and this interaction correlates with trans-
formation (4). Point mutants of Bcr-Abl
that are defective in transformation still
bound Grb-2, indicating that they can ac-
tivate Ras (4, 5). This activity demon-
strates that, whereas Grb-2 binding is nec-
essary for transformation, it is not sufficient.
Transformation by the Grb-2 binding mu-
tant was not enhanced by the overexpres-
sion of Myc, suggesting that Myc and Ras
may operate in different pathways.
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A Dual Embryonic Origin for Vertebrate
Mechanoreceptors

Andres Collazo, Scott E. Fraser, Paula M. Mabee*

Neuromasts, the mechanoreceptors of the lateral line system of fishes and aquatic am-
phibians, have previously been thought to develop exclusively from embryonic epidermal
placodes. Use of fate mapping techniques shows that neuromasts of the head and body
of zebrafish, Siamese fighting fish, and Xenopus are also derived from neural crest. Neural
crest migrates away from the neural tube in developing vertebrates to form much of the
peripheral nervous system, pigment cells, and skeletal elements of the head. The data
presented here demonstrate that neuromasts are derived from both neural crest and

epidermal placodes.

Neuromasts are sensory structures of fishes
and aquatic amphibians that function to
detect vibrations in the nearby water, and
thereby facilitate schooling, prey capture,
and predator avoidance (1). They are pre-
dominantly arranged in lines on the body
surface and head, and together comprise
the lateral line system. Neuromasts display
a highly conserved structure, with a core of
sensory hair cells that are surrounded and
underlain by support cells and are covered
with a gelatinous cupula (1, 2). Neuromasts
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evolved in the common ancestor of verte-
brates and are retained in lampreys, sharks
and rays, fishes, and aquatic amphibians
(Fig. 1). Vertebrates have hair cells in the
inner ear that are considered homologous to
the hair cells of neuromasts by virtue of
their similarity in structure and function.
In amphibians, a variety of classical
experimental techniques (3-7) have dem-
onstrated that neuromasts of the head and
body develop from epidermal placodes that
all originate on the head. Placodes caudal
to the otic capsule migrate from head to tail
tip, dropping off clusters of cells that differ-
entiate as neuromasts. Although it is as-
sumed that neuromasts develop in the same
manner in teleosts and although postotic
placode migration has been documented
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(8), the data regarding the origin of cranial
neuromasts have remained inconsistent.
Placodes have been observed in a few spe-
cies (9, 10), but in other fishes neuromasts
appear to erupt without an obvious placodal
precursor (11, 12). The observed proximity
of neural crest and placodes might be taken
to suggest that the neural crest induces
placode formation or induces neuromast
formation from placodes (13-15).

To define more precisely the origin of
lateral line neuromasts, we used vital fluo-
rescent dyes, as recently used to character-
ize the amphibian trunk neural crest (16).
Either neural crest or placode cells were
labeled with the lipophilic dye, Dil, and
individual embryos were traced and imaged
at daily or weekly intervals for up to a
month (17). After portions of the neural
crest were labeled in cranial and trunk areas
(Fig. 2), some embryos were observed with
time-lapse photography at intervals of 2
min over a period of 8 hours. Although the
overall pathways of neural crest migration
were predictable, movements of individual
cells were often tortuous and resulted in a
marked dispersion from the injection site
across much of the cranium or trunk. These
observations allowed us to determine that
labeled neural crest cells do not transfer dye
from labeled to unlabeled cells.

Both the neural crest and epidermal
placodes contributed to neuromasts in the
teleost fishes Brachydanio rerio (Ostario-
physi) and Betta splendens (Percomorpha)
(18) and in an anuran amphibian, Xenopus
laevis. Cranial neural crest cells (Fig. 2A)
contributed to cranial neuromasts in both
fishes (Fig. 3, A to D) and to cranial and
trunk neuromasts in Xenopus (Fig. 4, A to
D). Dil-labeled cranial neural crest cells of
one Betta individual, for example, migrated
from a location dorsal to the presumptive

Fig. 1. Phylogeny of living craniates. Neural
crest, epidermal placodes, and neuromasts
evolved in the common ancestor of vertebrates
and are retained in all descendants except
amniotes (26, 27). Hair cells are retained in the
inner ear of amniotes. The asterisk indicates
those taxa from which we found neuromasts to
be derived from both placodes and neural
crest.

