SDS-PAGE. Electropho-
retic analysis (5% acrylamide) and Western blotting were carried
out as described above and planarian FN was detected by overnight
incubation with a rabbit polyclonal antiserum (pAb) anti-human
plasma FN diluted 1:100 (a generous gift of Prof. L. Zardi, IST
Genova). *#*1-labelled protein A (Amersham) was used to detect
the antisera and visualization was by autoradiography (Burnette
1981). Alternatively the nitrocellulose replicas were labelled with
rabbit or mouse anti-human plasma FN (ICN, USA). Antibody
detection was accomplished with an appropriate secondary anti-
body labelled with alkaline phosphatase.

The antiserum characterizations were carried out by preabsorp-
tion with the corresponding purified antigen as reported by Cama-
tini et al. (1986) and by assaying the residual activity by Western
blotting as described above.

For quantitative determination of FN-like protein in planarian
tissues, the extract obtained from 5 animals, containing about
0.2 mg protein, was adsorbed on nitroceliulose membrane by a
dot-blot apparatus (Bio-Rad) and labelled with pAb or mAb anti-
human plasma FN. The antibody detection was accomplished with
the appropriate secondary antibody labelled with alkaline phospha-
tase. Purified human plasma FN was also adsorbed at various

concentrations and stained in the same way. The strips containing
stained spots were scanned with a GS 300 dual speed scanning
densitometer (Hoefer, USA) operated with reflectance mode. When
the area of the peak relative to each spot was plotted against the
relative human FN concentration, a siraight line was obfained in
the range 10-100 ng FN.

Controls with rabbit or mouse pre-immune sera were carried
out in all experiments.

Immuno-electron microscopy

For immuno-electron microscopy, the samples were fixed for
90 min at 20° C by immersion in 2% paraformaldehyde and 0.2%
glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2). After
fixation, they were rinsed overnight in the same buffer. Tissue sam-
ples were then dehydrated in graded ethanols at low temperature
and embedded at —35° C in Lowicryl 4KM (Agar Scientific, UK).

Ultrathin sections were cut, mounted on uncoated 400-mesh
nicke! grids, and processed for the immunogold staining according
to Camatini et al. (1986). They were rehydrated for 5 min on drops
of TRIS-buffered saline (TBS: 0.02 M TRIS, 0.9% NaCl, pH 8.2)
containing 0.1% bovine serum albumin (BSA), labelled for 2 h
with the anti-actin mAb diluted 1:1000 in TBS-BSA, and after
several washes in TBS-BSA, stained for 90 min with gold-labelled
goat anti-mouse antibody (GAM) IgM 10 and 15 nm (Janssen,
Beerse/Belgium). Immunostaining was also performed with the
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Fig. 1a, b. Immunoblots of planarian extracts after 10% SDS-
PAGE. a Lane 1 Coomassie-blue-stained protein markers; lanes
2-3 Coomassie-blue-stained planarian extract, carried out on O h
and 4-day regenerants; lane 4 Coomassie-blue-stained purified rat
skeletal muscle actin; lane 5 Western blotting of extract from non-
injured planarians decorated with anti-actin mouse mAb. b Western
blotting of extracts from planarian at 0h (lane 1), 4 h (lane 2),
241 (lane 3) and 4-day regenerants (lane 4), decorated with anti-
actin mouse mAb. The same amount of protein was stratified on
each slab hole. The molecular weights of protein markers are re-
ported in kDa
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Fig. 2a, b. Immunoblots of planarian extract after 5% SDS-PAGE.
a Mini-slab gel electrophoresis of whole extract (lane 2) and protein
markers (lane 1) stained with Coomassie blue. Whole extract
probed with pAb anti-human FN radiolabelled with *2°I-Protein
A (lane 3), lane 3 control in which preimmune serum was used
instead of the first antibody; lane 4 purified (about 5 ng) human
plasma FN stained as in /ane 5. b Slab-gel (16 x 14 c¢m) electropho-
resis and immunoblots of planarian extract. Coomassie-blue-
stained protein markers (Jane f) and 5 pg purified human plasma
FN (lane 2). Lane 3 Western blotting of purified human plasma
FN decorated with pAb and of planarian extract decorated with
pAb (lane 4) and mAb (lane 5). The molecular weight of protein
markers are reported in kDa
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Fig. 3. Dot-blot analysis of FN-like material from planarian ex-
tract. Line 1 Purified human plasma FN at various concentrations
(from left: 100 ng, 50 ng, 25 ng, 15 ng, 10 ng) labelled with anti-
human plasma FN mAb. Line 2 Control in which pre-immune
serum was used instead of the first antibody. Lines 3, 4 Planarian
extract was adsorbed at three different protein concentrations
(from left: 1.5 mg, 0.75 mg, 0.4 mg) and labelled with anti-human
plasma FN pAb (line 3) and anti-human plasma FN mAb (line
9

