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SUMMARY

The cell adhesion molecule F-cadherin is expressed in disperse during neurulation. We test this idea using an assay

Xenopusembryos at boundaries that subdivide the neural
tube into different regions, including one, the sulcus limitans,
which partitions the caudal neural tube into a dorsal and
ventral half (alar and basal plate, respectively). Here we
examine the role of F-cadherin in positioning cells along the
caudal neuraxis during neurulation. First, we show that
ectopic expression oF-cadherinrestricts passive cell mixing
within the ectodermal epithelium. Second, we show thdt-
cadherinis first expressed at the sulcus limitans prior to the
extensive cell movements that accompany neural tube
formation, suggesting that it might serve to position cells at
the sulcus limitans by counteracting their tendency to

that measures changes in cell movements during neurulation
in response to differential cell adhesion. Using this assay, we
show that cells expressing-cadherinlocalize preferentially

to the sulcus limitans, but still disperse when located away
from the sulcus limitans. In addition, inhibiting cadherin
function prevents cells from localizing precisely at the sulcus
limitans. These results indicate that positioning of cells at the
sulcus limitans is mediated in part by the differential
expression ofF-cadherin.

Key words: F-cadherin, Neural tube, Sulcus limitans, Cell
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INTRODUCTION cytoskeleton (Ozawa et al., 1989). Both interactions allow the
cadherins to serve as the transmembrane linkage in a specialized
During the development of the vertebrate central nervous systetell-cell contact site, termed the adherens junction (Geiger and
(CNS), the neuroepithelium of the neural tube is divided intd\yalon, 1992). By linking the actin cytoskeleton of adjacent
distinct regions with different developmental fates. This processells, the cadherins are particularly well positioned to regulate
begins during neurulation when the CNS first forms as a neurekll movements that underlie morphogenesis. In addition, the
tube with distinct dorsoventral (D-V) and anteroposterior (A-P)ability of the cadherins to mediate cell sorting in vitro suggests
axes. One likely outcome of neural patterning is to endow neurtiat the differential expression of cadherins could mediate the
cells with the ability to precisely position along the neuraxispreferential association of cells, allowing cells to position
even during periods of tissue morphogenesis when extensive cidlemselves within the developing CNS (Takeichi, 1991, 1995).
movements occur. However, the mechanisms by which cells areA number of cadherins have been identified that are
localized to particular regions within the developing CNS remaimexpressed in developing neural tissue. One of thikse,
poorly understood. cadherin is expressed by a majority of the neuroepithelial cells
One mechanism proposed to determine cell position withiof the developing neural tube (Hatta et al., 1987). Disruption
the neural tube is differential cell adhesion as mediated bgf the N-cadheringene by homologous recombination results
members of the cadherin family. This family of cell adhesiorin homozygous mutant mice with severe neural tube defects,
molecules consists of integral membrane proteins witlsuggesting a role for N-cadherin in the formation of neural
conserved domains that allow for protein-protein interactionissue (Hynes, 1996). Other members of the cadherin family
on both sides of the plasma membrane. The cadherimve been identified which are expressed in subregions of the
extracellular domain binds homotypically, thus promotingneural tube, and thus could be involved in mediating
adhesion between adjacent cells expressing the same cadhetliiferential adhesion among neuroepithelial cells. For example,
type. Cell adhesion, moreover, requires interactions between tkecadherin which is expressed extensively outside the nervous
conserved intracellular domain and the cytoplasmic catenisystem, displays a restricted pattern of expression in
proteins which link the cadherins to the actin-basedleveloping brain (Redies and Takeichi, 1993; Shimamura and
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Takeichi, 1992).R-cadherinis also expressed in restricted epitope into the F-cadherin sequence 8 amino acids after the
subdomains of the developing brain that include neuromertgansmembrane domain, followed by a stop codon. The myc-tagged
boundaries and a subset of developing nuclei (Ganzler arygrsions of F-cadheriyF-cadherin and CBR were used to show that

Redies. 1995° Matsunami and Takeichi. 1995 Redies et aProtein expression from injected RNAs persisted out to neurulae

1993). In addition, several of the type Il cadherins ang@9es: Capped RNAs encoding F-cadherin aRetadherin were

protocadherins are also expressed in subregions of neural tissslxgthes'zed In vitro using standard techniques (Kintner, 1988).

