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Formation of the extracellular matrix during the epimorphic
anterior regeneration of Owenia fusiformis:

autoradiographical and in situ hybridization studies
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ABSTRACT During post-traumatic regeneration of the polychaete annelid Owenia fusiformis, the
extracellular matrix (ECMJ formation was studied by light and electron microscopy and by histo-
autoradiography after incorporation of tritiated proline as marker for collagenic proteins. Three days
after amputation, a new basement membrane was reformed in the blastema between the ectoderm
and the mesoderm. Atthe same time, the cytoskeleton andthe anchoring structures (hemidesmosomes)
were differentiated inthe basal part of the ectodermal cells. Four days after amputation, collagenfibers
appeared in the extracellular matrix newly reformed between the ectodermal and mesodermal layers.
The existence of a proximo-distal gradient in the organization of the new extracellular matrix and the
accumulation of molecules labeled by 3H.proline was shown. This accumulation started at the level of
the injured segment ofthe stump. Differences in labeling intensity were seen in the regenerate. Within
specific organogenetic zones, i.e. the epidermal gland anlagen, the branchial buds and the stomodeal
invagination, the labeling between the ectodermal and mesodermal layers was less intense than in
other parts of the regenerate. In the mesodermal connective septa (dissepiments), located between
consecutive segments, the labeling and the accumulation of extracellular material occurred later than
the formation of the ectodermal basement membrane. In situ hybridization of a DNA molecular probe
corresponding partially to the coding region ofthe collagen.like gene Ocg8, showed a spatio-temporal
expression of this gene. Northern blot analysis showed a single transcript of 6.6 kb. Four days after
amputation the accumulation of this transcript was exclusively localized at the level of the ectodermal
layer during differentiation of the regenerate. The ectoderm was thus shown to playa dynamic role
during the first stages of traumatic regeneration, although it did not seem to be directly involved in
the early events of the metameric process.
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Introduction

The extracellular matrix (ECM) plays a crucial and dynamic
role in developmental morphogenetic events in embryos and in
adult animals by ensuring the stability of tissue specific structures
and functions. Permanent instructions and permissive information
seem to be exchanged between cells through the ECM. The
quantitative and qualitative microheterogeneity and the spatio-
temporal variations of this structure, as well as its pathological
modifications, contribute to cellular behavior (migration, prolifera-
tion and differentiation) by means of differentia! accumulation of
soluble factors (growth factors) and/or specific ECM molecules,
according to the-dynamic reciprocity model. proposed by Bissell et
al. (1982).

During development, interactions between cell surface and ECM
molecules were involved in gastrulation of insect (Knibiehler et al.,
1990), sea urchin (Wessels et a/., 1984), amphibians (Boucaut and
Darribere, 1983; Lee et al., 1984: Nakatsuji, 1984: Boucaut et al.,
1985: Johnson et al., 1990), chicken (Duban and Thiery, 1982) and
early mouse embryos (Vartiovaara and Vaheri, 1980). ECM molecules
control the migration of neural crest cells (Thiery et at., 1985; Bronner-
Fraser and Lallier. 1988; Lafberg et al., 1989; Newgreen, 1989;
Bronner-Fraser, 1990; Perris et a/., 1990) and growth of nerve
endings (Letourneau, 1975; Collins and Garrett, 1980; Sanes,
1989, for review). The secretion of orientated ECM molecules was
involved in morphogenetic pattern formation in a lower invertebrate

.-lhill/1.'/alil!lIl 1/11'11ill III/I ImlwI: E( :\1. ("xlr,ln'11111ar matrix

"Address for reprints: Laboratoire de Biologie de la Differenciation Cellulaire, Faculte des Sciences de Luminy, F-13288 Marseille Cedex 9, France. FAX:
91.26.93.86

02] 4.6282/91 /503.00
.r LBC PrC\~
PrintcdinSplin



110 F. DlIl'ill cl al.

Fig. 1. Morphological events of ECM formation. (A) Semi-thin sagittal secrion 24 h after amputation at the first abdominal segment level. The wound
is closed by the cell plug (Cp) originating from the mesoderm. The healing process involves migration of epidermal cells (Ep) which cover the eel! plug.

Nc= nervous cord, ECM= extracellular matrix. (Bar= 50 11m). (B) Electron micrograph of the same region (") showing the absence of basement membrane
(8M) and the discontinuous contacts between epidermal and mesodermal cells. N= nucleus; Nu= nucleolus; Cly= cytolysomes; Ms= mesoderm. (Bar=

0.25 pm). IC} Semi-rhln parasagittal section of 3-day-ofd blastema showing three clusters of mesodermal cells correspondrng to the regenerated parts
of the body. 1= anterior part of the first abdominal segment; 2= thoracic segment; 3= cephalic part. A thin reorganrzlng 8M separating the ectoderm from

the mesoderm is present in continuity with rhe ECM of the stump (arrows). Sti= stomodeal invagination; Og= digestive gut, Ep= epidermis; Ms=
mesoderm. (Bar= 50 pm). (0) 4-day-old regenerate. The reforming basement membrane (BM) is seen on this electron micrograph showing at this stage
the presence of a sparse fibrillar material. M= muscle; Ep= epidermis. (Bar= O.2.um). IE) 7-day-old regenerate. The new extracellular matrix (ECM) exhibits
normal structural features, with abundant characterrstic collagen fibers. Muscles (M) and basal hemldesmosomes (Hd! are well reorganized. (Bar= 2.um).

(Garrone, 1984) and in vertebrate chondrogenesis (Rooney et al.,
1984). During organogenesis, the role of the ECM has also been
demonstrated in many biological systems (Bernfield and Banerjee,
1978: Hay, 1984). Following injury, the basement membrane, a

specific epithelial ECM, was found to be involved in wound healing,
scar formation and regeneration as a substate for cell migration,
proliferation and differentiation in the different species studied
(Tim pi and Dziadek. 1986; Clark, 1989. for review).



In annelids, a thick ECM is present between the epiderm and the
mesoderm, and between the mesoderm and the endoderm. Be-
tween coelomic cavities of consecutive segments, ECM forms a
connective septum in the dissepiment. ECM structures provide the
animals with a scaffold that determines their anatomical shape.

