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When Neural Crest and Placodes Collide:
Interactions between Melanophores and the Lateral
Lines That Generate Stripes in the Salamander
Ambystoma tigrinum tigrinum (Ambystomatidae)

David M. Parichy
Section of Evolution and Ecology and The Center for Population Biology,
University of California at Davis, Davis, California 95616

A prominent element of the early larval pigment pattern in the salamander Ambystoma tigrinum tigrinum (family Ambysto-
matidae) is a horizontal stripe over the lateral surface of the myotomes where otherwise abundant, neural crest-derived
melanophores are not found. This study examines the formation of this ‘‘melanophore-free region.’’ When the trunk
lateral lines were ablated (by removing cranial lateral line placodes), the melanophore-free region did not form; instead,
melanophores populated the middle of the flank and the distribution of yellow, neural crest-derived xanthophores was
perturbed. Time-lapse videomicrography demonstrated that during normal development, the melanophore-free region is
established because melanophores retreat from the midbody lateral line primordium as it migrates caudally along the inner
side of the epidermis. Melanophores do not repopulate the middle of the flank after primordium migration and heterochronic
grafting experiments suggest that extracellular factors contribute to maintaining the melanophore-free region during these
later stages. Finally, photographic series, microsurgical manipulations, electron microscopy, and staining for molecules of
the extracellular matrix (peanut agglutinin-binding components, tenascin, chondroitin sulfate proteoglycans, fibronectin,
laminin) suggest that several factors contribute to establishing and maintaining the melanophore-free region, including
steric effects of the lateral lines, interactions between melanophores and xanthophores, lateral line-dependent alterations
of the subepidermal basement membrane, and a general elaboration of the extracellular matrix. Lateral line effects on
melanophores are inferred to be a shared, ancestral feature of pigment pattern development for the families Ambystomatidae
and Salamandridae (D. M. Parichy, Dev. Biol. 174, 265–282. 1996). The results of this study thus provide insights into a
phylogenetically primitive mechanism for stripe formation, and a context for interpreting evolutionary innovations in
pattern-forming mechanisms. q 1996 Academic Press, Inc.

INTRODUCTION requires an understanding of the mechanisms that pattern
neural crest derivatives and how these mechanisms evolve.
An important step toward this goal is to identify shared,The vertebrate neural crest is a transient population of
ancestral patterning mechanisms, because they provide in-cells that arises shortly after neurulation along the dorsal
sights into phylogenetically primitive modes of develop-neural tube (reviewed in Hall and Hörstadius, 1988; Epper-
ment, and a context for interpreting evolutionary innova-lein and Löfberg, 1993; Erickson and Perris, 1993; Selleck
tions.et al., 1993; Bronner-Fraser, 1994). From this position, neu-

Salamander pigment patterns are a useful model systemral crest cells disperse widely and contribute to numerous
for studying the development and evolution of neural cresttissues and organs, including the peripheral nervous system,
derivatives. Shortly after hatching, these patterns resultendocrine glands, and fin mesenchyme, as well as such phy-
principally from the numbers and spatial arrangements oflogenetically variable characters as the teeth and bones of
two types of pigment cells, or chromatophores: black mela-the craniofacial skeleton, and externally visible pigment
nophores and yellow xanthophores (reviewed in Epperleinpatterns (e.g., DuShane, 1934; Detwiler, 1937; Bronner-Fra-
and Löfberg, 1993; Erickson, 1993). A distinctive and phylo-ser and Fraser, 1989; Collazo et al., 1993; Couly et al., 1993;
genetically common element of early larval patterns is aRaible and Eisen, 1994; Serbedzija et al., 1994; Smith et al.,

1994). A fuller understanding of vertebrate diversity thus region over the lateral face of the myotomes that is rela-
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tively free of melanophores (reviewed in Parichy, 1996a;
see below). Such ‘‘melanophore-free regions’’ are typically
populated by xanthophores and bordered by melanophores
both dorsally and ventrally, so the overall pattern consists
of a light horizontal stripe between dark concentrations of
melanophores.

Formation of melanophore-free regions can depend on the
lateral line sensory system (Parichy, 1996b). The trunk lateral
lines of fishes and aquatic amphibians detect mechanical
stimuli via neuromasts located at periodic intervals in the
integument (Stone, 1933, 1938; Winklbauer, 1989; North-
cutt, 1992; Collazo et al., 1994). In salamanders, three trunk

A B

lateral lines arise bilaterally from postotic, ectodermal plac-
FIG. 1. Microsurgical manipulations used in this study. (A) Pre-odes in the head, which deploy in sequence midbody, dorsal,
vention of lateral line development by replacing placode-area ecto-and ventral lateral line ‘‘primordia.’’ These primordia mi-
derm with belly epidermis. (B) Behavior of younger melanophores ingrate caudally along the inner side of the epidermis and are
older host embryos: DiI-labeled neural folds containing prospectivefollowed by extending neurites of the lateral line nerves. As
neural crest cells were grafted to the dorsal neural tube of develop-the primordia migrate, they deposit clusters of cells that later
mentally more advanced, neural crest-depleted hosts.

erupt through the epidermis as mature neuromasts (Smith
et al., 1990; Northcutt et al., 1994, 1995).

In the salamander Ambystoma tigrinum tigrinum (family
Ambystomatidae), melanophores at first scatter uniformly

formation and set the stage for investigations into evolu-
over the somites, whereas xanthophores are found in aggre-

tionarily derived pattern-forming mechanisms.
gates dorsal to the neural tube. As xanthophores disperse,
melanophores recede short distances to form a series of al-
ternating ‘‘vertical bars’’ over the dorsal myotomes (Olsson
and Löfberg, 1992; Parichy, 1996b; also see Lehman, 1957; MATERIALS AND METHODS
Epperlein and Löfberg, 1990). Meanwhile, a subtle melano-
phore-free region appears over the middle of the myotomes

Embryos, Rearing Conditions, and Stagingin the vicinity of the midbody lateral line primordium (Pari-
chy, 1996b). During later development, the melanophore- Ambystoma t. tigrinum embryos were obtained from natural
free region persists and becomes increasingly distinctive. populations (Charles Sullivan Co., Nashville, TN; K. Mierzwa,
If lateral line development is prevented, however, a more Cook County, IL) and were maintained in 20% Hepes-buffered

Steinberg’s solution (HSS; Asashima et al., 1989; plus 37.5 IU/mluniform distribution of melanophores is found in A. t. tigri-
penicillin, 37.5 mg/ml streptomycin) at 9–157C. Staging followednum, as well as seven of eight other taxa examined. Based
Bordzilovskaya et al. (1989) for the closely related A. mexicanumon these and other findings, lateral line effects on melano-
(Shaffer, 1993) and all stage numbers are preceded by a ‘‘B.’’phores were inferred to be a shared, ancestral feature of

pigment pattern development for the families Ambystomat-
idae and Salamandridae, which can generate melanophore-

Embryological Manipulations and Quantitationfree regions in extant taxa, and also conferred the potential
for such patterns in a common ambystomatid–salamandrid