(Nakagawa and Takeichi, 1995; Redies and Takeichi, 199ctoderm mixing assay

Sano et al.,, 1993; Suzuki et al., 1991). Thus, the differentiah vitro transcribed mRNAs encodifiggalactosidase or myc-tagged
expression of cadherin family members during neuraforms of F-cadherin and\F-cadherin (0.25-1.0 ng/embryo) were
development lends further support to the model that thessjected into single blastomeres of 8-16 cell embryos. After embryos
molecules form subdomains within neural tissue. had completed gastrulation (st. 12.5), they were fixed in MEMFA, and
We have previously described F-cadherin as a type Rither stained in whole-mount fBrgalactosidase expressionin 0.15%
cadherin that is expressed by a subpopulation of-gal in 0.1 M ferricyanide, 0.1 M ferrocyanide, e_md 0.1 M sodiun
neuroepithelial cells in the developing neural tubXefopus phgspgateé pH ?'Si olrggosr th% rgége_pltope E.S'tng ha mc;”OCLC;t”a'
embryos.F-cadherinexpressing cells often lie at boundaries 210 y (Evan etal, ) an IMMUNONISIOCNENMSTy. et

staining, embryos with a patch of labeled cells within the ventral

that subdivide the neural tube into different regions along thgciogerm were selected and mounted under a coverslip. Using

neuraxis (Espeseth et al., 1995). One of these boundariggmera-lucida, the edge of patches of labeled cells was drawn, as well
termed the sulcus limitans, divides the caudal neural tube int@ any labeled cells lying outside of the patch, or unlabeled cells lying
a dorsal half, involved in sensory function (the alar plate), andithin the patch of labeled cells. The number of isolated cells in a
a ventral half involved in motor function (the basal plafe). measured area was counted for at least five embryos injected with a
cadherinexpression at the sulcus limitans first appears at th@ven RNA, and then expressed as the average number of isolated cells
open neural plate stage (see Fig. 2) when the neural anlage’® square millimeter of epithelium.

initially patterned. During neurulation, the neural anlagerransmamaﬁon assay and bin analysis

underg_oes a morphogen_etlc Process, C"?‘”ed C0nvergerg)'/ntheticnLacZ RNA (0.4 ng/embryo) or a mixture afLacZ and
extension (C-E), during which cells tend to disperse along thgerimental RNA (1.0 ng/embryo) was injected, in a volume of 10 n,
D-V neuraxis. Nonetheless, the stripe of cells expressing into the animal pole of all four blastomeres of donor embryos at the
cadherinremains at the sulcus limitans, and even sharpens fur cell stage (Coffman et al., 1993). Tissue (15-30 cells) was isolated
width during neurulation (Espeseth et al., 1995). Thus, if Ffrom the ectoderm of donor embryos at stage 10, and placed into host
cadherin prevents cells from dispersing during C-E, then thigmbryos shortly after the formation of the blastopore lip (st. 10.5). In
might explain how cells that expreéBscadherinlocalize to the  the case of alar plate transplants, donor cells were placed between 45
sulcus limitans during neural tube formation. and 90 degrees from the center of the blastopore lip of the host, while

Here we test the role of F-cadherin in determining celfor basal plate transplants, the donor cells were placed between 20-45

. . .~ degrees. After host embryos had reached neurulae stages, they were
position along the D-V axis of the caudal neural tube. We fir xed in MEMFA, reacted fof3-galactosidase expression in 0.15%

show that ectopic expression Bfcadherinrestricts passive gaimon-gal (Molecular Probes) or X-gal as described above and then
cell mixing within the ectoderm, creating a boundary betweegouble stained by whole-mount in situ hybridization (Harland, 1991)
F-cadherin and nonF-cadherinexpressing cells. We then for expression ofF-cadherin RNA (Espeseth et al., 1995). After
employ a transplantation assay to determine whether ectopiostfixing in MEMFA, stained embryos were embedded in Paraplast,
expression ofF-cadherin can influence cell position during sectioned at 1dm on a rotary microtome, and mounted on glass slides
neural tube formation. Using this assay, we show that cell42 Permount. Using camera lucida, a grid subdividing the neural tube
expressingF-cadherin localize preferentially to the sulcus Was used to assign donor nuclei into each bin along the dorsal ventral
limitans, but still disperse when located away from the sulcu@S (S€€ Fig. 4). Embryos with 20-220 cells were included in the

limit We al how that cell - inhibit stubsequent analysis of cell distributions. The distribution of
Imitans. Yve also show that cells expressing an innibrior o fransplanted cells was plotted for each embryo by assigning the cells to

cadherin fail to localize precisely at the sulcus limitans. Finallypins as described in Fig. 4. Average distributions were obtained by first
we show that cells disperse even further than normal along th@signing each transplant a peak location corresponding to the bin
D-V axis of the neural tube when they express a pan-inhibitafontaining the largest number of transplanted cells, and then averaging
of cadherin function. These observations, supplemented withtge data from transplants with the same peak location.