In Owenia fusiformis, epimorphic regeneration involves first the
formation of a blastema from which the exact number of amputated
segments is reproduced (Thouveny, 1967). We have previously
shown that ECM was lacking in the early blastema (Coulon ef al.,
1989) but was progressively restored during differentiation of the
regenerate. Duringthis process a basement membrane and then an
ECM were formed between the three different layers, the ectoderm,
the mesoderm and the endoderm. Later, when the coelomic cavities
develop in the regenerate, ECM was formed in the connective rows
(dissepiments) accordin'g to a well defined metameric pattern
(Thouveny et al., 1988). Ultrastructural and immunohistochemical
data (Coulon, 1979; Couion ef al" 1989), have shown that collagen
is a major component of the ECM of Owenia.

We have studied the expression of a partially characterized
collagen-like gene isolated from a genomic library of Owenia
fusiformis. In situ hybridization of the related probe corresponding
to the helicoidal domain of the molecule has shown a specific
accumulation of the transcripts in the epidermal cells. This accu-
mulation was correlated with the accumulation, in the basement
membrane, of tritiated proline, which was used as a marker for
collagenic proteins.

The involvement of the related Ocg8 gene in morphogenetical
events of regeneration during the main stages of ECM remodeling
was discussed.

Results

ECM remodeling during anterior regeneration
During anterior epimorphic regeneration of Owenia fusiformis, we

chronologically observed the reorganization of the ECM after am-
putation atthe level ofthe first abdominal segment. The ectodermal
cells localized on the edge of the wound lose their anchoring
structures and migrate on a mesodermal plug to form the wound
epithelium (Fig. lA). The wound healing process brings into appo-
sition the ectodermal and mesodermal layers without intercalation
of any detectable extracellular component. One day after amputa-
tion, the healing epiderm covered the entire surface of the wound,
but its inner surface showed irregular cytoplasmic expansions,
containing cytoskeletal bundles, thus making discontinuous contacts
with the mesodermal cells (Fig. 18).

Three days after amputation, a thin reorganizing basement
membrane (about O.l~m) was observed between the ectoderm and
the mesoderm linked to the ECM ofthe stump (Fig.1C). No collagen
fibrils were present (Fig. lD). At this stage, the clusters of meso-
dermal cells do not have coelomic cavities and, between them, no
connective boundaries can be observed.

At 6-7 days after amputation, a more complex extracellular
matrix was observed. The thickness of the extracellular matrix was
increased (about l~m) by associating with organized bundles of
collagen fibers. Correlatively, the anchoring structures (desmosomes
and hemidesmosomes) were formed in epidermal and mesodermal
(muscle) cells (Fig. lE). Later, (7-day-old regenerate), metameric
structures, such as epidermal glands and parapodial structures
(uncini), differentiated. Typically, in the axial part of the regenerate,
the stomodeal invagination and the endodermal digestive tube were
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joined together at the limit between the thorax and the first
abdominal segment level. In the mesoderm, dissepiments provided
by ECM components isolate the coelomic cavities of the segments
(see Fig. 2E).

Tritiated proline incorporation
Incorporation of tritiated proline was used to study the distribution

of proline-rich components during the formation of the ECM in
regenerates. Longitudinal sections of labeled animals fixed after a
6h period of chase in cold proline showed a diffuse signal on the
whole epidermis (data not shown). After a 24h period of chase,
silver grains were concentrated in the newly differentiating basement
membrane of the blastema and of the regenerate (Fig. 2A, B and E).

[n the 3-day-old blastema, labeling was detected in the thin

basement membrane formed in the continuation of the ECM of the
stump. No labeling was seen in the undifferentiated apical part of
the blastema (Fig. 2A).

Five days after amputation, the signal was intense overthe ECM,
between the epiderm and the mesoderm throughout the regener-
ate. However, the intensity of the signal was less pronounced in the
anterior region. The labeling was rarely observed in the dissepiment
present between the first abdominal and the thoracic segments
(Fig. 2B). No signal was noticed in the epidermal gland anlagen (Fig.
2C and D). The variability of the signal presumably reflects regional
differences in the level of proline-containing extracellular molecules
within the basement membrane.

Seven days after amputation, all the structures correspondingto
the extracellular matrix of the regenerate exhibited significant
labeling (Fig. 2E). In none of the early stages did the cuticular
structures show any labeling (Fig. 2A, B and C).

Characterization and expression of a collagen-like sequence

Characterization of Ocg8 «collagen-like- clone

The restriction map ofOcg8 selected recombinant phage and the
orientations of the DNA fragments used for sequencing are presented
in Fig. 3. The 5 kb Hind III fragment cross-hybridized to Dcg1 and the
adjacent 1.1 kb Hind III-Eco Rl fragment cross-hybridized to Cg 45.
Further, the size of the subfragments shown does not represent the
actual limits of the collagen gene. The 2.5 kb Hind III fragment of
Ocg8 was extensively cut by Sau 96 I, a restriction enzyme often
used to identify coding sequences for collagen (Gordon et al., 1987;
Vasios et al., 1987), because it recognizes specifically and cuts the
sequence -GGNCC- predicted to be abundant in the triple-helical
region. The digestion pattern of this fragment (data not shown)
corresponded to what might be expected for a collagen-like sequence.

The 1.3 kb Hind 111-EcoRl and the 1.1 kb Eco Rl-Hind III
subfragments generated by the 2.5 kb Hind III fragment were
subcloned in both orientations into M 13 vectors mpl0 and mpll.
Fig. 4 represents the sequence of 315 nucleotides of the insert in
M 13 mpl1. The first G nucleotide would be required in the ex on
splicing. Thetranslation configuration results in a sequence encoding
98 amino-acids. An A+T-rich intervening sequence intron flanks the

5' end of the exon. This intron is bounded by the consensus splicing
signal TYYAG/G (Sharp, 1981). Other sequence matrices (Fig. 4,
arrows) have multiple termination codons in the three reading
frames.