General microsurgical procedures, vital labeling, and quantita-ancestor.
tion of chromatophore positions followed Parichy (1996b). LateralThis study demonstrates that in A. t. tigrinum, melano-
line development was prevented by replacing lateral line placode-

phores actively evacuate the middle of the flank in response area ectoderm (Northcutt et al., 1994, 1995) unilaterally with belly
to the lateral line primordium, whereas extracellular factors epidermis from a similarly staged donor (Fig. 1A). The side for
can inhibit melanophores from populating the middle of lateral line ablation was chosen randomly for each embryo. Addi-
the flank during later development. Evidence is then pre- tionally, heterochronic chimeras were used to examine the factors

that maintain the melanophore-free region (Fig. 1B). Single DiI-sented that suggests patterning roles for steric effects of
labeled neural folds (containing prospective neural crest cells) werethe lateral lines, interactions between melanophores and
dissected from B15/16 donors and grafted to slits made in the epi-xanthophores, and lateral line-dependent and -independent
dermis dorsal to the neural tube of B32/33 hosts. To minimizealterations to the extracellular matrix (ECM).1 These find-
potentially confounding effects of increased total chromatophoreings provide insights into primitive mechanisms for stripe
densities, hosts were used that had been depleted of endogenous
chromatophores by removing portions of the trunk neural folds at
B15/16. Chimeras were allowed to develop past B43 (when a defini-
tive early larval pattern normally would be formed), and then were1 Abbreviations used: ECM, extracellular matrix; HSS, Hepes-

buffered Steinberg’s solution; PNA, peanut agglutinin lectin; SEM, photographed under brightfield, FITC, and RITC illumination to
identify melanophores, xanthophores, and DiI-labeling, respec-scanning electron microscopy; TEM, transmission electron micros-

copy. tively.
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285Development of Stripes

tively, freeze-substituted, paraffin-embedded specimens (below)Time-Lapse Videomicrography
were first sectioned to the middle of the trunk. The remaining,

Time-lapse videos were used to observe interactions between unsectioned tissue was then deparaffinized in xylene, rinsed in
melanophores and the midbody lateral line primordium. To en- 100% ethanol, critical point dried, and sputter coated. All speci-
hance the visibility of the primordium, lateral line placode-area mens were viewed in a Philips 501 scanning electron microscope
ectoderm was stained with Nile blue sulfate (Stone, 1933). Embryos and chromatophores were identified by comparison with photo-
(B35–36) were placed in agar-lined dishes containing 20% HSS and graphs taken prior to SEM preparation.
0.005% benzocaine as an anesthetic and videos were recorded for
6–12 hr using a Panasonic time-lapse video recorder (1:140 hr) and
Sony CCD video camera mounted on a Leitz Diaplan microscope. Immunohistochemistry and Histochemistry
Responses of individual melanophores that contacted the distal tip

Antibody staining and lectin histochemistry were used to exam-of the lateral line primordium were quantified by measuring the
ine the distributions of ECM components in embryos prepared byfinal dorsoventral distances of these cells from the center of the
freeze substitution (Bronner-Fraser and Fraser, 1989). Embryos werelateral line (there is little curvature of the flank in the immediate
chilled to 47C, immersed (ca. 1 sec) in ice-cold 95% methanol, andvicinity of the lateral line, where melanophore movements were
then frozen in isopentane chilled over liquid N2 (30 sec). Embryosexamined). Analysis of covariance then was used to normalize these
were then transferred to vials containing N2-chilled 100% metha-absolute distances according to the length of time that cells were
nol and placed at 0807C. After 24 hr, the freeze substitution me-observed after contacting the primordium.
dium was replaced with fresh 0807C 100% methanol and left for
an additional 48 hr. Vials were then transferred to 0207C for 24 hr,
47C overnight, and room temperature for 2–3 hr. Embryos werePhotographic Series, Shape Changes, Lateral Line
then rinsed in 100% methanol, cleared in xylene, embedded inVelocity, and Location
Paraplast X-tra, and sectioned at 12 mm. For each embryo, 10 sec-

Interactions among melanophores, xanthophores, and the lateral tions each from the anterior, middle, and posterior trunk were
lines also were examined in photographic series of individual em- mounted per slide, and for each ECM component, several embryos
bryos in which the lateral lines had been labeled with DiI (see representing multiple stages were stained simultaneously. Slides
Parichy, 1996b). To examine shape changes of the flank relative to were deparaffinized and rehydrated in ethanol, rinsed in phosphate-
lateral line development, the distance between the dorsal and ven- buffered saline (PBS), and blocked in 0.1% bovine serum albumin/
tral margins of individual myotomes in the middle of the trunk PBS. Sections were incubated with primary antibody for 18 hr at
was measured from the first appearance of externally visible mela- 47C, washed in PBS, then incubated with the appropriate RITC-
nophores (B35) through formation of the early larval pigment pat- conjugated secondary antibody (Cappel) for 1.5 hr at room tempera-
tern (B42). To calculate the average velocity of the midbody lateral ture. Sections then were washed and coverslipped with an antifade
line primordium within each embryo, the displacement of the dis- mounting medium. Fluorescein-conjugated peanut agglutinin lec-
tal tip of the primordium was measured every 3 hr for 9–18 hr, tin (PNA; Vector) was used according to Oakley et al. (1994). For
using centers of xanthophore dispersal as landmarks. Such mea- each ECM component, sections were photographed (Kodak Tri-X
surements provide reasonable estimates of primordium velocity film) using identical exposures and comparisons were made only
because anteroposterior expansion of the flank is minimal in the within rounds of staining (not across days or trials).
immediate vicinity of the primordium tip (data not shown). To A polyclonal antiserum against Xenopus laevis tenascin from
identify the midbody lateral line nerve in transverse sections, larvae XTC cells (Riou et al., 1991; Caubit et al., 1994) was provided
with DiI-labeled lateral lines were fixed in 4% paraformaldehyde, by Dr. J.-F. Riou. Monoclonal antibody (mAb) M1 against chicken
embedded in gelatin, sectioned at 20 mm on a Bright cryostat, and tenascin-C (myotendinous antigen; Chiquet and Fambrough, 1984)
viewed under RITC illumination. was provided by Dr. R. P. Tucker. Monoclonal antibodies CS-56

against chondroitin-4 and -6 sulfate (Avnur and Geiger, 1984;
Sigma) and DDi-6S (Couchman et al., 1984; ICN) were used to
examine the distribution of chondroitin sulfate proteoglycans (forTransmission Electron Microscopy
mAb DDi-6S, sections were pretreated with 0.2 U/ml Calbiochem

Transmission electron microscopy (TEM) was used to examine chondroitinase ABC for 1 hr at 377C; extensive digestion abolished
the subepidermal basement membrane. Embryos were fixed for 30 staining with mAb CS-56). A polyclonal antibody against A. mexi-
min in 2.5% glutaraldehyde/1.0% paraformaldehyde/2.5% DMSO canum plasma fibronectin (Boucaut and Darribère, 1983; Boucaut
in 0.05 M Pipes at room temperature, then were cut transversely et al., 1984) was a gift of Dr. T. Darribère and a polyclonal antise-
and placed in fresh fixative overnight at 47C. After washing in Pipes, rum against mouse laminin was provided by Dr. H. K. Kleinman
embryos were dehydrated in ethanol, transferred to propylene ox- (tested with and without collagenase pretreatment, which en-
ide, and embedded in EPON-Araldite. Embryos were then thick hanced staining slightly but did not yield qualitatively different
sectioned at 5 mm, and sections of interest were reembedded and results). For all rounds of staining, control sections were treated
thin sectioned in the gold interference range. After staining with identically except for omission of the primary reagent.
uranyl acetate and lead citrate, specimens were viewed in a Philips
401 transmission electron microscope.