computer model of cell dispersion during neurulation, suggest In order to compare the spread of transplant distributions for the

that cells require F-cadherin, along with other factors, teyarious kinds of transplants, we also looked at the full width at half

localize to the sulcus limitans during neural tube formation. Mmaximum (FWHM) of transplant distributions in individual embryos;
this was measured in number of bins and the values ranged between 1

and 6. We calculated the FWHM means and standard deviations for
MATERIALS AND METHODS two groups of embryos for each kind of transplant: one group consisted
) ) of the embryos that had at least 30% of transplant cells at the sulcus
In vitro RNA synthesis limitans, the ‘sulcus limitans group’, and the other contained the rest
A template for the in vitro synthesis d¥-cadherin RNA was  of the embryos, the ‘away from the sulcus limitans group’. We carried
constructed by inserting the-cadherincDNA into the CS2 vector out pairwise comparisons of these means for different kinds of
(Turner and Weintraub, 1994), and linearizing the vector DNA withtransplants and tested the statistical significance of their differences
Notl. A myc-tagged version df-cadherinwas constructed by fusing using at-test. This analysis was done for embryos with dorsal
in-frame, 6 copies of the myc-epitope sequence at the carboxjyansplants; there were not enough embryos with ventral transplants to
terminus (Turner and Weintraub, 1994). The CBR-MT construct hasarry out meaningful statistical comparisons. Embryos with bimodal
been described previously (Riehl et al., 1996). The cDNA encodingansplant cell distributions were excluded from the FWHM analysis.
AF-cadherin was constructed by introducing the 6 copies of the mythe results of the FWHM analysis are presented in Table 3.
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Computer simulations one of lower cell density and from a position of lower adhesion to one
Computer simulations were used to model the movements & higher adhesion. We calculate teergyof a move as follows:
transplanted cells in the neural plate during neurulation. The tissue js,argvicell r Ferd) =W biasI D(F end —D(r _

modeled as a 2-dimensional rectangular grid at the vertices of whic gycell Fstart Tend =W [D(rend ~D(r'stard]
the cells are placed. At the start of a simulation the tissue has 18(A- Wa[A(r endcell) —A(r start.celli )]