anti-FN mADb diluted 1:300 in TBS-BSA. This antibody was recog-
nized with GAM IgG 5 and 10 nm (Janssen). In controls, the pri-
mary antiserum was replaced by non-immune sera.

Sections were counterstained with uranyl acetate and lead ci-
trate, and examined with a Philips 400T electron microscope. Some
specimens were processed for conventional electron microscopy
and some for ruthenium red staining as previously reported (Pasco-
lini et al. 1988D).

Results

Immunological characterization of actin
and FN-like proteins

Fig. 1 shows the results of a Western blot analysis carried
out on extracts from planarian tissues. The anti-actin
mAb used reacts with various actin isoforms of verte-
brate cells, and recognizes a single electrophoretic band
of 42 kDa (Fig. 1a, lane 5). Purified actin from rat skele-
tal muscle co-migrated with the protein band that was
immunostained in the planarian extract (Fig. 1a, lane
4). When the extract was carried out at different regener-
ation stages and processed for Western blotting, there
wdas a progressive increase in actin immunostaining
(Fig. 1b) with a maximum in 4-5 day regenerants
(Fig. 1b, lane 4). After this time, the actin immunostain-
ing returned to the same values as in the control animals
(not shown).

SDS-PAGE and Western blot analyses of planarian
extracts decorated with pAb labelled with iodinated pro-
tein A indicated that a 220-kDa radioactive protein band
was present (Fig. 2a, lane 5) with the same electropho-
retic mobility as purified human plasma FN (Fig. 2a,
lane 4). The same results were also obtained with anti-
FN mAb although the band obtained was faint and only
appeared after a prolonged exposure.
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Fig. 4. a Electron micrograph of myoblast in the subepidermal
region 2 days after amputation. Bar: 2.5 pm, x 5000. b Immuno-
electron micrograph. Decoration with anti-actin mAb; 10 nm gold
particles mainly label filaments of the organizing myofiber. Bar:
0.5 pm, x 20000. ¢ Electron micrograph of longitudinally sectioned
differentiated myofibril. Bar: 1 um, x10000. d Immuno-electron
micrograph. Decoration with anti-actin mAb; 5-nm gold particle
labelling. Bar: 0.25 um, x 37000. f Filaments; GC gland cell; M
myofiber; Mph macrophage-like cell; n nucleus; rer rough endo-
plasmic reticulum. Arrows indicate the ECM fibrils closely associat-
ed with myofibril filaments

No apparent changes in FN-like protein immuno-
staining were observed during regeneration. In order to
compare the radioactive bands of human and planarian
material, we studied 5 ng or less of human FN; this
did not give a clearly separated 220-kDa doubiet.

FN-like protein in planarians was also decorated with
both pAb and mAb anti-human FN, and could be dem-
onstrated with the appropriate secondary antiserum la-
belled with alkaline phosphatase (Fig. 2b). The staining
observed with mAb (Fig. 2b, lane 5) was less intense
than that obtained with anti-human FN pAb (Fig. 2b,
lane 4), but a double 220-kDa subunit was clearly visible
in both cases.

The relative amount of FN-like material in planarian
tissue was tested using a dot-blot immunolabelling meth-
od. The results indicated that both mAb and pAb de-
tected approximately the same amount of antigen in pla-
narian extract (30-40 ng FN/mg protein) as determined
by the calibration curve obtained by varying the concen-
trations of purified human plasma FN (Fig. 3). The con-
trol with preimmune serum did not show a positive reac-
tion.