RESULTS
Scanning Electron Microscopy

Distributions of Melanophores and Xanthophores
Scanning electron microscopy (SEM) was used to examine physi-

The early larval pigment pattern of A. t. tigrinum con-cal relationships of the lateral lines with surrounding tissues. Most
sists of alternating vertical bars over the dorsal myo-embryos were fixed and dehydrated in ethanol, as for TEM, and

then were critical point dried and sputter coated with gold. Alterna- tomes and a melanophore-free region over the middle of
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286 David M. Parichy

FIG. 2. Ablation of the lateral lines alters both melanophore and xanthophore distributions. Brightfield views (A, B) show melanophores
and epifluorescent views (C, D) reveal xanthophores on opposite sides of a single individual (B42). Images in B and D are reversed left–
right to facilitate comparison with A and C. Anterior is to the right. (A, C) A distinctive melanophore-free region (large arrow) is present
in the middle of the flank and is colonized by xanthophores on the unmanipulated side of a representative larva. Small arrow in A indicates
a subcutaneous artery that runs along the lateral face of the myotomes, immediately ventral to the midbody lateral line. (B, D) Opposite
side of the same individual, on which lateral line development has been prevented: melanophores readily colonize the middle of the flank
and xanthophores are confined principally to regions in between adjacent ‘‘vertical bars’’ of melanophores. Scale bar, 500 mm.
FIG. 4. Fluorescence double exposures of pigment pattern formation in a representative embryo reveal melanophore and xanthophore
movements after a subtle melanophore-free region has been established in the path of the midbody lateral line primordium (B37–38).
Times after the first appearance of melanophores are: (A) 21, (B) 24, (C) 27, and (D) 30 hr. Anterior is to the right. (A) Two melanophores
that retreated ventrally from the midbody lateral line primordium (not shown) are indicated (arrowheads) immediately ventral to the DiI-
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287Development of Stripes

FIG. 3. Time-lapse videomicrography reveals both active and passive melanophore movements during the migration of the midbody
lateral line primordium in a representative embryo (B35/36 –B37; corresponding to stages shown in Figs. 2C, 2D, 2I, and 2J in Parichy
1996b). Anterior is to the left. Elapsed times in A–L are: 0, 30, 60, 90, 135, 180, 210, 225, 255, 285, 360, and 420 min, respectively. Seven
representative melanophores are labeled (cells 1–6 in A–L; cell 7 in G–L) and approximate positions of the Nile blue-stained primordium
are indicated in gray. Each of cells 1–6 is overrun by the primordium, with cell 1 emerging dorsally and cells 2–6 emerging ventrally.
These movements were accompanied by active extension and retraction of processes, though apparently passive displacements also could
be observed (see text). Cell 7 approached the developing lateral line only after the distal tip of the primordium had passed. Some melano-
phores either were lost from view while subjacent to the primordium (cells indicated with an asterisk in F and I), or migrated out of the
field shown. Scale bar, 75 mm.

the myotomes (Figs. 2A and 2C). Prevention of lateral perturbs the distribution of xanthophores, which fail to
populate the middle of the flank as extensively, and in-line development allows melanophores to populate the

middle of the flank (Fig. 2B; also see Parichy, 1996b). stead retain a pattern specified initially by premigratory
aggregates.Figure 2D shows that ablation of the lateral lines also

labeled, midbody lateral line (LL). Dispersing xanthophores align transiently dorsal to the lateral line. (B) Xanthophores soon cross the
lateral line (e.g., cells indicated with arrows). (C) As xanthophores approach melanophores already ventral to the lateral line (arrowheads),
these melanophores move further toward the yolk mass (D). Small arrow in D indicates one of a few dorsal melanophores in this embryo
that eventually cross the lateral line to localize in the middle of the flank. Scale bar, 200 mm (A).
FIG. 5. Younger, donor melanophores and xanthophores in older host embryos. Anterior is to the right in all panels. (A, B) In a host
embryo at B38, donor, lightly pigmented melanophores (e.g., arrowhead) and xanthophores (not shown) disperse toward the middle of the
flank from a single neural fold grafted to the dorsal epidermis. (C) At later stages (úB43), most melanophores are present dorsally, some
are found ventrally, but few occur subjacent (i.e., medial) to the midbody lateral line (arrow). (D) Higher magnification view of the same
larva shown in C. A fluorescence double exposure reveals labeled melanophores (e.g., cells indicated with arrowheads) dorsal and ventral
to the midbody lateral line, as well as labeled xanthophores (e.g., arrow) subjacent to the lateral line. n, neuromasts. Scale bars: A, B, 200
mm; C, 500 mm; D, 200 mm.
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lowed). As the primordium entered the field of view, it
frequently ‘‘over-ran’’ melanophores in its path (cell 1;
Figs. 3C–3D). Average velocities at the distal tips of mid-
body lateral line primordia ranged from 107 to 147 mm/
hr across embryos (overall mean Å 132 mm/hr, SDÅ 12.3,
nÅ 7 embryos), and primordia traveled at speeds apprecia-
bly greater than melanophores (see Discussion). Primor-
dium migration also was accompanied by rearrangements
of surrounding epidermal cells (not shown; see Stone,
1933). Most melanophores overrun by the primordium
emerged ventrally or dorsally after 1–5 hr, and such
movements were accompanied by active extension and
retraction of processes (cells 1 and 2; Figs. 3C–3H).
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Position (mm) Position (mm) Emerging melanophores sometimes aligned transiently
parallel to the primordium (cell 1; Fig. 3F) and often con-FIG. 6. Quantitation of melanophore and xanthophore distri-
tacted neighboring melanophores, at which time pro-butions in unmanipulated larvae (A, C) and heterochronic chi-
cesses were retracted by the translocating cells and ex-meras (B, D). Positions (mm) represent distances from the dorsal
tended in different directions (cells 5 and 6; Figs. 3J–3L).apex of the myotomes; only midpoint values are provided (for

quantitative methods, see Parichy, 1996b). (A and C) In unma- Melanophores emerging ventrally moved further from the
nipulated larvae (n Å 9 sides of 9 unmanipulated larvae; total midpoint of the primordium than melanophores emerging
cells: 992 melanophores, 1290 xanthophores), chromatophore dorsally (least-squares means Å 100, 42 mm, SD Å 40.7,
densities at different positions are normalized according to the 40.7, n Å 16, 15, respectively; analysis of covariance, F1,28length of the region examined. (B and D) In heterochronic chime- Å 15.57, P õ 0.001). In addition to active movements,
ras, the numbers of DiI-labeled melanophores and xanthophores

melanophores also could be displaced passively short dis-varied considerably among larvae, and between sides of individ-
tances when first confronted by the primordium (compareual larvae (melanophores: range Å 4–86 melanophores/side,
positions of cells 1 and 2; Figs. 3C and 3D). Such displace-mean Å 29.9, SD Å 19.71, n Å 56 sides of 28 larvae; xantho-
ments could be accompanied by a momentary slowing ofphores: range Å 1–69 xanthophores/side, mean Å 22.6, SD Å