P)x56(D-V) cells, each placed on a single vertexx@ patch of those  \whereD(r) is the number of cells at position(i.e. cell density at);
cells (corresponding to a transplant) is labeled differently from they(r cell;) is the adhesionell would experience at positian(as given
rest (see Fig. 10 B,C); each cell has an adhesion value indicating thethe equation above)y andwa are weights that determine the relative
adhesion strength expressed by the cell (we assume a default adhegjghtribution of the cell density and adhesion differences (in the runs
for all cells). presented here these had the valigs.0 andw,=0.0002). The lower
In the model, elongation of the tissue proceeds in a repeatingnore negativelEnergyis, the more energetically favored the move is.
succession of two steps, a step of random cell rearrangement on the gridhebiasfactor in theEnergyexpression above is meant to simulate
and a step of cells moving subject to adhesive forces and opposif@nvective’ flows of large numbers of cells in the neural plate that
diffusion-like forces that tend to spread cells uniformly on the gridwould tend to bias local movements of individual cells. It may take
These steps are intended to model cell intercalation. During thealues from 0.0 to 1.0 and tends to be higher for moves towards the
rearrangementstep, cells move one position up or down and left ormidline in the horizontal D-V direction and for outward moves in the
right; cells on the left and right borders of the tissue move only to theertical A-P direction and; as long as it favors such moves, the precise
right or left respectively; this is done in such a way that after aletail of how it is computed do not seem to matter in our simulations:
rearrangement step there is one column of cells less than before. Rawsur runs the bias factor is a non-linear sum
are added to the top and bottom of the grid, so that the total number of L . .
grid points stays about the same. Even though at the beginning there is bias= SDVbias+ APbiag
exactly one cell at each grid point, during the run more than one celif a D-V (horizontal) componenfVbias and an A-P (vertical)
can be at the same grid position and of course a grid position may bemponentAPbias DVbiasis proportional to the distance of the end
unoccupied (see Fig. 10A). It should be emphasized at this point thaosition from the closest (either left or right) border and is positive if
the model described here is not a model of how C-E itself occurs, sintige move is towards the midline (and negative otherwise); similarly,
convergence is imposed during the rearrangement step (and extensfdpbiasis proportional to the distance of the end position from the A-
follows to some degree from that), but a model of how, given the shage midline and is positive if the move is outward either towards the
changes of a tissue undergoing C-E, cells, moving stochastically amdterior or posterior (and negative otherwise). FuncBdakes the
interacting adhesively with each other, disperse on the elongating tissw@lue DVbias+ APbias if this sum is between 0.0 and 1.0; 0.0 if this
During thediffusion-adhesiorstep, one random grid positioron ~ sum is negative; and 1.0, if this sum is greater than 1.0. Although it
the tissue is selected at a time; for each celll at positionr the might appear that the bias factor could counteract cell mixing and lead
adhesionA experienced by the cell is calculated, by summing theo very narrow distributions of patch cells, this is not the case; on the
adhesion values of the cells in the neighborhood, as described in tBentrary, patch cell distributions can be very broad (depending on other
following equation parameters of the model). However, if the bias factor is not included,
then cells tend to accumulate at the borders as the tissue elongates.
_ o When the energies of all possible cell moves from positinthe
Alr.cell) = E}” f(vivi) surround or vice versa have been computed, the move with the lowest
negative energy is chosen, i.e. we look for

whereN is the set of cells in the neighborhood, i.e. the set of all cells
at positionr and the surrounding 8 grid positions (or 5 positions if minEnergy(celli,ri sart i, end) »
is at the border or 3 if it is one of the corners);\tseare adhesion iEN
types of individual cellsf a function taking different values for o ) ) N )
terms in the sum (in the runs described here they are all equal to 1.9jth Fiend€Surroundf ristart="r, orriend=r if ristart ESurround where

More specificallyf takes a default value 1.0 for all kinds for cell- Nis the set of all cells in the neighborhood of positidas in the first
cell contacts, which would correspond to non-specific adhesiv8duation above) arBurroundis the set of grid positions surrounding
interactions and friction. For border-cell/border-cell interactibns ~ Puring 25% of the time, or when no moves have negative energy,
takes the value 4.0 (= 3.0 plus the default value). For patch-cell/patch-MoVve is selected at random from all the possible moves. This process
cell interactions, depending on the condition being tedtedkes 'S repeated about lQO times durlng.each .dlffusmn-adhesmn step at
either the value 1.0 (= just the default value), which corresponds t&domly chosen grid positions which uniformly cover the whole
the ‘patch non-adhesive to itself’ condition, or the value 2.0 (= 1.¢Xtent of the tissue. L .
plus the default value), which corresponds to the ‘patch adhesive to After se\(eral rounds of such rearrangement and dlffusmn-adhesmn.
itself condition. For patch-cell/border-cell interactions, againStepS the tissue has elongated (as the neural tube does) and shrunk in

; s : : width to a final grid with 16 points in the D-V direction (see Fig.
deperig on e condiion beng teseakes eher {1 value 1.0_168.0), we run ane huned Smulations under cach condiion and
adhesive to border’ condition, or the value 4.0 (= 3.0 plus the defan.father. statistics abou_t the f'n‘."‘l dlstnbun?n of patch cells on the g.”d
value), which corresponds to the ‘patch adhesive to border’ conditio see Fig. 10D). Such information can be ‘collapsed’ to one dimension

