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SUMMARY became uniform from pre-metamorphic to meta-
morphic climax tadpoles. At this latter stage, a
Cadherins and N-CAM are Calependent and clear N-CAM immunolabeling appeared in the
Ca*-independent cell adhesion molecules respemerve terminals of pharynx and heart. N-Cadherin
tively. These molecules play a key role in morphoand N-CAM were found mainly co-expressed in
genesis and histogenesis. We determined the sgthe CNS from early tadpole to metamorphic cli-
tiotemporal pattern of N-cadherin and N-CAM-180max tadpole.
kDa expression by immunohistochemistry durinc Our results show that the expression of N-CAM
development in two South-American anuranand N-cadherin is evolutionary conserved. Their
speciesBufo arenarumtoad andHyla nana frog).  increased expression during late developmental
Both N-cadherin and N-CAM were not detectablestages suggests that N-CAM and N-cadherin are
during early developmental stages. Expression of Ninvolved in cell contact stabilization during tissue
cadherin appeared between the inner and the ouformation.
ectoderm layers at stages 19-20. At stages 24 -25,
cadherin was expressed in the neural tube and t
heart. In early tadpoles, N-cadherin expressioINTRODUCTION
increased along with the central nervous systel
(CNS) morphogenesis, and reached its maximur Cell adhesion is a multifactorial mechanism that
level at metamorphic climax stage. N-Cadherirdepends on the expression of tissue-specific iso-
expression was not uniformly distributed. At stageforms of cell adhesion proteins, surface density of
42, olfactory placodes and retina expressed N-caindividual molecules and regulatory factors (Edel-
herin. Contrary to N-CAM, the strongly myelinated man, 1988). Cell and substrate adhesion mole-
cranial nerves were not labeled. N-Cadherin wacules (CAMs and SAMs, respectively) act as mor-
present in several mesoderm derivatives such as tphogenetic regulators during development (Edel-
notochord, heart and skeletal muscle. The non-netman, 1984; Edelman, 1992; Takeichi, 1991; Albel-
al ectoderm and the endoderm were always negativda and Buck, 1990).
Expression of N-CAM appeared first in the neur- Cadherins are a family of cell surface molecules
al tube at stages 24-25 and the level of expressicregulating morphogenesis by a calcium-dependent
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adhesion mechanism during the development (speciesAn evolutionary conserved expression of
various tissues @keichi, 1988, 1991)The most cell adhesion molecules was suggested by earlier
extensively studied member of the cadherin familistudies of N-CAM in diferent species, including

in the nervous system is N-cadherin (Hataal, = amphibians (Hdfmanet al, 1984). Howeverlat
1987). N-cadherin plays a key role in neurulatiorer studies showed d@&rences in the expression of
(Fujimori et al, 1990; Hatta andakeichi, 1986), N-CAM isoforms during the development of dif
neuroepithelial morphogenesis (Matsunageal,  ferent types of amphibians (Saint-Jeanetetl,
1988b; Takeichi et al, 1991), axon fasciculation 1989).These diferences may have evolutionary
(Drazba and Lemmon, 1990), and axon elongatiosignificance for the development of the CNS and
(Bixby and Zhang, 1990; Bixby et al, 1987; Doher muscle during amphibian metamorphosis, since
ty et al, 1991; Letourneast al, 1990; Matsunaga the expression of cell adhesion molecules often
et al, 1988a; Neugebauet al, 1988;Tomaselliet ~ Precedes the dérentiation of cells into nervous
al., 1988). N- and R-cadherin are transiently an@nd muscle tissues (Saint-Jeaneetal, 1989;
differentially expressed in specific fiber tracts ofLevi, 1993). In this paper we describe the expres
the ponsand spinal cord, suggesting that cadherin Sion patterns of N-CAM-180 and N-cadherindur
may provide a homophilic cue for guiding axon'n9 the d_evelopment of two South-American anu
outgrowth (Rediest al, 1992). ran speciesBufo aenaumandHyla nana)

In the neuromuscular system, several cell adhe
sion molecules contribute to the regulation of
nerve-muscle interactions, including N-CAM, N- MATERIALS AND METHODS
cadherin, fibronectin, laminin, s-laminin, and
heparan sulfate proteoglycans (Cleiual, 1986;
Sane<t al, 1986; Hattaet al, 1987; Hunteet al,
1989). In chick embryos, N-Cadherin is expresse
at high levels by newly formed myotubes and is
then downregulated on myofibers to very low-lev
els prior to hatching (Hattet al, 1987).