16.27, n Å 53 sides of 27 larvae; total cells: 1668 melanophores, primordium advance and compression of the melano-
1197 xanthophores). Consequently the numbers of donor mela- phore in its path (cell 5; Figs. 3E and 3F). On rare occa-
nophores and xanthophores at different positions are normalized sions, melanophores subjacent (i.e., medial) to the primor-
according to the total numbers of labeled cells of each type dium were displaced as far as two to three cell diameters
counted. Unlabeled chromatophores were assumed to be host-

caudally, and portions sometimes appeared to be torn re-derived and are not included. (A) In unmanipulated larvae, mela-
peatedly from such cells (not shown).nophore densities are high in dorsal (0.05–0.35 mm) and ventral

After the distal tip of the primordium had passed (B37–(§0.85 mm) regions of the flank, but are low in the vicinity of
38), melanophores in dorsal regions of the flank typicallythe midbody lateral line (0.45–0.75 mm). (B) In heterochronic

chimeras, the greatest proportions of younger donor melano- failed to traverse the lateral line (cells 1 and 7; Figs. 3G–
phores are found in dorsal regions of the flank, and very low 3L). Xanthophores were visible in photographic series (n
proportions are found in the vicinity of the midbody lateral line. Å 17 embryos; Fig. 4; also see Parichy, 1996b) and fre-
(C) Xanthophore densities in unmanipulated larvae display an quently could be identified in time-lapse videos as active,
inverse relationship to melanophores, with low densities dorsal

highly pulsatile cells dispersing in regions of xanthophoreand ventral to the midbody lateral line, but high densities in the
bar formation (not shown). Xanthophores often formedmiddle of the flank. (D) Donor xanthophores in heterochronic
transient rows immediately dorsal to the lateral line (Fig.chimeras are also abundant in the middle of the flank. Bars, 95%
4A), but then crossed the lateral line to colonize the mid-confidence limits.
dle of the flank (Fig. 4B). Concomitantly, adjacent mela-
nophores already ventral to the lateral line could be ob-
served translocating further toward the yolk mass (Figs.
4A–4D). When dorsal melanophores occasionally crossedEarly Development of the Melanophore-Free
the lateral line, this event was correlated with a localRegion
increase in melanophore number, or the close approach
of xanthophores (Fig. 4D). At later stages (úB38), melano-Figure 3 shows typical melanophore movements as re-
phores and xanthophores became increasingly arborizedcorded in time-lapse videos (n Å 8; B35/36 –B37) during
and rearrangements were no longer observed (Parichy,the early development of the melanophore-free region in
1996b).a representative embryo. Prior to the appearance of the

These results indicate that: (i) most melanophores ac-lateral line primordium, melanophores translocated gen-
tively translocate from the middle of the flank to establisherally in a dorsal-to-ventral direction, though some were
the melanophore-free region; (ii) some melanophores arestationary (cells 2 and 1, respectively; Figs. 3A–3C). Mito-

ses were occasionally observed (4 of 37 melanophores fol- displaced passively; and (iii) xanthophores—but not mela-
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289Development of Stripes

nophores—cross the lateral line to populate the middle of melanophore-free region. Similarly, extracellular factors in-
ferred to maintain the melanophore-free region could reflectthe flank after primordium migration.
steric effects of the lateral lines during later development.
Hence, I used SEM and TEM to examine physical relation-

Extracellular vs Autonomous Factors That ships of the lateral lines with chromatophores and sur-
Maintain the Melanophore-Free Region rounding tissues.

At B36, a subtle melanophore-free region is evident inAfter the melanophore-free region is established, most
melanophores could fail to repopulate this area because of the vicinity of the migrating, midbody lateral line pri-

mordium (Fig. 3J; also see Figs. 2C and 2I in Parichy,extracellular factors (e.g., physical barriers or changes in the
ECM), or because of cell-autonomous, stage-specific behav- 1996b). In cross section, the primordium can be seen as

a distinctive cord of cells within the epidermis at theioral modifications (e.g., a decrease in locomotory compe-
tence, perhaps due to altered expression of cell adhesion middle of the flank (nÅ 6; Fig. 7A). Epidermal cells lateral

to the primordium are thinner as compared to sur-molecules as the cells differentiate; see Erickson and Goins,
1995). I investigated these possibilities by examining the rounding regions and a groove is present in the apposing,

lateral face of the myotomes. When the epidermis wasbehavior of younger chromatophores in older, neural crest-
depleted hosts (Fig. 1B), at stages when the melanophore- removed, a distinctive furrow was observed in the myo-

tomes that was deepest and widest near the distal (caudal)free region normally would have been formed (e.g., Fig. 4D).
If maintenance of the melanophore-free region depends on tip of the primordium, but shallower in more proximal

(rostral) regions (n Å 11; Fig. 8A). Melanophores and xan-extracellular factors and does not require autonomous
changes in melanophore behavior, then younger melano- thophores occurred at the edge of the furrow, compressed

along the walls of the furrow (Fig. 8C), and on the subepi-phores should fail to populate the vicinity of the midbody
lateral line. Conversely, if maintenance of the melano- dermal basement membrane adjacent to the primordium

(Fig. 8D). The lateral lines are responsible for this furrowphore-free region requires autonomous changes in melano-
phore behavior, but not extracellular factors, then younger because embryos in which the lateral line placodes had

been ablated failed to display either primordia or furrowsmelanophores should populate this area.
Elongated, lightly pigmented donor melanophores (Figs. in the myotomes (n Å 8; Fig. 8B). SEM also revealed that

the primordium is separated from chromatophores and5A and 5B) approached the midbody lateral line after the
primordium had passed (B37–38). At later stages (úB43), the myotomes by the subepidermal basement membrane

(Fig. 7B). (The basement membrane is defined here tomost donor melanophores were found in dorsal regions of
the flank and immediately dorsal to the midbody lateral include the subepidermal basal lamina plus associated

ECM, as seen with SEM, TEM, or light microscopy.) Atline, and very few were found at the level of the lateral line
(Figs. 5C, 5D, and 6B). Nevertheless, a few donor melano- the TEM level, the basement membrane bridges a gap

between the primordium and epidermis (Figs. 7C and 7D;phores settled ventral to the lateral line, indicating that
observed distributions do not simply reflect poor dispersal, n Å 3 embryos), but tended to be thinner and less orga-

nized where it covers the medial surface of the primor-as might be expected if cell densities were insufficient to
drive melanophores toward the middle of the myotomes. dium (i.e., facing the myotomes), or at the primordium–

epidermis junction, as compared to regions further dor-Donor xanthophores were found dorsally and ventrally, but
also in the middle of the flank, and immediately subjacent sally or ventrally (Figs. 7E–7G). A basement membrane

was not apparent at the lateral (i.e., outer) surface of theto the lateral line (Figs. 5D and 6D). These data indicate
that: (i) extracellular factors can inhibit melanophores from primordium.