We next compute an estimate of how ‘energetically’ favored a ceﬁq pro_duce h!stograms of the distributions of patch cells in the D-V
move is, either from position to the surround (i.e. the grid points direction, as in Fig. 6 of the Results.
around positiom) or from the surround to. We call this estimate the
Energyof the move of celtelli, from positionrstart to positionrend  RESULTS
and it essentially compares the difference in cell density between trEe S L
start and end positions with the difference in adhesion the cell woul -cadherin inhibits cell mixing in ventral ectoderm
experience in these two positions: an energetically favored movéhe predicted structural features of F-cadherin suggest that it
would tend to move a cell from a position of higher cell density tanediates homotypic adhesion, as reported for other members of

jen
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the type Il cadherin family (Nakagawa and Takeichi, 1995; As a first test of whether differential expression Fef
Suzuki et al., 1991). If so, one would predict that embryonic cellsadherin might affect cell movements during C-E, we
that differentially express-cadherinwould stick together and ectopically expressde-cadherinon one side of the embryo by
not mix with cells not expressirfg-cadherin.As a first test of RNA injections at the two-cell stage (Fig. 3). Embryos were left
this prediction, we ectopically expressédcadherin in the to develop until late neural plate stages, and the extent of C-E
ectoderm of earlyXenopusembryos. RNA encoding a myc- was then measured by staining the embryos with a prolé for
tagged form of F-cadherin was injected into one animalubulin, which marks the formation of primary neurons.
blastomere at the 8-16 cell stage, thus restricting the expression
of the injected RNA to a subpopulation of ectodermal cells. Th [ o'}
embryos were allowed to develop through gastrulation whic
normally causes passive cell mixing among ectodermal cel
(Detrick et al., 1990). At stage 12.5, embryos were fixed an
stained for the expression of the epitope-tagged F-cadherin
order to determine the degree of mixing between F-cadheril
expressing cells and non-expressing cells (Fig. 1). The resu
show that cells expressifgcadherinmixed much less with non-
expressing cells than did cells in control embryos injected wit
lacZ alone (Fig. 1D). In addition, staining with the myc antibody
shows that F-cadherin is concentrated at the site of conts
betweerfF-cadherinexpressing cells, suggesting that F-cadherir
mediates adhesion by homotypic binding (Fig. 1B). Thus, thes
results show that differential expression fcadherin can
suppress cell mixing within the embryonic ectoderm.

We constructed an antimorphic form of F-cadherin, called
cadherin, which lacks the intracellular domain. Similarly deletec
forms of other members of the cadherin family have been show
to be markedly deficient in adhesion in cell mixing assays, an
even to act as dominant-negative mutants, presumably

o

Isolated cells/mme

binding extracellularly to like-cadherins, without interacting _l‘”' - o g e e o e
with cytoplasmic components required for adhesion (Kuhl et al ‘ li., & 338 3 388 B
1996; Lee and Gumbiner, 1995; Levine et al., 1994). A: = &, s, ;fa ' IL:;“:: rch
predicted AF-cadherin did not significantly affect cell mixing ] i'f ('3

when ectopically expressed in the ectoderm, suggesting that tiic o
F-cadherin cytoplasmic domain is required for its function (FigFig- 1. Ectoderm mixing assay. (A) One blastomere of a 16-32 cell
1 C,D). To ask whetheAF-cadherin can act as a dominant- Stage embryo was injected withacZRNA. At stage 12, the embryo

f . . ) . was fixed and processed for X-gal staining. Shown are X-gal-stained
negative mutant, we mixdéicadherinandAF-cadherinmRNA cells derived from the injected blastomere within the ventral

in_different ratios, and introduced these mixture; into th%ctoderm. Note that these cells have intermingled with descendants
ectoderm. The results show that when F-cadherin &fd  of heighboring blastomeres. (B) One blastomere of a 16-32 cell stage

cadherin are expressed togethaf-cadherin inhibits the embryos was injected with RNA encoding F-cadherin. At stage 12,
adhesive activity of F-cadherin, suggesting fifaicadherin can  the embryo was fixed and stained for the myc epitope. Shown are
act as a dominant negative inhibitor of F-cadherin (Fig. 1D). myc antibody-stained cells derived from the injected blastomere
within the ventral ectoderm. Note that these cells have not
Ectopic expression of  F-cadherin disrupts C-E intermingled to the same extent as in A. Asterisks indicate cells in
Expression of-cadherinis first detected at stage 12.5 (openthe deep layer of ectoderm where mixing is not suppressed by F-
neural plate stage) in two lateral domains of the neural plate thgfdherin expression. Arrowheads indicate the enrichment of

. . . o Xpressed protein at sites of cell-cell contact. (C) Same analysis as in
correspond in position to the prospective sulcus limitan except that the embryos were injected with RNA encofifg