N-CAM is a homophilic binding transmembrane

protein that belongs to the immunoglobulin SHPerglos BuenosAires). Twelve hours latereggs

family. N-CAM is involved in the histogenesis Of \yara fertilized with testis extracts as described
nervous tissues and is an early marker of neural ti (Rengelet al, 1988).

sues.There are three major isoforms of N-CAM: "1pe developmental stages were determined

the 120, 140 and 180 kDa (Rutishaud®84; Cun  according to Gosner (1960)e studied embryos

ninghamet al, 1987). _ _at stages 3, 7, 13-14, 17, 19-20, 24-25, and tad
N-CAM is expressed by developing muscle fiberspgles at stages 28 and 41.

during their innervation period but is downregulat ' Hyla nanalarvae frogs from 31 to 42 stages, were

ed later in development (Moore aWaish, 1985; collected in a semi-permanent pond, near the city

Covault and Sanes, 1986osneyet al, 1986). In  of Concepcién (23° 23; 57° 18W), Paraguay
the adult, denervation leads to a re-expression

muscle fiber N-CAM (Covault and Sanes, 1985 Histology

Riegeret al, 1985; Moore aniivalsh, 1986; Cash  Bufo aenaumembryos and tadpoles were fixed
manet al, 1987). Parallels between the expressiolwith Carnoy solution andHyla nana tadpoles

of muscle N-CAM and the susceptibility of musclewere fixed in 10% formaldehyde in 0.1 M phos
fibers to innervation suggest that N-CAM is one oiphate bufer, pH 7.4.

the molecular markers used by muscle fibers te prc The specimens were dehydrated in ethanol,
mote neurite growth and innervation (Rutishaeser embedded in parff (Cicarelli®, BuenosAires).

al.,, 1983; Bixbyet al, 1987; Landmessest al, Five microns-thick cross and sagital sections were
1988; Boothet al, 1990). obtained with a Reichert Jung Hn 40 microtome.
The expression of N-cadherin and N-CAM hasSections were dried at room temperature onto 1%
been studied during the development of sever:gelatin-coated glass slides.

Animals

Sexually matureBufo aenamum toads were
caught during the month of June in Parana, Entre
Rios. Embryos and tadpoles were obtainednby
vitro fertilization. Males and females were kept in
water at 20°C during 24 hfhe females were then
injected with 2,500 IU of human chorionic
gonadotrophin hormone (hCGH) (Endocorion,

408



Imp.

Izaguirre 18-02-2002 14:36 Pagina 409 $

Reagents RESULTS

The monoclonal antibody 4d is a mouse IgG!

(chicken, frog) directed to 180 kDa N-CAM Expression of N-CAM during the development
polypeptide (cytoplasmic domain). It was devel of Bufo arenarum
oped in Dr Rutishauses lab (Dept. of Genetics, N-CAM was first detected at the stage 24-25
Case Western Reserve Univ Cleveland OH, (operculum closed or complete, respectively).
USA), and was purchased from the DevelopmentiFigs. 1a and b show a strongly positive neural
Studies Hybridoma Bank (maintained by the Depttube, at IWentricle level, and th¥€ll cranial gan
of Pharmacology and Molecular Sciences, Johnglia, with negative heart, gills, notochord, otic
Hopkins Univ School of Medicine, Baltimore, vesicles and epidermal ectoderm. Similar
MD and the Dept. of Biological Sciences, Univ immunolabeling was detected at stages 28 and 41,
lowa, lowa City IA, USA).The monoclonal ati  put at stage 41 a positive signal was also observed
body 13A9, a mouse IgG1 that recognizes N-cacin the nerve terminals of the pharynx and heart
herin from diferent species, including chicken and(Figs. 1c, d and e).