At B40, the definitive early larval pattern is nearlypopulating the middle of the flank even after primordium
migration; (ii) autonomous, stage-specific changes in mela- formed and lateral line development is essentially com-

pleted (slightly prior to Fig. 2A). In larvae prepared fornophore behavior are not absolutely required for main-
taining the melanophore-free region (though such changes SEM (n Å 3), the midbody lateral line nerve could be

seen adjacent to the inner epidermis, apposed closely tocould still occur during normal development); and (iii) xan-
thophores are more invasive than melanophores under a subcutaneous artery that runs along the lateral face of

the myotomes (Figs. 2A, 7H, and 7I). Identity of the nervethese conditions. The inhibition of melanophore settling in
the middle of the flank appears to depend in part on cues was confirmed by DiI-labeling, and by its absence when

the lateral line placodes were ablated (below). After re-associated with the midbody lateral line, since melano-
phores were not present immediately subjacent to the lat- moval of the epidermis, a small furrow was found in the

myotomes subjacent to the nerve and dorsal to the subcu-eral line, but were distributed more uniformly in two indi-
viduals in which the lateral line primordia failed to migrate. taneous artery (n Å 6), but this furrow was not present

in larvae without lateral lines (n Å 4; not shown). At the
TEM level, the subepidermal basement membrane at B40Physical Relationships of the Lateral Lines with (Fig. 7J; n Å 3 larvae) was thicker than at B36.

Chromatophores and Surrounding Tissues These findings are consistent with the hypotheses that:
(i) the primordium has steric effects on surrounding tis-Time-lapse videos suggested that steric effects of the lat-

eral line primordium could contribute to establishing the sues, with correlated effects on melanophores; and (ii)
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FIG. 7. Physical relationships of the lateral lines with surrounding tissues revealed by scanning and transmission electron microscopy.
(A–G) Stage B36. (H–J) Stage B40. (A) At B36, chromatophores and neural crest cells (arrowheads) are found dorsal to the neural tube (nt)
and in the space between the epidermis (e) and myotomes (m). The midbody lateral line primordium (p) is found within the epidermis
and has migrated approximately half the length of the trunk. (B) A higher magnification view of the primordium in A, showing relationships
with surrounding epidermal cells, as well as the subepidermal basement membrane (arrow) extending from the epidermis to cover the
primordium. Single arrowheads indicate the medial (inner) surface of the primordium and double arrowheads indicate the lateral (outer)
surface of the primordium. (C) Low-magnification TEM micrograph at the junction between a cell of the lateral line primordium (p) and
an adjacent, ventral epidermal cell (e), illustrating the subepidermal basement membrane (arrow) spanning the gap between the two cells.
A yolk platelet (y) is indicated and small, black organelles are maternal melanosomes. (D) Detail of the region indicated with an arrow
in C. (E–G) High-magnification views of the subepidermal basement membrane. (E) A continuous and organized basement membrane
(arrow) is present ventral to the migrating primordium. (F) At the junction between the primordium and epidermis, the basement membrane
is disorganized. (G) At the medial-most portion of the lateral line primordium (corresponding to single arrowheads in B), the basement
membrane is patchy and flocculent. (H) At B40, the lateral line nerve (arrow) is found between the epidermis and myotomes, and a dorsal
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291Development of Stripes

FIG. 8. Physical relationships between the lateral line primordium, myotomes, and chromatophores. Anterior is to the right in all panels.
(A) In an unmanipulated embryo (B36), a deep furrow (arrow) is found in the myotomes (m) immediately subjacent to the migrating lateral
line primordium. (B) When lateral line development is prevented, however, no furrow is found in the myotomes at the same stage of
development. (C) A higher magnification view in a different embryo of the furrow (f) created in the myotomes by the lateral line primordium,
with chromatophores at the dorsal edge of the furrow and medially within the furrow (arrowheads). (D) Melanophores on the subepidermal
basement membrane near the distal tip of the primordium. Scale bars: (A,B) 400 mm; (C) 100 mm; (D) 50 mm.

the lateral line nerve acts as a physical obstacle that in- perlein et al., 1988; Perris et al., 1990; Oakley et al., 1994;
Spence and Poole, 1994; Tosney et al., 1994; Krull et al.,hibits the migration or settling of melanophores in the

middle of the flank. 1995; Landolt et al., 1995). Indeed, studies of other sala-
manders have suggested that melanophore-free regions
are established because chromatophores respond to local-

Distributions of Extracellular Matrix Components ized cues in the ECM: tenascin and chondroitin sulfate
proteoglycans are believed to have ‘‘anti-adhesive’’ ef-Accumulating evidence indicates that the composition

of the ECM influences the morphogenesis of neural crest fects, excluding melanophores from the middle of the
flank (Epperlein and Löfberg, 1990, 1993), whereas fibro-cells and chromatophores (reviewed in Erickson, 1993;

Erickson and Perris, 1993). For example, chondroitin sul- nectin is hypothesized to act as an adhesive substratum,
trapping melanophores at sites of stripe formationfate proteoglycans and molecules that bind the lectin

peanut agglutinin (PNA) correlate with barriers to the (Tucker and Erickson, 1986a,b). Given these previous
findings, the demonstration that the lateral lines are re-migration of these cells, whereas fibronectin and laminin

occur along migratory pathways (e.g., Tucker, 1986; Ep- sponsible for the melanophore-free region in A. t. tigri-

lateral line neuromast (n) is visible on the contralateral flank. (I) Detail of the larva shown in H, showing the midbody lateral line nerve
(large arrow) covered by basement membrane (small arrow) and apposed closely to a subcutaneous artery (a), running along the lateral
face of the myotomes (m). (J) The subepidermal basement membrane has thickened considerably by B40. The representative section is
taken from the vicinity of the lateral line nerve, corresponding to the dorsoventral position in G. Scale bars: (A, H) 100 mm; (B, I) 20 mm;
(C) 400 nm; (D) 200 nm; (E–G, J) 200 nm: nch, notochord.
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TABLE 1
Sample Sizes for Analyses of Extracellular Matrices

Embryos examineda

ECM component B32–33 B35–36 B38–39 B40–42 Total

Tenascin 8 13 8 11 40
Chondroitin sulfate proteoglycans 4 9 3 10 26
Laminin 9 10 4 9 32
Fibronectin 7 10 3 11 31
PNA-binding activity 8 10b 3 9 30

a B35–36, B38–39, and B40–42 embryos received unilateral lateral line ablations.
b Includes 2 stage B37 embryos.

num suggests that effects on melanophores could be me- independent increases in staining were observed for
PNA-binding activity (Figs. 9A– 9C), tenascin (Figs. 10A–diated by lateral line-dependent changes in the matrix

(e.g., appearance of anti-adhesive molecules or disappear- 10F), and laminin (Figs. 10I– 10K) throughout the embryo
by terminal stages of pigment pattern formation (B38–ance of adhesive molecules). To investigate this possibil-

ity, I examined the distribution of ‘‘candidate’’ patterning 42). This elaboration of the matrix coincided with a rapid
expansion of the flank that occurs principally after themolecules (PNA-binding activity, tenascin, chondroitin

sulfate proteoglycans, fibronectin, laminin) during neu- midbody lateral line primordium has passed (Fig. 11).
These results indicate that: (i) establishment of theral crest cell migration (B32/33; Olsson and Löfberg,

1992) and pigment pattern formation (B35 –42), in the melanophore-free region probably does not depend on
specific, lateral line-dependent regulation of the abun-presence and absence of lateral lines (Fig. 1A; Table 1).