(Espeseth et al,, 1995)' At th|$ stage, th? \_N'dth of the C""“dé‘z&dherin. Note that these cells mix as well as control cell${D)
neural plate along its prospective D-V axis is two-fold greategadherinandAF-cadherinRNAs were mixed at different ratios and
than its length along the A-P axis. The neural anlage thefjected into a blastomere of a 16-32 cell stage embryo. At stage 12,
undergoes a remarkable transformation in shape by narrowirghbryos were fixed and stained for the myc-epitope. The number of
along the D-V axis and lengthening along the A-P axisisolated cells per unit area at the edge of a patch of labeled cells was
resulting in a neural tube which is ten-fold longer along the Aanalyzed for 6-12 embryos, and their mean and standard error

P axis, than along the D-V axis. This change in shape, callé@iculated. Note that cell mixing is significantly reduced with both
convergent-extension (C-E), is brought about in part by activiigh (5 ng) and low (2.5 ng) concentrationg-efadherinRNA

cell intercalation, resulting in extensive cell mixing along bothre""‘t""?I t(gf-gal cor(n:tro_ls_l(kc_).oogﬂa:ndﬂég.o_l,F?la\l?eqtrl/cle:ly, using

the D-V and A-P neuraxis (Keller et al., 1992). During neuragne'tale -tests). Co-injection chF-cadherin with F-

tube f fi dheri ion is detected h adherinRNA inhibits the effects df-cadherinon cell mixing: note
ube formationf-cadherinexpression is detected on a cOnerenty, s ce|l mixing is significantly increased whski-cadherin(7 ng) is

stripe of cells that lie at the future sulcus limitans (Fig. 2). ThuSncluded withF-cadherin relative to when 5 ng or 2.5 ng ef

these QbSQrVatlonS s_uggested that dlﬁereﬂtlal expressien of cadherinRNA is injected aloneR<0.005 in both cases, using a one-
cadherin might contribute to the localization of cells to the tailedt-test). Embryos injected with 7 @g-cadherin an@-gal
sulcus limitans during a period of active cell movement. controls were not statistically different f8<0.10 (using a-test).
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Fig. 2. Expression of-cadherinRNA during neural tube formation
in Xenopusembryos. Embryos at stage 16 (neural plate stage) and
stage 22 (early neurulae) were stained for the expressfon of
cadherinRNA using whole mount in situ hybridization. (A,B) Stage Fig. 3. Effects of F-cadherin antiF-cadherin on convergent-

16 embryo stained fdf-cadherinexpression showing the stripe of . o~ .
f . P . . extension. One blastomere at the two-cell stage was injected twice
F-cadherinexpressing cells within the caudal neural anlage, either in ith (A) nLacZRNA, (B) a mixture ohLacZandF-cadherinRNA

whole mount (B, arrow) or in a transverse section through the neura - .

plate (A, arrow). Note thadt-cadherinexpressing cells are already Ira(t? s?améxsutlrr]ee Zﬂi‘&cﬁznﬁgzgigge;]nﬁggh':é I\r;\vti?hn)?_ur:ll to reveal

localized to the prospective sulcus limitans, based on their position fhe in'ec'?ed side (arro?//v in panel B), and forKotubulinex ?ession

within the neural plate (np) along the mediolateral axis. (C) After > 1N hol S ﬁ A Lth pre fth

neural tube formatior;-cadherinis expressed in cells localized to using whole mount n s!tu ybridization to reveal .t € p95|t|on ofthe
primary neurons (Chitnis et al., 1995). Note that injectioR-of

the sulcus limitans, which divide the neural tube (nt) along the D-V cadherin but notnLacZor AF-cadherinRNA significantly alters C-

et e s semb e ot Pt g 28 revecled by th efects o e posiion ofpmay netrons. The
is probably confined to the cell body. Thus, it is likely that the cells Pane?/s A a?nd C ghtly young 9

expressing--cadherinRNA are neuroepithelial, or radial glial cells,
that span the neural tube from the lumen to the pial surface.