lateral line primordia (9) (Fig. 4A). These
cells differentiated by 23 days into opercular
neuromasts (Fig. 3, B to D), as well as into
pigment cells (Fig. 3D) and other neural
crest derivatives. Labeled neuromasts were
interspersed with unlabeled neuromasts
(Fig. 3, C and D). In Xenopus, labeled
neural crest cells migrated into neural crest
derivatives such as branchial arches, pass-
ing under regions that form prospective
lateral line placodes. Labeled cells were
visible in neuromasts of stage 48 Xenopus
(Fig. 4, B and C) and in the fishes at
approximately 3 weeks of age. Neuromasts
were identified in vivo by morphology and
position, the latter determined by labeling
of uninjected controls with the vital dyes
4-Di-2-ASP or methylene blue, which spe-
cifically label neuromast hair cells (Fig. 2,
D and E). Photoconversion of Dil-labeled
neuromasts (19), which were histologically
sectioned, confirmed observations in whole
animals that both sensory hair cells and
peripheral cells of cranial neuromasts were
labeled (Fig. 4D), although not all cells of a
single neuromast were necessarily labeled.
To determine whether trunk neural crest
cells contribute to neuromasts, we injected
embryos in the mid to posterior trunk (Fig.
2B), a region caudal to all developing pla-
codes. Similar to results from cranial injec-
tions, trunk neural crest cells contribute to
neuromasts. The rostrocaudal extent of the
injection sites was typically the size of one

somite (Fig. 3E). In one fish embryo, the
labeled neural crest cells had dispersed as far
as 20 somites by 2 days (Fig. 3F). After 23
days, three labeled neuromasts were visible
at the same axial levels at which labeled
spinal ganglia were present at 2 days (Fig. 3,
G and H). In another embryo, two labeled
neuromasts were observed at a more poste-
rior site (Fig. 3, I and J). As in the cranial
neuromasts, hair cells and peripheral cells
were labeled (Fig. 3, H to ]).

The same methods allowed us to observe
the placodes that contribute to the head
lateral lines of teleosts. Cranial placodes
were discovered that contribute to the for-
mation of both cranial and trunk neuro-
masts (Figs. 2C and 4E). We labeled only
superficial placodal cells (Fig. 4E), and not
the underlying neural crest, which would
have given rise to ganglia, pigment cells,
and skeletal derivatives (20). Postotic pla-
codes contributed to neuromasts along the
dorsal, middle, and ventral trunk lines (Fig.
4F). Teleost neuromasts derived from pla-
codes appeared to differentiate earlier than
do neuromasts from neural crest cells. In
juvenile Brachydanio only two trunk lines
are described (8); the middle trunk line that
we describe disperses to become less recog-
nizable by the juvenile stage. Cells of the
postotic placode also formed a path be-
tween neuromasts, and these may be glial
cells that wrap the lateral line nerve (21).
Although glial cells are thought to arise

Fig. 2. Injections of teleost embryos (77) and neuromast labeling with 4-Di-2-ASP in fish and
amphibians. Brachydanio development is described in (28) and Betta staging is similar (29). (A)
Injections into the cranial neural keel (arrowhead); five somites and optic vesicles were present. (B)
Injections into the trunk neural keel (arrowhead); Betta, n = 3, and Brachydanio, n = 4, same stage.
(C) Superficial placode injections in regions 1 (postoptic), 2 (preotic), and 3 (postotic); Brachydanio,
n = 84; 15 somites, otic vesicle present. Op, optic vesicle; Ot, otic placode; S, somites; Y, yolk. (D)
Juvenile Betta with 4-Di-2-ASP-labeled hair cells in all functional neuromasts of the lateral line
system. Each red dot represents from 2 to 16 hair cells. The receptor cells of the nose also label with
the dye. Scale bar, 1 mm. (E) 4-Di-2-ASP-labeled hair cells in two neuromasts of a stage 50 (30)
Xenopus tadpole, fluorescent image. Ten hair cells labeled with 4-Di-2-ASP are visible in the lower