None of the ECM components examined were localized dance of these ECM components; (ii) lateral line-depen-
dent, structural perturbations of the subepidermal base-exclusively within or outside of the melanophore-free

region (Figs. 9 and 10). Nevertheless, comparisons of lat- ment membrane correlate with the initial evacuation and
early exclusion of melanophores from the middle of theeral line-intact and -ablated sides revealed three effects

of lateral line development. (1) During establishment of flank; and (iii) enhanced, lateral line-dependent deposi-
tion of tenascin and a lateral line-independent elabora-the melanophore-free region (B35/36), discontinuities in

the subepidermal basement membrane sometimes could tion of the matrix coincide with increasingly stable mela-
nophore positions during terminal stages of pigment pat-be detected at the junction between the primordium and

epidermis, or along the medial aspect of the primordium tern formation (Parichy, 1996b).
(e.g., PNA-binding activity, Fig. 9D), consistent with
TEM observations. Similarly in the wake of the primor- DISCUSSION
dium (B37), breaches in the basement membrane were

The factors underlying a distinctive melanophore-free re-observed in the vicinity of prospective neuromasts and
gion in A. t. tigrinum can be conceptualized as falling intothe lateral line nerve, which passes from the apical to
two classes: those that cause initially widely distributedthe basal surface of this membrane (Figs. 9H, 9G, 9F, 9E,
melanophores to be depleted from the middle of the flank,and 10O; also see Sato, 1976; Winklbauer, 1989). More
thus establishing the melanophore-free region; and thosesubtle discontinuities also were associated with the
that prevent melanophores from repopulating this area,much smaller dorsal lateral line (e.g., Fig. 9C), which
thereby maintaining the melanophore-free region duringgenerates a small and transient melanophore-free region
later development. This study demonstrates that: (i) most(Parichy, 1996b). In contrast, gaps in basement mem-
melanophores respond to the lateral line primordium bybrane staining were not present on lateral line-ablated
evacuating the middle of the flank; and (ii) extracellularsides (not shown). (2) Although the subepidermal base-
factors can prevent melanophores from colonizing this re-ment membrane was continuous after primordium mi-
gion after primordium migration. Additionally, these datagration (B38– 42), the lateral line nerve was covered by a
are consistent with the hypothesis that development of thelayer of basement membrane extending from beneath the
melanophore-free region depends on multiple factors, in-epidermis (Figs. 10C, 10G, 10K, and 7I). Sides without
cluding steric effects, interactions between melanophoreslateral lines did not exhibit such ‘‘projections’’ of base-
and xanthophores, and changes in the ECM.ment membrane (Fig. 10H). (3) Tenascin staining was

slightly enhanced in the vicinity of the lateral line during
Establishment of the Melanophore-Free RegionB38 –42, as compared to equivalent regions on lateral

line-ablated sides (Figs. 10G and 10H). The melanophore-free region is established (B35/36–37)
because most melanophores actively retreat short distancesIn addition to lateral line effects, dramatic lateral line-
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293Development of Stripes

FIG. 9. PNA-binding activity. Representative sections in A–C were stained, photographed, and printed identically. (A) Only low levels
of PNA-binding activity are observed between the epidermis (e) and myotomes (m) during neural crest cell migration (B32/33). (B) During
the migration of the midbody lateral line primordium (B35/36), PNA-binding activity is present subepidermally and also covers the
primordium (p; higher magnification view in D). (C) By terminal stages of pigment pattern formation (B40/41), PNA-binding activity has
increased dramatically in the subepidermal basement membrane and interstitial matrices throughout the embryo. Arrowheads indicate
neuromasts of the dorsal and midbody lateral lines. (D) Although the primordium is generally covered by PNA-binding basement membrane,
gaps could be detected along the medial surface of the primordium (between arrowheads) and at the junction between the primordium
and adjacent epidermis (arrow). (E–H) Anterior (E) to posterior (H) sections of a single B37 embryo showing breaches in the subepidermal
basement membrane as the lateral line nerve (arrow) passes from the apical to the basal surface of this membrane. Anteriorly (E), the
nerve is present between the epidermis and a developing artery (e.g., Fig. 7I), but further posteriorly (H) the nerve contacts the lateral line
primordium (double arrowheads indicate PNA-binding activity within a myoseptum). nch, notochord; nt, neural tube. Scale bars: (A–C)
100 mm; (D) 40 mm; (E–H) 30 mm.

from the migrating, midbody lateral line primordium. In mordium is responsible for a deep furrow in the subjacent
myotomes, and chromatophores lining the walls of this fur-turn, several lines of evidence suggest that this event could

be mediated by steric effects of the primordium on sur- row can exhibit compressed morphologies. Finally, melano-
phores retreat only after contacting the basement mem-rounding tissues and melanophores. For example, the pri-

mordium migrates within the epidermis, yet the subepider- brane-covered primordium, and initial encounters between
melanophores and the primordium could be accompaniedmal basement membrane is unusually patchy and floccu-

lent where it covers the primordium, or spans the junction by a slowing of primordium advance, as well as compres-
sion, passive displacement, or even fragmentation of mela-between the primordium and epidermis. Moreover, the pri-
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295Development of Stripes

inferences: the primordium is several cells thick and travels
as fast as 107–147 mm/hr. For comparison, the average ve-
locity of A. mexicanum melanophores is only 42 mm/hr
(Keller and Spieth, 1984) and the maximal reported velocity
for T. torosa melanophores is 18 mm/hr (Tucker and Erick-
son, 1986a). The primordium also might perturb the base-
ment membrane by exerting tractional forces (e.g., Harris
et al., 1981; Tucker et al., 1985), though the mechanisms
underlying primordium motility are not known. Interest-
ingly, lateral lines on the head are not associated with dis-
tinctive melanophore-free regions and arise not from freely
migrating primordia, but from elongating sensory ridges
(Winklbauer, 1989; Northcutt et al., 1994; Parichy, 1996a).