perturbation in cadherin function can alter C-E in the mesoderm

(Kuhl et al 1996; Lee and Gumbiner, 1995). In addition, we
Primary neurons first form at the open neural plate, in threectopically expressedF-cadherin on one side ofXenopus
longitudinal domains on both sides of the midline (Chitnis et abmbryos by RNA injection and assessed the effects of this on
1995). During neurulation, these domains undergo a change @E by staining for the formation of primary neurons (Fig. 3;
shape and position that mirrors the overall change in shape @ble 1). In contrast t&-cadherin,ectopic expression diF-
the neural plate during C-E. In embryos ectopically expressingadherindid not appear to have a dramatic affect on C-E as
F-cadherin the stripes of primary neurons form properly butmeasured by the pattern of primary neurons, suggesting as
fail to converge and extend normally on the injected side (Ficabove that the cytoplasmic domain is required for F-cadherin
3). This result indicates that ectopic expressioR-cadherin  function (Figs 1, 3; Table 1). In addition, examination of the
perturbs C-E, in line with previous observations showing thaf\F-cadherinexpressing embryos revealed none of the lesions

Table 1. Effects ofF-cadherin on the distribution of primary neurons

Lateral stripelength (mm) Lateral stripe width (mm)
Injected RNA Injected Control Injected Control
(# embryos) side side P(T&= side side P(T<g§
F-cadherin(n=17) 0.68+0.05 0.87+0.03 2105 0.40+0.04 0.24+0.02 6x007°
AF-cadherin(n=11) 1.20+0.04 1.17+0.03 0.192 0.21+0.01 0.16+0.01 0.005
nlacZ(n=22) 0.91+0.04 0.89+0.04 0.25 0.24+0.01 0.25+0.02 0.30

Embryos were injected with the indicated RNAs and processed fb-thieulinstaining as described in the legend to Fig. 3. Both the width and the length of
the lateral stripe of primary neurons was measured under a dissecting microscope using a micrometer-Natheiraticauses both an increase in width and
a decrease in length of the lateral domain of primary neurons, consistent with an inhibition of C-E. In Aértediterinproduces only a small effect on width
but not length of the primary neurons.
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Table 2. Distribution of transplants along the D-V Table 3. Transplant cell distribution spreads (FWHM
neuraxis analysis)
Transplant Bin* No. transplants with peakt %+ Injected RNA Away from sulcus limitans At sulcus limitans
B-gal ("=69) RP 4 6 nlacZ 2.80 =25, s.d.=0.764)* 2.5ME7, s.d.=1.13)T
1 11 16 F-cadherin 2.75 p=12, s.d.=1.14) 1.2€7, 5.d.=0.488)t,1
2 9 13 AF-cadherin 3.17 f=12, s.d.=1.40) 1.75€4, s.d.=0.500)F
3 5 7 CBR 3.33 (=15, s.d.=1.18)* 3.50n2, s.d.=2.12)
SL 17 245
5 8 115 This table presents means of full-width-at-half-maximum (FWHM) values
6 5 7 of transplant cell distributions for the various conditions studied. Only dorsal
7 8 115 transplants have been considered in this analysis. The numbers in parentheses
FP 2 2 indicate sample sizen( and standard deviation (s.d.). In each column, the
means have been pairwise compared and the superscripts indicate which
F-cadherin§=40) RP 2 5 pairwise differences are significant wik0.10, using one-tailegtests; all
1 6 15 other pairwise differences are not significari®e®.10. The CBR sample at
2 4 10 the sulcus limitans was too small and has not been compared with the other
3 1 25 samples. For more details on the FWHM analysis see Materials and Methods.
SL 21 52.5 *P<0.05. P<0.01. £<0.10.
5 1 25
6 2 5
7 2 5 - . .
EP 1 25 limitans. In order to measure the effectfafadherinexpression
on cell movements during C-E, we developed an assay based on
AF-cadherinif=45)  RP 2 45 transplanting marked cells into host embryos, and then following
; 3 g these marked cells during neural tube formation (also see Guthrie
3 5 45 etal., 1993). As diagrammed in Fig. 4, small groups of cells from
SL 12 26.7 nLacZRNA-injected donor embryos were transplanted into the
5 6 13.5 prospective neural plate of host embryos prior to the onset of C-
6 6 135 E. At neural tube stages, when C-E is largely complete, the
! 9 20 embryos were fixed, and stained for the expressiotaoZ and
FP 0 0 . X A
F-cadherin, allowing the distribution of the transplanted cells
CBR (n=35) RP 2 6 relative to the sulcus limitans to be determined. As shown in Fig.
1 9 26 4, grafted cells incorporate into the host neural tissue and
g 2 Slf intercalate during C-E, spreading over considerable distances and
~ 8 225 mixing extensively with host cells. To measure the extent of these
5 4 11 movements, we scored the distribution of transplanted cells in
6 2 6 each embryo by dividing the neural tube into a number of radial
F7P 12 Z bins along the D-V axis and scoring the number of cells in each