neuromast. Scale bar, 10 um.
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Filg. 3. Labeled neuromasts derived from Dil-la-
beled neural crest in living Betta. Color images are
the result of combining bright-field and fluorescent
images by computer (717). (A to D) Betta embryo
labeled in the dorsal cranial neural keel. (A) Label
(arrowhead) is restricted to the dorsal-medial region
of the head. The nearest presumptive placode (9) is
about 175 um away. At this stage [approximately
primordium 22 (28)] the posterior trunk primordium
is migrating. (B) Labeled neuromasts in the ventral
opercular region at 23 days. The two boxes enclose
labeled neural crest derivatives. The white-boxed
region is shown in the top panel of (C) and (D), the
black-boxed region in the bottom panel. The red in
the eye and dorsal half of the head is due to
autofluorescence from iridophores. (C) Differential
interference contrast (DIC) images of three neuro-
masts. (Top) A neuromast (arrow) and, dorsoros-
trally, peripheral cells (arrowheads). (Bottom) Two
neuromasts, the right one labeled with Dil (arrow),
the left one unlabeled (arrowhead). (D) Fluorescent
images of the same area shown in (C). (Top) In
addition to the labeled neuromasts (arrow) and
peripheral cells (arrowheads), there is a labeled
pigment cell (curved arrow), an expected neural
crest derivative. (Bottom) The right neuromast is
labeled with Dil (arrow). (E to H) A Betta embryo at
three stages after labeling of the trunk neural keel.
(E) The region initially labeled (arrowhead) is re-
stricted to the posterior trunk of the 14-somite em-
bryo and is about 800 um from the nearest placode.
(F) Labeled neural crest has migrated and dis-
persed across approximately 20 myomeres at pri-
mordium stage 22. Note prospective spinal ganglia
(arrowheads) at three different segments. (G) Three
labeled neuromasts (arrowheads) in the ventral line
at 23 days. (H) DIC image (top) and fluorescent
image (bottom) of the posterior-most labeled neu-
romast in (G). (Bottom) Note the labeled cells (ar-
rowheads) peripheral to the neuromast (arrow). (I)
DIC image of a posterior neuromast (arrowhead) in
ventral line of a different Betta embryo at 21 days.
Arrow points to apical end. Abbreviations: m, mus-
cle cells and v, ventral fin. (J) Fluorescent image of
neuromast (arrowhead) in (I), neuromast label re-
sulting from midtrunk neural crest injection. Scale
bars represent 50 pm.
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from the neural crest (20, 22), our data
support a placodal origin in some cases, as
described in amphibians (5) and demon-

crest cells migrate to positions close to the
neuromasts in teleosts (13). The labeled
neuromasts that we observed may result

from neural crest cells that differentiate
directly into neuromasts or that disperse
first into the placode or migrating primor-
dium. A dual embryonic origin for a periph-

strated in studies on the olfactory placode
in birds and mammals (23).

A neural crest origin for neuromasts is
consistent with the observation that neural

Fig. 4. Labeled neuromasts derived from Dil-labeled neural crest in living Xenopus and from
Dil-labeled placodes in Brachydanio. (A to C) A Xenopus embryo labeled in the cranial neural crest
at stage 15 (30) shown at two later stages. Lateral view, anterior to right. (A) Label is restricted to
the dorsal portion of the neural tube at stage 17 (arrowhead) and is separated from the presumptive
placodes (27) by 200 um. (B) Labeled neuromasts in the trunk line (arrowheads) at stage 48. Three
neuromasts enclosed by the white box are shown at higher magnification in (C). Abbreviation: a,
anus. (C) DIC image (top) over the fluorescent image (bottom) of three labeled neuromasts
(arrowheads) in the region enclosed by the white box in (B). Note the hair cell morphology of labeled
cells (arrow). (D) DIC image of photoconverted Dil in a Xenopus neuromast (10-pm-thick plastic
section). Asterisk denotes label inside neuromast. Arrowhead points to apical end of neuromast.
Abbreviation: m, muscle cells. (E to F) Labeling of the postotic placode of Brachydanio reveals the
placodal origin of trunk neuromasts and, possibly, of glia wrapping the posterior lateral line nerves.
Three posterior lateral lines arise from the postotic placode (n = 6). Embryos were labeled
superficially before posterior placode cells began to migrate (8, 28). (E) Dil-labeled postotic
placode (arrowhead) at the 26-somite stage. (F) Same embryo 2 days later. Dorsal and main trunk
lines are distinct (arrowheads) in this fluorescent image. Ventral line primordium migrates from main
trunk line (arrow) ventrally and then runs parallel to main trunk line. Scale bars represent 100 um,
except for (D), where the scale bar represents 20 um.
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eral nervous system structure should not be
surprising because, for example, both neu-
ral crest and placodes are known to contrib-
ute to cranial ganglia (20, 22, 24). Neural
crest and lateral line placodes may be able
to compensate for each other in the forma-
tion of neuromasts, as they appear to do in
the formation of cranial ganglia (24). A
neural crest origin also explains the normal
development of neuromasts after primor-
dium removal in fishes (25) and amphibians
(7). Moreover, our results raise the ques-
tion of whether hair cells of the inner ear
may similarly originate from both neural
crest and the otic placode.