A series of anti-actin and anti-FN antibodies, both
polyclonal and monoclonal, from commercial and labo-
ratory preparations were tested. However, the best re-
producible results were obtained with those used in the
experiments described here.

Immuno-electron microscopy

Immuno-electron microscopy of control (non-injured)
planarians indicates that actin-like protein occurs mainly
in muscle cells, at various stages of differentiation.
Fig. 4a, b shows a myoblast that is characterized by
a well-developed rough endoplasmic reticulum with di-
lated cisternae and by numerous mitochondria. The
myofilaments occur at the cell periphery. The cytoplasm
of the differentiated myofibril is mainly occupied by
myofilaments (Fig. 4c). A close association between
these myofilaments and matrix fibrils was detectable
(Fig. 4a-d). A strongly positive gold label in muscle cell
filaments could be seen in specimens embedded with
Lowicryl KM4 and processed for immuno-clectron mi-
croscopy (Fig. 4d).

In order to study the fine-structural localization of
actin-like protein during cell migration, specimens of re-
generating planarians were used. Fig. 5a shows a basal
portion of this epidermis a few hours after cutting; a
precursor cell is detectable. The presence of a microfila-
ment meshwork suggests that it is passing from being
a migratory to a stationary phenotype, and that it is
being integrated between old epidermal cells. The pre-
sumptive sites of adhesion between the precursors and
basal lamina were shown with ruthenium red staining
(Fig. 5b). Anti-actin mAb specifically decorated the pe-
ripheral cytoplasm of a migrating precursor extension
(Fig. 5¢) and the organizing cytoskeleton of a newly inte-
grating epidermal cell (Fig. 5d).

Blastema-forming cells could be observed when the
blastema developed (Fig. 6a, b). They were character-



Fig. 5a—d. Basal portion of the
epidermis adjacent to the wound,
7 h after wounding. a Electron
micrograph showing a rich fila-
ment meshwork in a precursor
process. Bar: 1 pm, x7000. b
Presumptive sites of adhesion
(thin arrows), shown by rutheni-
um red staining, between a pre-
cursor cytoplasmic process and
the basal lamina. Bar: 0.25 pm,
% 33000. ¢, d Immunocytochemi-
cal decoration with anti-actin
mADb, 15-nm gold particle label-
ling of the peripheral cytoplasm
of migrating precursor extension
(wide arrows) (c) and of the or-
ganizing cytoskeleton of epider-
mal cell precursor (d). ¢ Bar:

0.5 um, x20000. d Bar: 1 um,

% 13000. BL Basal lamina; Ep
epidermal cell; fim filament mesh-
work; PEC epidermal cell precur-
sor

Fig. 6. a Electron micrograph.
Blastema-forming cells in 4-day-
old regenerants. Bar: 2.5 pm,

x 5600. b Immuno-electron mi-
crograph showing blastema cell
lamellipodia (arrows) stained with
anti-actin mAb labelled with

10 nm gold particles. Bar: 1 pm,
x 19000. BC Blastema cell; ECM
extracellular matrix; Mph macro-
phage-like cell; n nucleus
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ized by a large nucleus, which had one or more promi-
nent nucleoli, and which constituted the bulk of the cell
volume (Fig. 6a). The cell surface and lamellipodia were
strongly stained with anti-actin mAb (Fig. 6b).

The anti-FN mAb used stained extracellular matrix
fibrils that were mainly associated with muscle cell fila-
ments (Fig. 7a). FN-like material was also present at
the surface of the migrating cells, such as the blastema-
forming cells (Fig. 7b), and seemed to be associated with
actin-like material. Similar results were also obtained
when the pAb anti-human FN was used.

Discussion

The involvement of actin in non-muscle cell movement
is well established, and morphological cell changes have
been related to various cytoskeletal components (Small
1989). Numerous studies have also shown that actin is
involved in the formation of contacts with extracellular
matrix fibrils at specific sites, namely at focal contacts
(Burridge et al. 1988). FN, a multifunctional glycopro-
tein that mediates interactions between cells and extra-
cellular matrix (Ruoslahti 1988) secems to be involved
in the organization of intracellular actin filaments
(Welch et al. 1990). Studies of the wound-healing process
in most vertebrates have indicated the importance of
actin-FN interrelationships and their relevance in wound
contraction and repair (Gabbiani et al. 1971; Singer
et al. 1984; Welch et al. 1990).