Xenopushas been previously described (Knudsel

et al, 1995). The monoclonal antibody GC-4, a Expression of N-Cadherin during the develop
mouse IgG1 to chicken N-cadherin was purchasement of Bufo arenarum
from Sigma Chemical Co. (St. Louis, MO}II N-Cadherin was not detected with the monoelon
monoclonal antibodies were used at a dilution oal antibody 13A9 from stage 3 to the opercular
1:50.As a control we used mouse normal serunfold stage.At stages 24-25 and 28, N-cadherin
from Sigma Chemical Co. (St. Louis, MO). was observed with similar distribution, but weak
For detection of primary antibody binding, we er signal than N-CAM (not showmdditionally,
used aVECTASTIN® Elite ABC kit containing  at these stages, N-cadherin was found on the heart
biotin-conjugated anti-mouse/rabbit 19G, avidinboth on atrium septum and ventricle trabeculae
DH and biotinylated horseradish peroxidase H, an(Fig. 2d). Tadpoles of stage 41 exhibited N-ead
aVECTOR® DAB substrate kit (3,3Jiaminobenzi  herin expression on neural tube, cranial ganglia,

dine tetrahydrochloride and-@), according to heart, and nerve terminals of the pharynx (Figs.

specification sheets. 2a, b and c).
_ _ The GC-4 antibody gave a weak signal at the
Immunohistochemistry interface between the inner and the outer layer of

Sections ofBufo aenaum and Hyla nana the ectoderm at stage 19-20 (Fig. 3a), and in the
embryos and tadpoles were depimafed, hydrat  immature skeletal muscle and pharynx nervous
ed, permeabilized with 0.1%iton X100 in phos  terminals at stage 41 (Figs. 3c, d and e).
phate bufer saline (PBS) for 15 min, and treated We observed diérences in the patterns of devel
with normal horse serum for 30 min. Normal serunopmental expression of N-CAM and N-cadherin
was replaced by primary antibodies, and the se(in neural cellsAt stage 24-25, N-CAM (Fig. 1b)
tions were incubated overnight at 4T@e primary and N-cadherin (not shown) were localized on
antibodies were removed followed by two rinses irhasolateral and upper membrane of the cells
PBS of 5 min each. Secondary antibodies werpehind of ventricular epitheliunit stage 41, N-
incubated for 30 min followed by a 5 min rinse incadherin expression was strongest at the cellular
PBS. Sections were treated with 0.3%0H  tip close to the ventricular epithelium (Fig. 3b). N-

methanol to block endogenous peroxidase for 1 fCAM, while maintaining a cell surface distribu
and washed in PBS for 15 mifihe sections were tjon, also showed an incipient expression in-ven

incubated iABC for 30 min, and rinsed in PBS for tricular cells (not Shown)_

5 min. Color developed with DAB substrate in 30

seconds. Slides were mounted in Canada balszExpression of N-CAM 180 during the develop
(Biopack, Bs.As). Controls were carried out by ment of Hyla nana

replacing the primary antibody with mouse non- At stage 31, N-CAM immunoreactivity was not
immune serum. Samples were examined and phdetectedAt stage 41-42, the CNS was uniformly
tographed in a BX5@lympus Microscope. positive for N-CAM (Fig. 4). Immunolabeling
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Fig. 1 -Cross sections @ufo aenarum (a) Expression of 180 kDa N-CAM in a stage 24-25 embryo. Observe the specific sig

nal in the neural tube, at the Wéntricle level, and in th¥ll cranial ganglia. (X 13)(b) Detail of neural tube andll cranial

ganglia (arrow) at 24-25 stagehe immunolabeling is negative in the ventricular layer (X 6§)Expression of 180 kDa N-