The most striking findings were first. the encoded amino-acid
sequence composed of the (Gly-Xaa-Yaa) repeats (x29), and sec-
ond, the two interruptions in the collagenic sequence in positions
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Fig.2. Autoradiographs after tritiated proline incorporation. (A)Semi-thin section of 3-day-old blastema showing the selective accumulation of silver
grams on the new reforming basement membrane (arrows) linked to the extracellular matrix (ECM) of the stump. BI= blastema; Ep= epidermis; Nc=
nervous cord;Ms= mesoderm, (Bar= TOOt/mL (B) Semi-thin secrion of a 5-day-old regenerate. The labeling is seen at the interface between the epidermis
(fp) and the mesoderm (Ms) of the whole regenerate. Note the decrease in intensity of the labeling in rhe anterior part of rhe regenerate. C= coelom,

8M= basement membrane; 5= stump; glt= secretory epidermal gland of the tube. (Bar= 100 11m). (C) Higher magnification of Fig. 2b. showing the
discontinuity of the labeling at the level of the secretory gland of the tube (glt). Note the absence of silver grain accumulation on the cuticle. (Bar= 50
pm). (D! Semi-thin section stained with Unna blue, at the level of the formation of the secretory gland of the tube (glt), showing the invagination of

ectodermal cells into the mesoderm (Ms!. C= coelom; Ep= epidermis; BM= basement membrane; Dg= digestive gut. (Bar= 50,um). IE) Semi-thin section
of a 7-day-old regenerate showing the three anatomical regions. The labeling is seen on the basement membrane (BM) of the regenerate, around the
secretory gland of the tube (giO and along the disseplments (D) Dg= digestive gut. (Bar= 100 pm)
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Fig. 3. Restriction enzyme map of the Ocg8 recombinant phage containing Owenia fusiformis collagen sequences. The white box represents the
fragment ofOwenia DNA that cross-hybridizes to pCg45; the dark box, the fragment that cross-hybridizes to Dcg1. The arrows indicate the sequenced
portions.

244 and 307, which were, respectively, 8 and at least 2 aminoacids
long. In addition. proline constitutes 19% and alanine 16% of
aminoacids. Histidine. cysteine and tyrosine are absent.

Genomic Southern
Ocgs restriction fragments were labeled with a32p and hybrid-

ized under stringent conditions to a whole genomic southern blot of
Owenia fusiformis DNA digested with Pst I. Ocg8 exhibited self-
hybridization only to a single band of about 6.5 kb (Fig. 5A), and thus
constitutes a very specific DNA probe to be used in specific mRNA
detection experiments, by in situ hybridization.

Northern blot analysis
Northern blots of 5-day-old regenerate poly(A)+ RNAs showed that

the OcgS probe hybridized to a single mRNA species, about 6600
bases long (Fig. 58, lane 1). Northern blots with poly(A)+ RNAs
extracted from non-regenerating tissues (normal animals) gave very
few, if any, positive results (data not shown). PolJ'(A)+ RNAs from
Drosophila were used as negative controls (Fig. 58, lane 2).

In situ hybridization analysis
We analyzed the expression of OcgS gene by in situ hybridization

in sectioned regenerates at various stages of regeneration, using
DNA a32P-labeled probes that correspond to restriction fragments
of OcgB.

OcgS transcripts were not detectable during the first stages of
regeneration into the 2- to 3-day-old regenerates when
dedifferentiating processes and cell multiplication are more efficient
(Thouveny et al., 1988). A selective signal appeared in 4-day-old
regenerates, and was only present in ectodermal cells (Fig. 6A and
8). This labeling persisted during the later stages (5-7 days; Fig. 6C
and D). The accumulation of grains was localized in all the ectodermal
cells including the stomodeal invagination and epidermal glands
(Fig. 60, E and F). The mesodermal region and digestive gut
displayed no labeling (Fig. 60).

Control data demonstrated that non-specific binding of
heterologous ). DNA was randomly distributed throughout the sec-
tions. On the other hand, sections treated with RNase I prior to

hybridization with Ocg8 DNAshowed an autoradiographic labeling
reduced to background level (data not shown).

Discussion

In this paper we described the main stages of ectodermal
basement membrane formation during post-traumatic anterior re-
generation in the polychaete annelid Owenia fusiformis. The main
findings can be summarized as follows:

Histological and ultrastructural data showed that the basement
membrane appears during blastema formation and differentiates
along with the reorganization of the epidermis and the underlying
muscle tissue originating from the mesodermal cells of the blastema.
New anchoring structures (hemidesmosomes and cytoskeleton)
were observed in the epidermal and muscle cells 4-5 days after
amputation just before collagen fibers begin to accumulate within
the new basement membrane.

Autoradiography after 3H-proline incorporation (pulse and chase
experiments) showed that the epidermis synthesized labeled pro-
teins from the 3rd day after amputation. Afterwards, these proteins
accumulated in the newly formed basement membrane of 4-5-day-
old regenerates. Proline is one ofthe major amino-acid components
of collagen (12%) and its incorporation can be used as a marker for
the synthesis of this protein. Our chronological data on this
synthesis were in good agreement with those of Burke and Ross
(1975), during regeneration of the oligochaete annelids. Our
autoradiographic experiments suggested that the main product
synthesized by the epidermis, labeled by 3H proline. was targeted
to the new basement membrane. The targeting ofthis(ese) protein(s)
into the differentiating basement membrane started at the level of
the stump and progressed into the regenerated segments following
a proximo-distal gradient. It was noteworthy that the extracellular
matrix was first deposited at the interface between the ectodermal
and mesodermal layers and, later, at the boundaries between the
coelomic cavities of two consecutive segments.