N,
Fig. 7a, b. Immuno-electron mi-
. : crographs. Decoration with anti-
i FN mAb; 5-nm gold particle la-

belling of extracellular matrix fi-
brils closely associated with a

= myofibril (a) and lamellipodium
g surface of blastema cells (b). Bar:
: 0.5 um, x30000. BC Blastema
cell; M myofiber; n nucleus; ar-
rows labelled fibrils; arrowheads
lamellipodia labelling

We propose the use of the lower metazoan planarian
as another model for studying morphogenesis in living
organisms because cell migration and cell differentiation
constitute the cellular basis of both the physiological
adaptation and the high regenerative power of planari-
ans (Bowen et al. 1982; Gremigni 1988; Pascolini et al.
1989; Baguiia et al. 1990). As a first step in studying
the molecular interactions that occur during cell migra-
tion in planarians, we characterized actin- and FN-like
components, by SDS-PAGE analysis and immunolabell-
ing of nitrocellulose replicas with anti-actin and anti-FN
antibodies raised in higher animals.

In planarians, the anti-actin mouse mAb stained mus-
cle cells and migrating cells, such as epidermal cell pre-
cursors, and blastema-forming cells. The immuno-elec-
tron-microscopic distribution of actin-like proteins in
muscle cells and migrating cells seems to be different
and this may reflect the presence of different actin
isoforms. The use of antibodies that recognize specific
actin isoforms will be necessary to elucidate this point.

Our biochemical data strongly suggest the involve-
ment of an actin-like protein in the regeneration process.
It is unclear whether the neosynthesis of actin-like mate-
rial or a different conformational configuration of the
protein (e.g., polymerization-depolymerization) is the
basis of the transient changes in the amount of antigen
detected. However, the changes in actin-staining intensi-
ty during regeneration and wound repair, as revealed
by Western-blot analysis, could be related to the increase
in cells that actively migrate from the parenchyma to
the newly forming epidermis and developing blastema.



The association of matrix fibrils with muscle cell fila-
ments, giving a network that resembles the fibronexus-
like structure (Singer et al. 1984), is also of interest be-
cause it may function as a primitive skeleton in planari-
ans. The slight difference in FN-like protein staining
after electroblotting experiments with pAb and mAb
scemed to be caused by the SDS procedure. Indeed, dot-
blot experiments carried out with the native protein indi-
cate that both antibodies detect about the same amount
of antigen in planarian extract, whereas when the extract
is treated with 0.1% SDS, the protein staining with mAb
is less intense with respect to that obtained with pAb.

The doublet of the FN-like molecule at 200-kDa, de-
tected in planarians with both mAb and pAb, shows
the same subunit molecular weight as the human FN
used as a reference (reported here) and of the vertebrate
FN previously studied (Hynes 1985; Yamada 1989). In
addition, similar molecular weight values and subunit
composition have been published for FN-like material
isolated from Microciona prolifera (Akiyama and John-
son 1983) and from the hemolymph of Helix aspersa
(Bride et al. 1988) and Drosophila (Gratecos et al. 1988).

These data suggest that, in planarians as in vertebrate
models, (1) the FN-like protein constitutes a fundamen-
tal extracellular matrix component, (2) it may provide
an essential substratum for cell migration, as is found
in many other systems (All and Hynes 1978 ; Newgreen
and Thiery 1980; Heasman et al. 1981; Dufour et al.
1988), and (3) there is evolutionary conservation of this
process. Moreover, our results provide indirect evidence
of the similarity in the cell-matrix interactions at lower
and higher evolutionary levels in the animal kingdom.

Acknowledgements. The authors wish to thank Sister Nancy Hut-
chinson for helpful criticism of the manuscript. This work was
supported by CNR grant no. 89.0299104.