CAM in the neural tube at larval stage 41. Note also the incipient expression in nerve terminals of the pharynx and heart (smal
arrows) (X 13)(d) Detail of pharynx (X 66) an¢e) detail of ventricle of larval stage 41 with positive signals present in the neu
romuscular terminals (arrow) but absent in red blood cells (X 380peural tubeph: pharynx;h: heart;g: gills; nc: noto-

chord;r: red blood cellsm: myofibers.
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Fig. 2 -Cross sections @ufo aenamum (a) N-cadherin expression at stage 24-25 in the heart (X®6Expression of N-cad

herin in larval stage 41. Similar to N-CAM, N-cadherin immunolabeling is present in the neural tubegtridle level, in the

VIl cranial ganglia (arrow), nerve terminals of pharynx (small arrows) and myocardium (g&)1Bgtail of N-cadherin expres

sion on heart stage 41 larvae. Note its distribution on inter - atrial septum (arrows) and ventricle trabeculae (heatharrows).
N-cadherin expression is maintained constant from stage 24-25 to 41 (d)66pntrol section of stage 41 larvae (X 13f.

neural tubeph: pharynx;a: atrium;v: ventricle;r: red blood cells.
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Fig. 3 - Cross sections dufo aenaum (a) Expression of N-cadherin in stage 19-20 embryo. Observe the weak signal in the
interface between the inner and the outer layer of the ectoderm (small arrows). (fb)LB8}ail of neural tube at stage 41-lar

vae. N-Cadherin expression changes from stage 19-20 to stafyjestdge 41 N-cadherin is located at ventricular layer level
(small arrows). (X 133)c) Expression of N-cadherin in the pharynx of larvae at stage 41. Note that only nerve terminals have
positive immuno-reaction but with d&fent distribution of 180 kDa N-CAM at the same stage of development (thick arrows) (X
133).(d) Detail of skeletal muscle in stage 41 larvae. Observe N-cadherin down-regulation during skeletal myiefibati-dif

ation (X 133).(e) Detail of skeletal muscle at stage 41 larvae. Note that the immunoreactivity is localized along the Z lines. (X
133).nt: neural tubemm: mature myofibersim: immature myofibersc: cartilage.
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was also found in the nares, eyes, nervous bundlethe olfactory pit and the olfactory bullst the teler
and the neuromuscular junction (Fig. 4 and 6a). cephalon level, the immunolabeling in ventricular
N-CAM expression was homogeneous in mospallium was higher than in the medial and lateral
regions of the CNS, including the telencephalonpallium. Strong labeling was observed on the-ven
diencephalon, rhomboencephalon and spinal coitricular layer of the Sventricle (Fig. 5). In the dien
(Fig. 4). There was a localized immunoreactivity cephalon habenular region, an immunopositive cell
in the ganglion and inner nuclear cell layers of thimass of the sub-habenular area was observed, lying
eye (Fig. 6a)A strong signal was detected in theventral and lateral to the habenular nucleus proper
sensorial cells around the olfactory pit (Fig. 6a). (Fig. 5).Additionally, most of the thalamic neurons
as well as the optic chiasma area showed N-cad
Expression of N-Cadherin during the develop  herin expression. In the optic tectum, the three cel
ment of Hyla nana lular layers had strong immunoreactivityy the
Sagital sections dflyla nanatadpoles were done cerebellum, a strong signal was detected in the
through the medial pallium, the medial part of thePurkinje cell layerRhomboencephalon and spinal
diencephalon, rhomboencephalon and spinal corcord were homogeneously immunolabeled (Fig. 5).
Contrary to N-CAM, N-cadherin expression was no N-Cadherin was also expressed in the celljunc
uniform within the CNS. N-Cadherin was present ortions of the remaining tail notochord, but not in

Fig. 4 - Sagital section oflyla nanatadpole at stage 41-42. N-CAM is present in the nares, nerve terminals and in the CNS.
nares;on: olfactory nervegn: gill nerve;ot: optic tectumgh: cerebellumyb: rhomboencephalonl; telencephalonsc: spinal
cord; IV: IV ventricle.
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Fig. 5 - Sagital section oflyla nanatadpole at stage 41-42. N-Cadherin is present in the nares and in the CNS. High expression
is observed in the olfactory bulb, the optic tectum and Purkinje nelt&res;ot: optic tectumich: cerebellumrb: rhomboen
cephalonil: telencephalonsc: spinal cord;lV: IV ventricle;ob: olfactory bulb;tha: thalamus;och: optic chiasmanc: noto
chord;arr owheads:presumptive vertebrag, liver.