OcgS probe provided a good tool for in situ hybridization. This
clone contains a 13 kb Owenia DNA insert which was characterized
by Southern and Northern analyses and has been partially sequenced.
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1 16 .1 31
5'- AAT TTA TTT TAT TTC AAT TAA GGG CGA ACT GGG CCT TCT GGT CCT

"'topGLY ARG THR GLY PRO SER GLY PRO
46 61 76
ACT GGA GCT ACT GGA GAA GGT GGA CCA ATA GGA CCT GGT GGT CCC
THR GLY ALA THR GLY GLU GLY GLY PRO ILE GLY PRO GLY GLY PRO

... ... ...
9l 106 121
CCT GGA GCT ACA GGA CCA TCT GGC CCT ACT GGG GCA ACT GGA ACT
PRO GLY ALA THR GLY PRO SER GLY PRO THR GLY ALA THR GLY THR

... ... ... ... ... ...
136 151 166
AGT GGT CCT GCT GGT GCG ACA GGT GAA ACT GGC CCT GCT GGA GCA
SER GLY PRO ALA GLY ALA THR GLY GLU THR GLY PRO ALA GLY ALA

... ... ... ... ...
181 196 211

Fig.4.Nucleotideand corresponding amino-
ACT GGA CCA GCT GGA CCA GAT GGA CCA GCT GGA GCA ACT GGA CAA acid sequences of a 315 nucleotide fragment.
THR GLY PRO _~LAGLY PRO ASP GLY PRO ALA GLY ALA THR GLY GLN OcgB contains an exon coding rhe potential... ... ... ... triple-helica/ domain. The derived amino-acid

226 241 256 sequence is shown be/ow the appropriate
ACT GGG GCT GGT GGC GCC TGG GC TAC TGG ACC AAG TGG GCT GCT codons. The numbering of nuclearidesisfor
THR GLY ALA GLY GLY ALA TRP SER TYR TRP THR LYS TRP ALA AL referencepurposes only. The arrow indicates

271 286 301 the location of the probable splice site inthe

GGA GCA ACT GGA GTT GCT GGG CCT GTT GGA GCA CTG CA CTT GGCI -3'
consensus junction sequence oftheintron-exon

GLY ALA THR GLY VAL ALA GLY PRO VAL GLY ALA LEU HR LEU GLY (underlined).The (Gly-Ala-Thr)repearis frequently... ... ... present (stars).

The related nucleotide sequence clearly specified a collagenous
peptide. It contains a stretch of 315 base pairs (bp) that codes for

29 Gly-Xaa-Yaa repeats and is flanked by the appropriate splice
junction. The boundary of the intron was analogous to those
reported for other genes and had a consensus sequence AG/G-

exon. The donor splice site appeared to be located within the glycine
codon which is found in type IV collagen genes of both vertebrates
and invertebrates while in type I genes the starting glycine codon
remains intact. This feature applies to other invertebrate collagen
genes; for instance, cuticular genes of nematodes (Kramer et al.,
1982). On the other hand, there were two interruptions in the
sequenced triple-helical coding related region, as in type IV or
cuticular collagen genes. The exon ofOcg8 was at least 304 bp long
and it probably extended beyond the 3' end of the 0.9 kb Eco R1-
Hind III fragment. It differs from the vertebrate fibrillar collagen
genes whose exons consist of 9 bp-multiple motifs which rarely
exceed 108 bp. Northern blot analysis showed a single transcript
of 6.6 kb which was comparable to those detected in other
organisms which code for collagenic molecules. For example, a
mRNA of 6.4 kb corresponding to type IV collagen was found in the
early stages of development of Drosophila (Le Parco et al., 1986).
In sea urchins, several specific high molecular weight mRNAs (9 kb,
7 kb, 6 kb) were differentially expressed at blastula, gastrula and
pluteus stages (Nemer and Harlow, 1988; Saitta et al., 1989).

In sponges however, non-fibrillar collagen mRNA has a lower
molecular weight (1.6 kb) (Exposito and Garrone, 1990) and is
similar to that of cuticular collagen of Caenorhabditis elegans (Cox
ef al., 1981).

Finally, the genomic hybridization pattern generated by the Ocg8
clone suggests the existence of a single-copy gene. Therefore this
sequence has the main characteristics required for a molecular
probe used in in situ hybridization experiments.

According to Edwards et al. (1958), many if not all cell types
might be involved in the secretion of collagenic structures. The data

presented here identify the epidermal cells as the unique site
responsible for the expression of Ocg8 gene. During traumatic
regeneration in Owenia, extensive remodeling processes occurred
in the cells participating in the formation of the blastema and the
regenerate, including the reorganizing cuticle and the reforming
basement lamina and extracellular matrix (Coulon et al., 1989).
Consequently, the translational products of Ocg8 might be an
extracellular matrix or a cuticular collagen. The localization of
collagen messenger RNAs in C. elegans by in situ hybridization
showed that the cuticular collagen was synthesized by the under.
lying hypodermal cells and developmentally regulated before each
moult (Edwards and Woods, 1983). In Owenia, ultrastructural and
biochemical data (Dupin, 1990) showed that the cuticle does not
contain collagen. Thus, on the basis of the present data, it can be
assumed that Ocg8 expression in the epidermal cells is related to
a fibrillar or a non-fibrillar collagen component of the epidermal
basement membrane. In situ hybridization showed that the accu-
mulation of the related transcripts is tissue-specific and spatio-
temporally regulated. There was a good correlation between our in

situ hybridizations and biochemical data previously obtained, par-
ticularly the increase of transcriptional activity at 4-5 days after
trauma (Fontes et al.. 1979). Northern blot data using poly (A)+
RNAs extracted from 4-day-old regenerates corroborated this find-
ing. The results obtained by in situ hybridization were in favour of a
renewed gene activation, expressed in the whole epidermis of the
proximal stump and the regenerate, and were in good agreement
with the autoradiographic and ultrastructural studies on the reor-
ganization of the extracellular matrix during regeneration.

Materials and Methods

Animals
Polychaete annelids, Owenia fusiformis. were collected at the Marine

Biological Laboratory of Roscoff (France). They were reared in a circulating
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sea water aquarium, under standard laboratory conditions. The amputation
was done at the level of the anterior part of the first abdominal segment.
Regeneration was always complete (Thouveny, 1967), following a morpho--
logical and biochemical pattern previously described (Fontes et al., 1983).

Electron microscopy
Samples excised from normal animals and from 2 to 7 day-old-

regenerates were prefixed with 2% glutaraldehyde in 0.05M cacodylate pH
7.5 and artificial sea water for lh at 4°C. Specimens were subsequently
washed and post-fixed for lh in 1% OS04 in the same buffer. Pieces were
dehydrated using a graded ethanol series and embedded in Araldite M.

Semi-thin sections were stained with Unna blue. Ultra-thin sections were
stained with uranyl acetate and lead citrate, and examined in an HU600
electron microscope operated at 75kV.

Autoradiography
Regenerating animals (3,5.7 days after amputation) were incubated for

2h in sea water containing 2,3-3H L-pro!ine (Amersham, specific activity: 26
CijmM, concentration: 25)JCijml). After incubation, samples were washed

for 6 to 36h in 1% cold proline, and fixed according to the procedure
described above.