References

Akiyama SK, Johnson MD (1983) Fibronectin in evolution: pres-
ence in invertebrates and isolation from Microciona prolifera.
Comp Biochem Physiol 76B: 687-694

Akiyama SK, Yamada SS, Chen WT, Yamada KM (1989) Analysis
of fibronectin receptor function with monoclonal antibodies:
roles in cell adhesion, migration, matrix assembly, and cytoske-
letol organization. J Cell Biol 109:863-875

Ali TU, Hynes RO (1978) Effects of LETS glycoprotein on cell
motility. Cell 14:439-446

Aznavoorian S, Stracke ML, Krutzsch H, Schiffman E, Liotta LA
(1990) Signal transduction of chemotaxis and haptotaxis by
matrix molecules in tumor cell. J Cell Biol 110:1427-1438

Baguiia J, Romero R, Salo E, Collet J, Auladell C, Ribas M, Riu-
tort M, Garcia-Fernandez J, Burgaya F, Bueno D (1990) In:
Marthy H-J (ed) Experimental embryology in aquatic plants
and animals. Plenum Press, New York, pp 129-162

Boucaut JC, Darribére T, Poole TJ, Akyama H, Yamada KM,
Thiery JP (1984) Biologically active synthetic peptides as probes
of embryonic development: a competitive peptide inhibitor of
fibronectin function inhibits gastrulation in amphibian embryos
and neural crest cell migration in avian embryos. J Cell Biol
99:1822-1830

Bowen ID (1984) Laboratory techniques for demonstrating cell
death. In: Davies I, Sigee DC (eds) Cell ageing and cell death.
Cambridge University Press, Cambridge, pp 5-40

505

Bowen ID, Hollander JE den, Lewis GHJ (1982) Cell death and
acid phosphatase activity in the regenerating planarian Policelis
tenuis Tijima. Differentiation 21:160~-167

Bradford MM (1976) A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilising the principle
of protein-dye binding. Anal Biochem 72:248-254

Bride M, Barre P, Griffond B, Bride J (1988) Localization of a
fibronectin-like molecule in the ovotestis of the snail Helix as-
persa. Cell Tissue Res 254:421-428

Burnette WN (1981) “Western blotting”: electrophoretic transfer
of proteins from sodium dodecy! sulfate-polyacrylamide gels
to unmodified nitrocellulose and radiographic detection with
antibody and radioiodinated protein A. Anal Biochem
112:195-203

Burridge K, Fath K, Kelly T, Nuckolls G, Turner C (1988) Focal
adhesions: transmembrane junctions between the extracellular
matrix and the cytoskeleton. Annu Rev Cell Biol 4:487-525

Camatini M, Anelli G, Casale A (1986) Identification of actin in
boar spermatids and spermatozoa by immunoelectron micros-
copy. Eur J Cell Biol 42:311-318

Clark RAF, Lanigan JM, Della Pelle P, Manseau E, Dvorak HF,
Colvin RB (1982) Fibronectin and fibrin provide a provisional
matrix for epidermal cell migration during wound reepitheliali-
zation. J Invest Dermatol 79:264-269

Couchman JR, Rees DA (1979) The behaviour of fibroblasts mi-
grating from chick heart explants: changes in adhesion, loco-
motion and growth, and in the distribution of actomyosin and
fibronectin. J Cell Sci 39:149-165

Duband JL, Nuckolls GH, Ishihara A, Haseqawa T, Yamada KM,
Thiery JP, Jacobson K (1988) Fibronectin receptor exhibits high
lateral mobility in embryonic locomoting cells but is immobile
in focal contacts and fibrillar streaks in stationary cells. J Cell
Biol 107:1385-1396

Dufour S, Duband JL, Kornblihtt AR, Thiery JP (1988) The role
of fibronectins in embryonic cell migrations. Trends Genet
4:198-203

Ekblom P, Vestweber D, Kemler R (1986) Cell-matrix interactions
and cell adhesion during development. Annu Rev Cell Biol
2:27-47

Elhers U (1985) Phylogenetic relationships within the Platyhel-
minthes. In: Conway Morris S, Geroge DG, Gibson R, Platt
HM (eds) The origins and relationships of lower invertebrates.
University Press Oxford, Oxford, pp 143-158

Elhers U (1986) Comments on a phylogenetic system of the Platy-
helminthes. Hydrobiologia 132:1-12

Gabbiani G, Ryan GB, Majino G (1971) Presence of modified
fibroblasts in granulation tissue and their possible role in
wound contraction. Experientia 27: 549-550