the presumptive vertebrae (Fig. B)weak N-cad  of these two cell adhesion molecules during the
herin expression was observed in the esophagdevelopment of two unrelated South-American
and liver (Fig. 5). anuran specie8ufo aenaumandHyla nana We
At stage 42, a clear expression of N-cadherin wefound some similarities and thfences with previ
observed in the retina, particularly in the outeious studies in amphibians in the developmental
nuclear and ganglion cell layers (Fig. 6Bhe temporo-spatial expression of N-cadherin and N-
myelinated nervous tracts were not labeled. CAM.
Our major findings are: 1) N-Cadherin, which is
the most abundant neural cadherin, is not
DISCUSSION detectable in the earliest stagesBofo aenamum
development. It first appears at stage 19 (heart
Studies on the expression of N-CAM and N-cad beat) - 20 (gill circulation) in the interface between
herin during the development of amphibians havithe inner and the outer layer of the ectoderm, as
been limited toXenopusnd Urodeles (Balat al,  detected with the GC-4 monoclonal antibody
1987; Leviet al, 1987; Kitner 1988; Choiet al, = Comparing our results with Simonnea al.
1990; Detricket al, 1990; Fujimoriet al, 1990; (1992), there seems to be a delay between the tran
Geigeret al, 1990a; Ginsberet al, 1991; Simon  scription and translation processes of N-Cadherin
neauet al, 1992; Beckeet al, 1993; Beckeet al,  in the anuran brain. Howeyewre cannot exclude
1993).The development of nervous and muscle tisthat the diferences may be due to feifential
sues depends mainly on the developmentally-regidevelopmental timing of the species. Our results
lated expression of N-CAM-180 and N-cadherin.confirm previous data showing that N-cadherin
Therefore, we investigated the expression patterrmRNA is not detectable in the absence of neural
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induction. In experiments of ectoderm exposed to
a heterologous neural inducétr was found that
this precedes the morphogenetic events associated
with early neural development (Detrickt al,
1990); 2) expression of N-cadherin Bufo ae-
narum is restricted to the neural tube at stage 24
(operculum closed) - 25 (operculum complete),
and continuously increases up to larval stage 41.
However we cannot exclude the existence of dif
ferent N-cadherin isoforms of other cadherin not
detectable with the antibodies used in this study
N-Cadherin expression Xenopus laevi§Simort
neauvet al, 1992) is high in the developing nervous
system up to stage 42, and gradually diminishes, so
at pre-metamorphic stage 50 (corresponding to
stage 27 oBufo aenamum), only a very low level

of expression remains in the central nervous sys
tem. In contrast, iBufo aenaum, N-Cadherin
expression gradually increases from stage 24 - 25
up to stage 41The different distribution pattern
found with 13A9 and GC-4 anti-N-cadherin anti
bodies may be due to the presence dénbht ise
forms of N-cadherin. Consistent with thigshiro

et al. (1996) have recently obtained fronXano
pustailbud cDNAlibrary, a cDNAfor a novel N-
cadherin, named XmN-CadheriKgnopusmater
nally expressed neural cadherifipe authors pes
tulated a dynamic role for XmN-Cadherin during
development. Dissection experiments during the
metamorphic and adult stagesx@nopusevealed
that maternally inherited mRNAvas relatively
uniformly distributed within the embryo, but the
zygotically expressed mRN#as present almost
exclusively in neural tissues, including brain, the
anterior part of the spinal cord, and the optic and
otic vesicles; 3) as iXenopus laevisn Bufo ae-
narum and Hyla nana N-cadherin is present in
mesoderm derivatives such as the notochdyda(
nang and the hearBufo aenamum). However N-
cadherin was absent in the pronephros and the
myotomes. In skeletal muscle, N-cadherin appears
only during late diierentiation stage#dditionat

ly, in Bufo aenaum the GC-4 antibody detected
differential signals depending on the stage of dif