Semi-thin sections were coated with Kodak NTB2 emulsion, exposed for
10 days and developed in Kodak D19b.

Screening and selection of collagen-like Owenia fusiform is genomic clones
We have constructed a library of random Oweniagenomic fragments (about

15 Kb) in the laboratory of Dr. V. Pirrota in EMBL, using a partial Sau 3A
digest of adult Owenia DNA. The fragments were ligated into Bam Hl-
digested L 47!, vector (Bakalara et al., 1990).

Screening of the library was first performed according to the method of
Benton and Davis (1977). The 2.6 Kb Hind III insert of the recombinant
plasmid pcg 45 of the chicken !, (2}-procollagen cDNA was used as
heterologous probe for hybridizations (Lehrach et al., 1978); it contains the
carboxy-terminal propeptide region and the last half of the triple helical
domain cloned into pBR 322. We also used the Bam Hi restriction

fragments of the Dcgl clone, previously sequenced by Monson et al. (1982),
corresponding to the Drosophila type IV collagen gene (Cecchini et al.,
1987). These fragments were purified from agarose slab gels (see below)
and 32p labeled by nick-translation (Rigby et al., 1977). Filters were
prehybridized and hybridized as described by Monson et al. (1982).

Several positive plaques (20) of varying signal intensity were obtained
under low stringency conditions. Six of these recombinant clones (Ocg6, 7,
8,9,16 and 19) which presented higher hybridization signals with both the
collagen Cg45 and Dcgl probes were isolated and amplified using E. coli
Q358 strain.

Southern blots of these genomic clones cleaved with Eco R1. Bam Hi,
Hind III restriction endonucleases were hybridized with 32p labeled Cg45 in
order to localize the subfragments which are homologous to the chicken
collagen cDNA probe. We repeated the experiment using the BamHI
restriction fragments of the genomic Dcgl clone.

DNA procedures
The lambda phage DNA was purified essentially as described by

Yamamoto et al. (1970) and Blattner et al. (1977), for further analysis. The
preparation of Bluescript (BS) plasmid and M13 phage was carried out,
using the method of Miller (1972). Bluescript plasmid DNA was finally
purified by precipitation using 10% polyethylene glycol, 500 mM NaCI, for 30
min in ice, and banded on CsCI-ethidium bromide density gradients.

Genomic DNA was prepared from pure isolated nuclei using the method
described by Schwartz and Cantor (1984), with minor modifications. The
annelid pure nuclei were purified prior to embedding in agarose. DNA was
transferred onto nitrocellulose filters (Hybond C, from Amersham) according
to Southern (1975). Hybridization probes were labeled with 32P-dCTP by
.random primer. elongation (Feinberg and Vogelstein, 1983). Hybridizations
and washes were essentially done as described in Maniatis et al. (1982).

For restriction enzyme analysis, samples of ONA were dissolved in 10mM
Tris-HCI pH8.1 mM EDTA, and digested with enzymes (4 unitsj~g DNA), at

37"C for lh in appropriate buffers. Isolation and purification of given
restriction fragments were performed as follows: restriction digests of
recombinant phage or plasmid DNA were size-fractionated by electrophoresis
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on 1% agarose gel, the slices containing a given fragment were recovered
and purified using a Geneclean kit (Ozyme).

Subcloning
The eluted restriction fragments were ligated with the vectors M13 mpl0

or mpll using double stranded (replicative form) DNA or with the as
plasmid. Transformation was carried out with E. colistrain JM107 or JM109
for M13 strains mp10 and mpl1 and with E. colistrain JM101 for as plasmid,
using the calcium chloride procedure.

Sequence analysis
Single-stranded DNAfrom M13 mpl0 and mpl1 clones were used as

templates and sequencing was performed by the dideoxy chain termination
method (Sanger et al.. 1977) using the .universal- primer to initiate the
sequencing reaction with the Klenow fragment of DNApolymerase I.

Isolation of RNAs and Northern blot analysis
Total RNAs were extracted from S-day-old-regenerates using the

guanidinium thiocyanate method (Chirgwin et al., 1979).
Poly(A)+ RNAs were isolated by oligo(dT) cellulose chromatography; the

sample (10~)was then fractionated by electrophoresis on 1.5% formaldehyde
agarose gel and transferred to a nylon filter (Hybond N Amersham) in lOx

SSPE buffer (NaCll.5 M, NaH2P04 0.1 M. EDTA 10mM).
The 2.25 Kb Hind III restriction fragment Ocg8 was labeled as a

homologous probe to hybridize to the poly (A)+ blot at 42~C for 16h in a .rapid
hybridization. buffer(Amersham). The filter was washed under high stringency
conditions (O.lx SSPE, 0.5% SDS), dried and exposed to Kodak XAR film.

In situ hybridization

Tissue preparation
Samples excised from normal animals and 2-to-7day-old regenerates

were either: i) fixed in Carnoy's solution (3 ethanol: 1 acetic acid), for 30 min
at 4°C and then for 30 min at room temperature, dehydrated in 100% ethanol
(2x15 min) and immersed in toluene (3x15 min), then infiltrated in paraplast
(m.p. 55-57°C), (3x60 min), and embedded in fresh paraplast; or fixed ii) in

4% paraformaldehyde buffered with a solution containing 0.05 M cacodylate
pH 7.5 and artificial sea-water, for30min at4°C, and then for 30min at room

temperature. The pieces were washed for about 10 min in two changes of
the same buffer, then dehydrated using graded ethanol series, and embedded
in paraplast as described above. The two fixation procedures were compared
in order to find conditions which yielded maximal retention of poly (A)+ RNAs
and the best morphology. Of the two fixatives tested, Carnoy's fixative gave
a better cell morphology than paraformaldehyde fixative (data not shown)
and used further on.