Gordon RS, Staley CA (1990) Role of the cytoskeleton during
injury-induced cell migration in corneal endothelium. Cell Motil
Cytoskeleton 16:47-57

Gratecos D, Naidet C, Astier M, Thiery JP, Sémériva M (1988)
Drosophila fibronectin: a protein that shares properties similar
to those of its mammalian homologue. EMBO J 7:215-223

Gremigni V (1988) Planarian regeneration: an overview of some
cellylar mechanisms. Zool Science 5:1153-1163

Grinnell F, Billingham RE, Burgess L {(1981) Distribution of fibro-
nectin during wound healing in vivo. J Invest Dermatol 76: 181~
189

Hay ED, Coward SJ (1975) Fine structure studies on the planarian
Dugesia. 1. Nature of the “neoblast” and other cell types in
noninjured worms. J Ultrastruct Res 50:1-21 ‘

Heasman J, Hynes RO, Swan AP, Thomas V, Wylie CC (1981)
Primordial germ cells of Xenopus embryos: the role of fibronec-
tin in their adhesion during migration. Cell 27:437-447

Hue HK, Benyamin Y, Roustan C (1989) Comparative study of
invertebrate actins: antigenic cross-reactivity versus sequence
variability. J Muscle Res Cell Mot 10:135-142

Hynes RO (1985) Molecular biology of fibronectin. Annu Rev Cell
Biol 1:67-90



506

Hynes RO (1987) Integrins: a family of cell surface receptors. Cell
48:549-554

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:680-685

Newgreen D, Thiery JP (1980) Fibronectin in early avian embryos:
synthesis and distribution along the migration pathways of neu-
ral crest cells. Cell Tissue Res 211:269-291

Pascolini R, Lorvik S, Camatini M (1988a) Cell migration during
wound healing of Dugesia lugubris s.l. Fortschr Zool 36:103—
109

Pascolini R, Vagnetti D, Tei S, Di Rosa I (1988b) Cell-matrix
contact sites during planarian wound healing. Med Sci Res
16:561-562

Pascolini R, Panara F, Di Rosa I, Lorvik S (1989) The phorbol
ester TPA dramatically inhibits planarian regeneration. Tissue
Cell 21:395-401

Roman J, La Chance RM, Broekelman TJ, Kennedy CIR, Wagner
EA, Carter WG, McDonald JA (1989) The fibronectin receptor
is organized by extracellular matrix fibronectin: implications
for oncogenic transformation and for cell recognition of fibro-
nectin matrices. J Cell Biol 108:2529-2543

Ruoslahti E (1988) Fibronectin and its receptors. Annu Rev Bio-
chem 57:375-413

Shaw LM, Messier JM, Mercurio AM (1990) The activation depen-
dent adhesion of macrophages to laminin involves cytoskeletal
anchoring and phosphorylation of the ¢, integrin. J Cell Biol
110:2167-2174

Singer II, Kawka DW, Kazazis DM, Clark RAF (1984) In vivo
co-distribution of fibronectin and actin fibers in granulation
tissue: immunofluorescence and electron microscope studies of
the fibronexus at the myofibroblasts surface. J Cell Biol
98:2091-2106

Skaer RJ (1965) The origin and continuous replacement of epider-
mal cells in the planarian Polycelis tenuis (Iijima). J Embryol
Exp Morphol 13:129-139

Small JV (1989) Microfilement-based motility in non-muscle cells.
Cur Opin Cell Biol 1:75-79

Spudich JA, Watt S (1971) The regulation of rabbit skeletal, muscle
contraction. I. Biochemical studies of the interaction of the
tropomyosin-troponin complex with actin and the proteolytic
fragments of myosin. J Biol Chem 246:4866-4871

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc Natl Acad Sci USA
76:4350-4354

Welch MP, Odland GF, Clark RAF (1990) Temporal relationships
of F-actin bundle formation, collagen and fibronectin matrix
assembly, and fibronectin receptor expression to wound con-
traction. J Cell Biol 110:133-145

Winklbauer R (1990) Mesodermal cell migration during Xenopus
gastrulation. Dev Biol 142:155-168

Yamada KM (1989) Fibronectins domains and receptors. In:
Mosher DF (ed) Fibronectin. Academic Press, New York, pp
47-121