How could steric effects of the midbody lateral line pri-
mordium influence melanophores? If disruption of the sub-
epidermal basement membrane generates a relatively weak
and unstable substratum for melanophores that interact
with this matrix (also see Epperlein, 1982; Epperlein and

FIG. 11. Dorsal–ventral extension of the myotomes occurs princi- Claviez, 1982; Keller et al., 1982; Löfberg et al., 1985;
pally after migration of the midbody lateral line primordium and Tucker et al., 1985; Tucker and Erickson, 1984, 1986a), even
coincides with an elaboration of the ECM (0 hr Å B35, 110 hr Å random movements should bring these cells into contact
B42; n Å 17 embryos). Each point represents the mean dorsal– with more favorable regions, dorsal or ventral to the primor-
ventral height of the myotomes at a fixed position in the middle

dium. As melanophores begin to emerge from subjacent toof the trunk. Vertical dotted lines indicate the range of times at
the primordium, compression and spatial constraints alsowhich the distal tip of the midbody lateral line primordium had
could contribute to biasing further movements away frompassed the region measured. Bars, 95% confidence limits.
this region. Additionally, time-lapse videos revealed that
although many of the melanophores that evacuate the mid-
dle of the flank are already translocating when confronted

nophores. These findings imply that the primordium exerts by the primordium, other melanophores initially are sta-
powerful forces against surrounding tissues and melano- tionary. Thus, the primordium also can stimulate the motil-
phores, and probably also shears or distends the subepider- ity of melanophores, perhaps by disrupting the subepider-
mal basement membrane as it migrates. The large size and mal basement membrane or imparting mechanical stresses

to the melanophores themselves (Tickle and Trinkaus,high speed of the primordium are consistent with these

FIG. 10. Immunohistochemistry for candidate patterning molecules of the ECM, and DiI-labeling of the lateral line nerve. (A–H) Tenascin.
(I–K) Laminin. (L) Chondroitin sulfate. (M, N) Fibronectin. (O) DiI-labeling. Sets of images for each matrix component (A–D, E–F, G–H,
I–K, M–N) were stained, photographed, and printed identically. (A–H) Tenascin staining was qualitatively similar with a polyclonal
antiserum (A–F) and mAb M1 (G –H). (A) During neural crest cell migration (B32/33), anti-tenascin immunoreactivity is not observed
between the epidermis (e) and somites (s), but is found around the neural tube (nt) and notochord (nch), and in the intersomitic furrows
(double arrowhead). Outer epidermal staining is nonspecific. (B) During primordium migration (B35/36), tenascin staining is present in
the subepidermal basement membrane and covering the lateral line primordium (p). m, myotome. (C, D) After primordium migration
(B38/39, B40/41, respectively), tenascin staining has increased dramatically in the subepidermal basement membrane and interstitial
matrix between the epidermis and myotomes, and an anti-tenascin-immunoreactive basement membrane covers the lateral line nerve
(arrow; a midbody lateral line neuromast is indicated with an arrowhead in D). (E, F) Frontal sections showing tenascin staining beneath
the epidermis at the level of the midbody lateral line at B35/36 (E) and B40/41 (F). Anterior is to the left and double arrowheads indicate
staining in the myosepta. The lateral line primordium (p) can be seen migrating within the epidermis in E, and four lateral line neuromasts
(arrowheads) are visible in F. (G, H) Tenascin staining on lateral line-intact and -ablated sides from the same section of a B38/39 larva.
(G) Pronounced tenascin staining is observed subepidermally and covering the lateral line nerve (arrow) which is apposed to a subcutaneous
artery (a); the arrowhead indicates a neuromast. (H) Staining is less intense in the absence of lateral line development. (I–K) Anti-laminin-
immunoreactivity is weak initially (I, B32/33) but has increased in the epidermis (and surrounding myocytes) during primordium migration
(J, B35/36) and is particularly strong subepidermally during terminal stages of pigment pattern formation (K, B40/41). (K*) A brightfield
image corresponding to K, showing melanophores on the subepidermal basement membrane. Small arrows in J–K* indicate basement
membrane projecting from the epidermis to cover either the primordium or the lateral line nerve, and large arrows in K and K* indicate
the lateral line nerve adjacent to an artery (a). (L) Chondroitin sulfate is widely distributed at all stages examined and patterns were
qualitatively similar using mAbs DDi-6S and CS-56 (shown here at B35/36). (M, N) Staining for fibronectin is widely distributed at all
stages (M, B35/36; N, B40/41). Arrowheads in N delineate the position of melanophores, quenching fluorescence in this region. (O, O*)
Corresponding fluorescent and brightfield images showing DiI-labeling of the midbody lateral line nerve (arrow), subjacent to a DiI-labeled
neuromast (n). Scale bars: (A–D, L –N) 100 mm; (E, F) 100 mm; (G, H) 80 mm; (I–K*) 50 mm, (O, O*) 20 mm.
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1976). Although cell–cell interactions leading to contact solutely required for maintaining the melanophore-free re-
gion and imply instead that extracellular factors can inhibitinhibition of movement (Abercrombie, 1970) and contact

stimulated migration (Thomas and Yamada, 1992) probably melanophores from repopulating the middle of the flank.
Factors associated with the midbody lateral line nerve arecontribute to the early dispersal of neural crest cells and

melanophores (Rovasio et al., 1983; Erickson, 1985; Tucker likely candidates for inhibiting dorsal melanophores from
migrating further ventrally once the melanophore-free re-and Erickson, 1986a), neither of these phenomena ade-

quately explain the present observations, since the cells of gion has been established. Shortly after the distal tip of the
primordium passes (B37), the position of the lateral linethe primordium are separated from melanophores by the

subepidermal basement membrane. nerve correlates with breaches in the subepidermal base-
ment membrane. Subsequently, however, the nerve is foundHorizontal stripes in other salamanders are hypothesized

to form because chromatophores respond to cues in the medial to the epidermis, apposed to an artery that develops
along the lateral face of the myotomes, and the nerve isECM (Tucker and Erickson, 1986a,b; Epperlein and Löfberg,

1990, 1993). In this study, comparison of lateral line-intact covered by a layer of basement membrane that is contiguous
with the subepidermal basement membrane. These obser-and -ablated sides during primordium migration did not re-

veal differences in staining for ‘‘candidate’’ patterning mole- vations suggest that melanophores could be inhibited ini-
tially from recolonizing in the wake of the primordium ifcules [PNA-binding molecules, tenascin, chondroitin sul-

fate proteoglycans, fibronectin, laminin; or keratan sulfate disruptions of the subepidermal basement membrane pres-
ent a relatively nonpermissive substratum as compared toproteoglycans and hyaluronan (Tucker and Erickson, 1984,

1986b; Olsson et al., 1996), unpublished data; reviewed in adjacent, intact basement membrane. Melanophore move-
ments also could be retarded if the nerve acts as an obstacleErickson, 1993; Erickson and Perris, 1993]. This suggests

that the lateral lines do not specifically alter the abundance because of space constraints (e.g., Bard et al., 1975; Löfberg
and Ahlfors, 1978; Löfberg et al., 1980; Thiery et al., 1982;of these matrix components to establish the melanophore-

free region. Since lateral line-dependent melanophore-free Ranscht and Bronner-Fraser, 1991), or because of its curva-
ture (Dunn and Heath, 1976; Dunn, 1982), or if the base-regions are inferred to be ancestral for ambystomatids and

salamandrids (Parichy, 1996b), an intriguing hypothesis is ment membrane that covers the nerve at later stages is a
relatively pliable and unstable substratum (Tucker and Er-that putative ECM cues for establishing stripes in other taxa

represent an evolutionary innovation in patterning mecha- ickson, 1984; Tucker et al., 1985). Physical features of the
extracellular environment are not expected to act as abso-nisms. Nevertheless, the present results do not rule out