Fig. 6 -Sagital section dflyla nanatadpole at stage 41-42, at
eye level(a) N-CAM expression(b) N-Cadherin expression
(c) Control.n: nares;small arrow head: maxillary branch of
the v cranial nerveg: ganglionar layerin: inner nuclear lay
er;on: outer nuclear layesmall arrows: sensorial cells.
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ferentiation of skeletal muscle fiber bundles. OuiBecker C.G., Becker T., and Roth, G.: Distribution of
data show that there arefdifences in N-cadherin NCAM-180 and polysialic acid in the developing tectum-mes
; ; encephali of the frog Discoglossus pictus and the salamander
eXpr.eSSIO.n patterns b.etween anuran species, SlPleurodeles waltl. Cellissue Res272, 289-301, 1993.
gesting diferent roles in the development of the
nervous system of non-related amphibians; 4) NBixby, J.L., Pratt, R.S., Lilien, J., and Reichardt,. 1L Neurite
. . oy outgrowth on muscle cell surfaces involves extracellular
CAM_18Q’ which has .been associated ,Wlth npn matrix receptors as well as Tdependent and -independent
proliferating neurons, is not detectable in the firs el adhesion molecules. Proc. Naitad. Sci. US4, 2555-
stages oBufo arenaum development (Paet al, 2559, 1987.
1995), and first appears in the stages 24-25. Mgjxpy 31, and zhang, R.: Purified N-cadherin is a potent
CAM is uniformly expressed in the neural tubesubstrate for the rapid induction of neurite outgrowth. J. Cell
from stage 24 to stage 41, and at stage 41 is alBiol. 110, 1253-1260, 1990.
expressed in the nerve termlnals_of pharynx, anpooth, C.M., KemplayS.K., and Brown, M.CAn antibody
heart. In contrast, N-CAM expression is variable irto neural cell adhesion molecule impairs motor nerve termi
the olfactory system which exhibits a high cellnal sprouting in a mouse muscle locally paralyzed with-botu
turnover during adulthood (Becketal, 1993; Paz 'Inum toxin. Neurosci35, 85-91, 1990.
et al, 1995). 5) N-CAM is absent in mesodermCashman, N.R., Covault, Wollman, R.L., and Sanes, J.R.
derivatives oBufo aenaumandHyla nana but is Neural cell adhesion molecule in normal, denervated, and
expressed in the neural tube and in the nervous tEmyopathlc human musclénn. Neurol.21, 481-489, 1987.
minals of pharynx, and heafthe high expression Chiu,A.Y., MatthewW.D., and Patterson,H.: A monoclon
at cell contact sites supports the role of N-CAM-al antibody that blocks the activity of a neurite regeneration-
180 | I bilizati Beck | promoting factor: studies on the binding site and its localiza
1993;” cell contact stabilization (Becket al, o in vivo. J. Cell Biol 102, 1383-1398, 1986.
' . Choi, Y.S., Sehgal, R., McCrea, Rnd GumbineB.: A cad
In S“”?mary our results show the developln_g herin-like protein in eggs and cleaving embryos of Xenopus
expression pattern of N-CAM and N-cadherin injgeyis is expressed in oocytes in response to progesterone. J.
two South-American amphibian speciéée dif  Cell Biol. 110, 1575-1582, 1990.
ferences and similarities _'n the expression patte"CovauIt, J., and Sanes, J.R.: Neural cell adhesion molecule
of these two cell adhesion mOI_e(}Ules during th(N-cAM) accumulates in denervated and paralyzed skeletal
development of unrelated amphibians suggest th muscles. Proc. Nathcad. Sci. USA82, 4544-4548, 1985.
they have still undefined specific developmentacoyaut, J., and Sanes, J.: Distribution of N-CAM in synaptic

roles. and extrasynaptic portions of developing and adult skeletal
muscle. J. Cell Biol102 716-730, 1986.
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