Tissue treatment
The 6 ,um-thick sections were placed on aminoalkylsilane-treated slides

according to a method of Rentrop et al. (1986). In order to permeabilize the
tissue sections and to render them accessible to the hybridization probe
fragments, the following series of treatments were necessary. The
deparaffined sections were first incubated in 0.2 N HCIat room temperature
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for 20 min and washed in DEPC treated water. They were then immersed in
a solution containing 2xSSC (0.3 M NaCl, 0.03 M Na-Citrate, pH 7.0)
prewarmed to 70eC and incubated for 30 min (Brahic and Haase, 1978) at

the same temperature. Aftervvards, they were rinsed in H20 at room tem-
perature and incubated in a fresh solution of proteinase K at a final

concentration of 2 pg/ml in 20 mM Tris-HC!, pH 7.4,2 mM CaCI2 for 15 min
at 37~C, then immediately rinsed in lxPBS for 20 min at room temperature
(Singer and Ward, 1982). Finally, they were acetylated with acetic anhydride

following the method of Hayashi et al. (1978). and dehydrated in ethanol
containing 300 mM ammonium acetate salt.

Serial sections were hybridized in a solution containing the selected
probe. The probe was prepared from restriction fragments by nick translation

or .random primer. elongation (Feinberg and Vogelstein, 1983) in the
presence of (u32p) dCTP, dATP. dGTP. The size of the fragments (50-100
nucleotides) was monitored by a subsequent DNAse I treatment which
allowed better penetration of the probe within the tissues. About 100 pi of
the final hybridization solution, containing roughly 105 cpm of denatured
probe (approximately 106 cpm/,ug) was spread over the sections. The
hybridization was performed for 20 h in 50% formam ide: 600 mM NaCl, 10
mM Tris-HC!. pH 7.5, 1 mM EDTA. lxDenhard's mixed at 37cC. The slides
were then washed for 24h in the same buffer at 37°C, dehydrated and
dipped in Kodak NTB2 emulsion diluted 1:1; they were exposed 10-21 days

at 4°C and developed in Dektol D 19b, then stained in Giemsa diluted 1:10

in PBS.
The specificity of the signal was checked by hybridization on sections

pretreated with RNAse I (100 .ul/ml RNAse J in 10 mM Tris-HCI, 1 mM EDTA
pH 8 for lh at 37~C), and by a parallel hybridization with Hind III I DNA

fragments of similar specific activity and fragment length.

Acknowledgments

This work was supported by the CNRS and the Universiryof Aix-Marseille.
The authors wish to thank Prof. Boucaut and Prof. Garrone for useful
discussions. They also thank B. Knibiehler for comments on the manuscript
and G. Turin! for his photographic help. F.D. received grants from the M.R. T.
and from the -Association Franc;aise contre les Myopathies..

References

BAKALARA, N., COLLET, J., PLAN ELLS. R.. THOUVENY.Y. and FONTES. M.(1990).

Presence in invertebrate genomes of sequences characterized by the repetition of
the triplet CC Purine. B.B.R.C. 166: 1: 66-73.

BENTON. W.O. and DAVIS, R.W. (1977). Screening I. gt recombinant clones by hy-
bridization to single paques in situ. Science 196: 180.182.

BERNFIELD, M.R. and BANERJEE, S.D. (1978). The basal lamina in epithelial.
mesenchymal morphogenetic interactions. In Biology and Biochemistry of Base-

ment Membrane (Ed. Kefalides). Acad. Press, New York, pp. 137.148.

BISSELL. M. J., HALL, H. G. and PARRY,G. (1982). How does the e~tracellular matrix
direct gene e~pression? J. Theor. Bioi. 99: 31-68.

BLATTNER. F.R., WILLIAMS. B.G., BLECH, A.E.. DENNISTON-THOMSON. K., FABER
H.E., FURLONG. L.A.. GRUNWALD, D.J.. KIEFER, 0.0.. MOORE. D.O., SHELDON.
A.L. and SMITHIES, O. (1977). Charon phages: Safer derivatives of bacterophage
lambda for DNA cloning. Science 196: 161.

Fig. 6. Autoradiographs after in situ hybridization using Ocg8 insert as 32P-labeled DNA probe. (A-B) Bright-field and dark-field illumination of
parasagittal sections of a 4-dav-old regenerate cut at the first abdominal segment level. Significant accumulation of transcripts is detected in ectodermal

cells includrng stomodeal invagination ( St i). Ep= epidermis. (Bar= 100 IJm). (C.D) Sagittal sections of a 5-dav-old regenerate amputated at the same level.
IC) Bright-field illumination showing the three regenerated anatomical regions (see Fig. 2E). In the stump, a thick extracellular matrix (ECM) separates

the epidermis (Ep) from the underlving muscle tissue (M). In the regenerate, a thin reforming basement membrane (BM) is present between epidermal
and mesodermal tissue (see Fig. 2B for comparison). Note the presence of a section of a tube secretory gland (glt). (Dg)= digestive gut; 0= dissepiment,
G= gills, Sti= stomodeal invagination. (Bar= 100.um). (D) Dark-field illumination of the previous section. A hybridization signal is detected onlv in the

epidermal cells of the stump near the section and in the ectodermal cells of the regenerate, including stomodeal invagination and secretory gland of the
tube. Sti= stomodeal invagination. (Bar= lOO,1m). IE) Higher magnification at the amputation level in the stump. The signal is onlv seen rn the epidermal
cells (Ep). (Bar= 20,llm). (F) Enlargement of figure 6D. A strong hybridizationsignal is resrricted to the basalpart of the ectodermal cells (EpJ. Mesoderm
(Ms) displavs no labeling. (Bar= 20.umJ.



118 F. Dllpill et al.

BOUCAUT,J.C. and DARRIBtRE. T. (1983). Fibronectin in early amphibian embryos;
migrating mesodermal cells contact fibronectin established prior to gastrulation.

Cell Tissue Res_ 234: 135-145.

BOUCAUT, J.G.. DARRIBERE.T.. SHI, D.l., BOULEKBACHE,H.. YAMADA, K.M. and
THIERY, J.P. (1985). Evidence for the role offibronectin in amphibian gastrulation.
J. Embryo!. b.p. Morphol. 89 (Suppl.): 211-227.

BRAHIC.M. and HAASE, A.T. (1978). Detection of viral sequences of low reiteration
frequency by in Situ hybridization. Proc. Natl. Acad. Sci. USA 75: 6125-6129.