roles for additional lateral line-dependent factors that might lute barriers, but could be especially effective when com-
bined with other factors that inhibit melanophore motilitycontribute to excluding melanophores from the middle of

the flank (e.g., different ECM components or chemorepel- (below; see Newgreen, 1989).
The data presented here also implicate interactions be-lants; Twitty and Niu, 1948; Colamarino and Tessier-La-

vigne, 1995). These possibilities are currently being investi- tween melanophores and xanthophores in maintaining the
melanophore-free region. Dispersing xanthophores oftengated.
form transient rows dorsal to the lateral line nerve, as if
delayed temporarily in their migration. Unlike melano-Maintenance of the Melanophore-Free Region phores, however, xanthophores cross the lateral line to colo-
nize the middle of the flank, both during normal develop-After melanophores retreat from the primordium, these

cells might be expected to recolonize in its wake because ment (also see Parichy, 1996b) and in heterochronic chime-
ras. A variety of factors could make xanthophores moreof random motility, contact inhibition of movement (Ro-

vasio et al., 1983; Erickson, 1985; Tucker and Erickson, invasive than melanophores: for example, xanthophores
could be smaller or more deformable (Tickle and Trinkaus,1986a), continued proliferation, and interactions with dis-

persing xanthophores. Nevertheless, the melanophore-free 1973; Erickson, 1980), or could exhibit enhanced locomo-
tory capability (Gail and Boone, 1971; Paddock and Dunn,region persists and becomes increasingly distinctive (§B37).

One hypothesis to explain the maintenance of this pattern 1986; Tucker and Erickson, 1986b; also see Erickson and
Goins, 1995), perhaps resulting from differences in the ex-element is that melanophores undergo autonomous, age-

or differentiation-specific changes that prevent them from pression of proteases (Seftor et al., 1992; Stetler-Stevenson
et al., 1993; Duong and Erickson, 1995) or molecules regu-repopulating the middle of the flank (e.g., a loss of locomo-

tory competence, perhaps due to expression of different ad- lating cell–matrix adhesion (Faassen et al., 1992; Thomas
et al., 1992; Beauvais et al., 1995). The ability of xantho-hesion molecules; see Delannet et al., 1994; Hara et al.,

1994; Qian et al., 1994; Tang et al., 1994; Beauvais et al., phores to rapidly occupy ‘‘chromatophore-free space’’ in the
wake of the primordium (§B37) almost certainly confers1995; Erickson and Goins, 1995). In heterochronic chime-

ras, however, most younger, lightly pigmented and elon- upon these cells a role in inhibiting melanophores from
returning to this area (e.g., by contact inhibition of move-gated donor melanophores (dispersing after primordium mi-

gration) failed to settle immediately subjacent to the lateral ment) and probably also causes melanophores to recede fur-
ther from the lateral line nerve. Consistent with these ideas,line or further ventrally over the myotomes. These data

suggest that during normal development, autonomous, melanophores emerging ventrally from subjacent to the pri-
mordium (away from dispersing xanthophores) movestage-specific changes in melanophore behavior are not ab-
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greater distances than melanophores emerging dorsally, and coincides with a rapid increase in the height of the flank,
suggesting that if melanophores are ‘‘trapped’’ by an increas-melanophores already ventral to the lateral line translocate

further toward the yolk mass after being approached by xan- ingly elaborate matrix, overall shape changes could enhance
the distinctiveness of the melanophore-free region by sepa-thophores. Thus, melanophore –xanthophore interactions

that translate a prepattern of xanthophore aggregates into a rating relatively stable, dorsal and ventral concentrations
of melanophores.vertical barring pattern (Lehman, 1957; Epperlein and Löf-

berg, 1990; Olsson and Löfberg, 1992) probably also contrib-
ute to translating a prepattern established by melanophore–

A Primitive Mechanism for Stripe Formationprimordium interactions into a distinctive melanophore-
free region. This leads to the prediction that in taxa dis- The data presented here prompt a working hypothesis
playing both vertical bars and melanophore-free regions, for the formation of the melanophore-free region in A. t.
evolutionary changes in the complements of melanophores tigrinum: (1) Melanophores initially disperse widely over
and xanthophores should yield correlated responses in both the somites. (2) As the midbody lateral line primordium
pattern elements (e.g., compare A. t. tigrinum with A. bar- migrates on the apical side of the subepidermal basement
bouri in Parichy, 1996b). membrane, a subtle melanophore-free region is established

After a melanophore-free region is established (§B37), because melanophores retreat from the middle of the flank
melanophores are increasingly arborized and during termi- in response to steric effects of the primordium on sur-
nal stages of pigment pattern formation (§B38), rearrange- rounding tissues and the subepidermal basement mem-
ments are no longer observed (see Parichy, 1996b). Examina- brane. (3) The melanophore-free region is maintained ini-
tion of ‘‘candidate’’ patterning molecules (B38–42) suggests tially because of lateral line-dependent discontinuities in
that changes in the ECM could contribute to this cessation the subepidermal basement membrane, and because the lat-
of melanophore motility. Staining for tenascin was en- eral line nerve acts as a physical obstacle to melanophore
hanced in the vicinity of the midbody lateral line as com- migration and localization. (4) Meanwhile, more invasive
pared to lateral line-ablated sides, perhaps reflecting a differ- xanthophores colonize the vicinity of the midbody lateral
ence between ‘‘wounded’’ and unperturbed matrices, or dif- line, and thereby contribute to excluding melanophores
ferences in proliferative activity within the epidermis from the middle of the flank. (5) During terminal stages
(Mackie et al., 1988; Smith et al., 1988). In addition, lateral of pigment pattern formation, melanophore positions are
line-independent increases in staining were observed for stabilized by an increasingly elaborate subepidermal matrix.
tenascin, laminin, and PNA-binding molecules subepider- Since lateral line-dependent melanophore-free regions are
mally throughout the embryo, and a marked thickening of inferred to be primitive for ambystomatids and salaman-
the basement membrane was evident at the TEM level. In drids, this hypothesis provides a context for interpreting the
vitro, tenascin is a relatively nonadhesive substratum for a phylogenetic diversification of pattern-forming mecha-
variety of cell types (Chiquet-Ehrismann et al., 1988; Ep- nisms (see Parichy, 1996b). Finally, the results of this study
perlein et al., 1988; Wehrle-Haller and Chiquet, 1993) in- raise the possibility that lateral line effects on pigment pat-
cluding A. t. tigrinum melanophores (Parichy, unpublished terns also might be present in more distantly related am-
data), laminin promotes melanocyte dendricity (Zambruno phibians and fishes, if the lateral lines in these taxa develop
et al., 1993; Hara et al., 1994), and high concentrations of as in A. t. tigrinum.
tenascin, laminin, and collagen each can inhibit neural crest
cell motility (Tucker and Erickson, 1984; Perris and Johans-
son, 1987; Halfter et al., 1989). In vivo, PNA-binding mole- ACKNOWLEDGMENTS
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larval ambystomatid salamanders: Ambystoma tigrinum tigri- Placode specification, guidance of migration, and the origin of

neuromast polarity. Anat. Embryol. 182, 171–180.num. J. Morphol. 211, 73–85.
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