Many of the novel structures that evolved
in vertebrates and distinguish them from their
ancestors are embryonically derived from neu-
ral crest or various epidermal placodes (15,
22, 26). Our data raise the possibility that a
dual neural crest and epidermal origin of
neuromasts may have evolved in the common
ancestor of vertebrates.
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The first step in oral absorption of many medically important peptide-based drugs is
mediated by an intestinal proton-dependent peptide transporter. This transporter facilitates
the oral absorption of B-lactam antibiotics and angiotensin-converting enzyme inhibitors
from the intestine into enterocytes lining the luminal wall. A monoclonal antibody that
blocked uptake of cephalexin was used to identify and clone a gene that encodes an
approximately 92-kilodatton membrane protein that was associated with the acquisition of
peptide transport activity by transport-deficient cells. The amino acid sequence deduced
from the complementary DNA sequence of the cloned gene indicated that this transport-
associated protein shares several conserved structural elements with the cadherin su-
perfamily of calcium-dependent, cell-cell adhesion proteins.

Several peptidyl mimetic drugs, such as
B-lactam antibiotics and angiotensin-con-
verting enzyme inhibitors, are readily ab-
sorbed orally in humans. These drugs along
with di- and tripeptides share a transport
mechanism that is a major route for the
assimilation of peptide nutrients in the
intestine (1). Substrates are cotransported
with protons and concentrated initially
within the intestinal enterocyte before ex-
iting the serosal side of the enterocyte (2).
Information about the transporter would be
helpful in the rational design of new oral
small peptidyl-like therapeutic drugs.
When confluent, the human colon
adenocarcinoma Caco-2 cells differentiate
and acquire intestinal enterocytic-like
properties (3). These cells possess a proton-
dependent peptide transporter that takes up
B-lactams including cephalexin, cefaclor,
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and loracarbef (4). Properties of this trans-
porter closely resemble those of the intesti-
nal peptide transporter of other species (4).
The biochemical purification of the rabbit
intestinal peptide transporter revealed a
~127-kD integral membrane glycoprotein
that exhibits transport activity when recon-
stituted into liposomes (5). The gene en-
coding this transporter, however, has not
been identified.

To identify the human intestinal peptide
transporter, monoclonal antibodies were

Fig. 1. Immunoblot analysis of membranes from human cell
lines with mAb 13G6 to transporter. Membrane proteins
(~100 pg per lane) were separated by 8% SDS-PAGE for
~14 hours (217). Gel was electroblotted onto nitrocellulose
paper; blocked with 3% bovine serum albumin and 0.1%
Triton X-100, 150 mM NaCl, 1 mM EDTA, 0.01 M tris-HCI (pH
7.5); and reacted with purified mouse antibody to transporter
(20 pg/ml) followed by incubation with goat antibody to
mouse ['28llimmunoglobulin G (IgG) (0.3 rCi/ml). Lane 1,
colon Caco-2; lane 2, colon HT-29; lane 3, colon COLO 320;
lane 4, lymphoblast CCRF-CEM; lane 5, lymphoblast IM-9;
lane 6, neuroblastoma SK-N-MC; lane 7, glioblastoma U-373.
The arrow indicates the band for a 120 + 10 kD protein, the
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prepared that blocked cephalexin uptake
into Caco-2 cells (6), and monoclonal an-
tibody (mAb) 13G6 was selected. Mem-
brane proteins of Caco-2 cells were separat-
ed by SDS—polyacrylamide gel electropho-
resis (PAGE) and immunoblotted with an-
tibody (Fig. 1, lane 1). A single protein
band with an apparent mass of 120 + 10 kD
was detected in Caco-2 membranes. Degly-
cosylation with endoglycosidase F before
SDS-PAGE shifted the immunoreactive
band to ~100 kD (7). A survey of mem-
branes from several human cell lines indi-
cated the presence of the 120 + 10 kD
protein in cells derived from the gastroin-
testinal (GI) tract but not in cell lines
derived from other tissues (Fig. 1). Immu-
nohistochemical staining of normal human
tissues indicated the presence of antigen in
tissues along the GI tract (jejunum, duode-
num, ileum, and colon) and the pancreatic
ducts and the absence of antigen on speci-
mens examined from the kidney, lung,
liver, brain, adrenal gland, and skin (Fig.
2).

A Caco-2 complementary DNA
(cDNA) library constructed in Agtll (8)
was screened with mAb 13G6 for expres-
sion of the antigen. A ~750-base pair (bp)
cDNA fragment was repeatedly recovered.
The deduced amino acid sequence of the
open reading frame (ORF) of this cDNA
showed a protein with mass of ~35 kD,
considerably smaller than the expected size
of ~100 kD. Therefore, a new cDNA
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putative transporter. Molecular masses are given to the left in

kilodaltons.
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