BRONNER-FRASER,M. (1990). Role of the extracellular environment in neural crest
migration. In Cytoplasmic OrganizationSystems (Ed. G.M. Malacinski). Mc Graw
Hill. pp. 375-402.

BRONNER-FRASER, M. and LALLIER. T. (1988). A monoclonal antibody against a
laminin.heparan sulfate proteoglycan complex perturbs cranial neural crest migra-
tion in vivo. J. Cell Bioi. 106: 1321-1329.

BURKE, J.M. and ROSS. R. (1975). A radioautographic study of coilagen synthesis by
earthworm epidermis. Tissue Cell 7: 631-650.

CECCHINI, J.P., KNIBIEHLER. B.. MIRRE, C. and LE PARCO, Y. (1987). Evidence for a
type IV related collagen in Drosophila melanogaster, Evolutionary constancy of the

carboxyl-terminal non-collagenous domain. Eur. J, Biochem. 165: 587-593.

CHIRGWIN. J.M., PRZYBYLA, A.E.. Mac DONALD. R.J. and RUTTER, W.J. (1979).
Isolation of biologically active RNA from sources enriched in ribonuclease. Bio-
chemistry 18: 5294.5299.

CLARK, R.A.F, (1989). Wound repair. Curro Opin. Cell 8iol. 1: 5, 1000-1008.

COLLINS, F. and GARRETT, J.E., Jr. (1980). Elongating nerve fibers are guided by a
pathway of material released from embryonic nonneuronal cells. Proc. Natl. Acad.

Sci. USA 77: 6226-6228.

COULON, J. (1979). La regeneration chez I'annelide Owenia fusiformis: regulation
d'origine nerveuse des systemes histogenetiques. Ph.D. Thesis, University of Aix.
Marseille II. France.

COULON. J., DIANO. M"
ARSANTO, J..p and THOUVENY. Y. (1989). Remodeling

processes du ring anterior regeneration of Owenia fusiformis (Polych aete An ne lidae):
a morphological and immunocytochemical survey. Can. 1. Zool. 66: 994-1005.

COX. G.N., KUSCH, M., EDGAR, R.S. (1981). Cuticle of Caenorhabditis elegans: its
isolation and partial characterization. J. Cell Bioi. 90: 7-17.

DUBAN. J.L., andTHI~RY, J.P. (1982). Appearance and distribution offibronectin during
chick embryo gastrulation and neurulation. Dev. Bioi. 94: 337-350

DUPIN, F. (1990). Formation de la membrane basale au cours de la regeneration de

I'annelide polychete: Owenia fusiformis. Caracterisation et expression spatio-
temporelle d'un gene apparente au collagene. Ph.D. Thesis. University of Aix-
Marseille II, France.

EXPOSITO, J,Y. and GARRONE, R. (1990). Characterization of a fibrillar collagen gene
in sponges reveals the early evolutionary appearance of two collagen gene families.
Proc. Natt. Acad. Sci. USA 87: 6669-6673.

EDWARDS. M.K. and WOODS, W.B. (1983). Location of specific messenger RNAs in
Caenorhabditis elegans by cytological hybridization. Dev. Bioi. 97: 375-390.

EDWARDS, W.E" RUSKA, H. and DeHAVEN, E.J. (1958). Electron microscopy of
peripheral nerves and neuromuscularjunctions inthewaspleg. 1. Biophys. Biochem.
Cytol. 4: 107.

FEINBERG. A.P. and VOGELSTEIN, B. (1983). A technique of radiolabeling DNA
restriction endonuclease fragments with high specific activity. Anal. Biochem. 132:
6-13.

FONTES.
M"

COULON, J., DELGROSSI, M.H. and THOUVENY, Y. (1983). Muscle
dedifferentiation and contractile protein synthesis during post-traumatic regenera-
tion by Owenia fusiformis. Cell Differ. 13: 267-282.

FONT~S. M.. RAILHAC, C. and THOUVENY, Y. (1979). Pattern of RNAsynthesis during
regeneration by Owenia fusiformis (polychaete annelid). Blochimie 61: 369.377.

GARRONE, R. (1984). Formation and involvement of extracellular matrix in the
development of sponges. a primitive multicellular system. In The Role of Extracellular
Matrix in De~'elopment (Ed. R.L. Trelstad). A.R. Liss, New York, pp. 461-477.

GORDON, M.K., GERECKE, D.R. and OLSEN B.R. (1987). Type XIIcollagen: distinct
extracellular matrix component discovered by cDNA cloning. Proc. Nat!. Acad. Sci.
USA 84: 6040-6044.

HAY, E.D. (Ed.) (1984). Collagen and embryonic development. In Cell Biology of

Extracellular Matrix. Plenum Press. New York, pp. 379-409,

HAYASHI, S., GILLAM, I.C., DELANEY, A.D. and TENER, G.M. (1978). Acetylation of
chromosome squashes of Drosophila melanogasterdecreases the background in
autoradiographs from hybridization with (1251) labeled RNA. J. Histochem. Cytochem.
26: 677-679.

JOHNSON. K,E., NAKATSUJI, N. and BOUCAUT, J.C. (1990). Extracellular matrix control
of cell migration during amphibian gastrulation. In Cytoplasmic Organization Sys.
terns (Ed. G.M. Malacinski). Mc Graw Hill, pp. 349-374.

KNIBIEHLER. B., MIRRE, C and LE PARCO. Y. (1990). Collagen type IVof Drosophila is
stockpiled in he growing oocyte and differentially located during early stages of
embryogenesis. Cell Differ. Dev. 30: 147-157.

KRAMER, J.M., COX. G.N. and HIRSH, D. (1982). Comparisons of the complete
sequences of two collagen genes from Caenarhabditis elegans. Cell 30: 599-606.

LEPARCO,Y., CECCHINI,J.P.. KNIBIEHLER,B. and MIRRE,C. (1986). Characterization
and expression of cOllagen-like genes in Drosophila melanogaster. Bioi. Cell. 56:

217-226.

LEE, G., HYNES. R.D., KIRSCHNER, M. (1984). Temporal and spatial regulation of
fibronectln in early Xenopus development. Cell 36: 729-740.

LEHRACH, H., FRISCHAUF, A.M., HANAHAN, D" WOZNEY, J., FULLER, F., CRKVENJAKOV,

R., BOEDTKER, H. and DOTY, P. (1978). Construction and characterization of a 2.5

kb procollagen clone. Proc. Natl. Acad. Sci. USA 75: 5417-5421.

LETOURNEAU, P.C. (1975). Cell-to-substratum adhesion and guidance of axonal
elongation. Dev. Bioi, 44: 92-101.

LOFBERG,
J"

PERRIS, R. and EPPERLEIN.H.H. (1989). Timing in the regulation of
neural crest migration: retarded .maturation. of regional extracallular matrix
inhibits pigment cell migration in embryos of the white axolotl mutant. Dev. 8iol.
131:168-18i.

MANIATIS. T., FRITSCH, E.F. and SAM BROOK, J. (1982). Molecularcloning. Alaboratory
manual. Cold Spring Harbor Laboratory, pp. 383.388.

MILLER, J.H. (1972). Practical aspect of preparing phage and plasmid DNA: growth,
maintenance and storage of bacteria and bacteriophage. Methods Enzymol. 152:
145-170.

MONSON. J.M.. NATZLE,J., FRIEDMAN, J. and McCARTHY, B,J. (1982). Expression and
novel structure of a collagen gene in Drosophila. Proc. Natl. Acad. Sci, USA 79:
1761-1765.

NAKATSUJI,N. (1984). Cell locomotion and contact guidance in amphibian gastrulation.

Am. Zool. 24: 615-627.

NEMER, M. and HARLOW, P. (1988). Sea-urchin RNAs displaying differences in
developmental regulation and in complementarity to a collagen exon probe.
Biochim. Biophys. Acta 950: 445-449.

NEWGREEN, D.F. (1989). Physical influences on neural crest migration in avian
embryos: conctact guidance and spatial restriction. Dev. Bioi. 131:136-148.

PERRIS. R., LOFBERG. J., FALlSTROM, C., VON SOXBERG, Y.. OLSSON. L. and
NEWGREEN, D.F. (1990). Structural and compositional divergencies in the
extracellular matrix encountered by neural crest cells in the white mutant axolotl
embryo. Development 109: 533-55i.

RENTROP. M., KNAPP. B., WINTER, H. and SCHWEIZER. J. (1986). Aminoalkylsilane-
treated glass slides as support for in situ hybridization of keratin cDNAs to frozen
tissue sections under varying fixation and pretreatment conditions. Histochem. J.
18: 271-276.

RIGBY, P.W.J., DIECKMANN, M., RHODES, E. and BERG. P. (1977). Labeling
deoxyribonucleic acid to high specific activity in vitro by nick translation with DNA
poly-merase I. J. Mol. Bioi, 113: 237-251.

ROONEY, P.. ARCHER,C. and WOLPERT,L. (1984 ), Morphogenesis of cartilaginous

leg bone rudiments. In The Role of Extracellular Matrix in Development (Ed. R.L.
Trelstad). Alan R. Liss, Inc. New York, pp .305-322.

SAITTA, B., BUTTICE, G. and GAMBINO, R, (1989). Isolation and partial characterization
of a developmentally regulated sea urchin collagen gene reveals the presence of
a 54 bp exon motif. Coli. Relat. Res, 9: 554.

SANES, J.R. (1989). Extracellular matrix molecules that influence neural development.
Ann. Rev. Neurosci. 12: 491.516.

SANGER, F., NICKLEN, S. and COULSON, A.R. (1977). DNA sequencing with chain
terminating inhibitors. Proe. Natl. Acad. Sel. USA 74: 5463-5467.

SCHWARTZ, D.C. and CANTOR, C.R. (1984). Separation of yeast chromosome-sized
DNAs by pulsed field gradient gel electrophoresis. Cell 37: 67-75.

SHARP, P.A. (1981). Speculation on RNAsplicing. Cell 23: 643-646.

SINGER, R.H. and WARD, D.C. (1982). Actin gene expression visualized in chicken
muscle tissue culture by using in situ hybridization with a biotinated nucleotide
analog. Proc. Nat. Acad. Sci. USA 79: 7331-7335,

SOUTHERN, E.M, (1975). Detection of specific sequences among DNA fragments
separated by gel electrophoresis. 1. Mol. Bioi. 98: 503-517.



THIERY. J.P.. DUBAND. J.L. and DELOUVEE. A. (1985). The role of cell adhesion
in morphogenetic movements during early embryogenesis. In The Cell in
Contact (Eds. G.M Edelman and JP. Thiery). John Wiley and Sons, New York, pp.
169-196.

THOUVENY, Y. (1967). Les systemes histogenetiques et la differenciation cellulaire
dans la morphogenese des annelides polychetes. Arch. Zool. Exp. Gen. 108: 347-
386.

THOUVENY,
Y" COULON. J.. MARILLEY. M. (1988). Cell proliferation and pattern

formation during trauma-induced anterior regeneration of Owenia fusiformis
(Polychaete annelid). Monogr. Dev. Bioi. 21: 222.229.

TIMPL, H. and OZIADEK, M. (1986). Structure, development and molecular pathology

of bClsement membranes. In International Review of Experimental Pathology (Ed.
G.W. Richter). Academic Press, New York, pp.1-112.

Extracellular matrix formation during regeneration 119

VARTIOVAARA, J. and VAHERI. A. (1980). Fibronectin and early mammalian
embryogenesis. In Development in Mammals (Ed. M.H. Johnson). Elsevier North-
Holland Biochem. Press. pp. 233-266.

VASIOS. G., NINOMIYA. Y. and OLSEN, B.R. (1987). Analysis of collagen structure by
molecular biology techniques. In Structure and Function of Collagen Types(Eds. R.
Mayne R. and R.E. Burgeson), Academic Press, Inc., pp. 283-309 .

WESSELS, G.M., MARCHASE, R.B. and McCLAY, a.R. (1984). Ontogeny of the basal
lamina in sea urchin embryo. Dev. Bioi. 103: 235-245.

YAMAMOTO. K.R., ALBERST, B.M.. BENZINGER, R. LAWHORNE, L.. and TREIBER. G.
(1970). Rapid bacteriophage sedimentation in the presence of polyethylene glycol

and its application to large scale virus purification. Virology 40: 734-774.

.\rrrflirdfol' pllvllmli/JlI:jllllr 199/