bin (Fig. 4F). We analyzed the overall distribution of the

Transplants of cells expressing each RNA were made into the prospectivetrans’p|'5mt_ed ceIIS_by pooling d_ata from_ t_ransplants with the same
alar and basal plate of the neural tube, and analyzed as described inthe ~ peak location, defined as the bin containing the largest percentage
Materials and Methods. Based on the bin analysis described in Fig. 3, each of donor cells, allowing us to generate an average distribution.
transplant was placed into a bin that contained the largest percentage of  pj|ots of these average distributions give one indication of how
tra*”ggls?;rgigflff'the bins is described in Fig. 4. the transplanted cells distributed within each region of the neural

The number of transplants with a peak location in the indicated bin. One tube during C-E. In addition, the full width at half maximum
F-cadherin transplant with an equal number of cells in Bins 1 and SLwas  (FWHM) was analyzed for individual transplant distributions as
counted twice. _ , o _ described in the Materials and Methods.

tPercentage of transplants with a peak location at the indicated bin. Bin analysis ofnLacZexpressing control cells showed that

cell movements during C-E varied in nature depending on the
position of the transplanted cells along the D-V axis of the neural

in neural or epidermal tissues that were produced whetube. In cases where the peak location occurred towards the
embryos were injected with similar truncated forms of N-middle of the alar plate (Fig. 5A), the transplanted cells showed
cadherin and E-cadherin, respectively (data not shown; Levireesymmetrical distribution along the D-V axis of the neural tube.
et al.,, 1994). Thus, these results indicate that restricte@ different result was obtained when the peak location of the
expression oF-cadherinis required for C-E to occur normally. transplanted cells occurred at the sulcus limitans (Fig. 5B),
In addition, these results indicate th&-cadherin does not give which is marked by the expressiorFe€adherin In these cases,
the same effects as similar truncated forms of E- and Nhe transplanted cells showed an extremely skewed distribution,
cadherin, suggesting that it not interfering with the function ofvith most cells on the alar side and very few on the basal side.

other cadherins (Levine et al., 1994). We also examined the distribution of cells that were transplanted
medially, thus directing them into the basal plate of the host
Transplantation assay neural tube. As was the case with alar plate transplants, the cells

The observations described above suggest a model where the transplant with a peak location within the middle of the basal
differential expression of--cadherin affects cell movements plate were symmetrically distributed along the D-V axis (Fig.
during neurulation, thus helping to position cells at the sulcuSC), while those with a peak location at the sulcus limitans
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showed an extremely skewed distribution (Fig. 5D). Thus, thedajected withF-cadherinand nLacZ RNAs were transplanted
results show that cells disperse within the alar and basal platiego host embryos and subjected to the analysis described above.
during C-E but are restricted from crossing between the alar af@bntrol experiments indicated that transplanted cells continued
basal plates. In addition, cells in both alar and basal plate express exogenous-cadherin protein at high levels out
transplants entered into the stripd-efadherinexpressing cells, through tadpole stages (data not shown).

indicating that both alar and basal plate cells contribute to the Ectopic expression df-cadherinsubstantially changes the

position in the neural tube whefecadherinis expressed. distribution of transplanted cells within the neural tube by
) ) o ) several criteria. First, of all tHe-cadherintransplants analyzed,

Computer simulation of cell distributions during over half gave a peak location at the sulcus limitans while only

neural plate elongation a quarter of the control transplants fell into this category (Table

To examine how the movements of cells during neural platg). Secondly, while control transplants included a number of
elongation affect their final distribution along the D-V

neuraxis, we developed a computer simulation in which cell- _
move randomly within a tissue but are restricted in thei E;[‘SO’ ectodsrmal Hiﬁ;‘;sf&‘*‘f;"e Neural tube
movements at a boundary. In this model, which is described -
detail in the Material and Methods, cells are placed on a gri
that then elongates via a repeating succession of two steps
step of random cell rearrangement on the grid and a step of ¢
movement subject to adhesive forces and opposing diffusiol
like processes that tend to spread cells uniformly on the gri

RNA injected

Cells can move up or down and left or right within the interior embryo D<€y —>p
of the grid, while cells on the left and right borders of the tissu
move only to the right or left, respectively, with some bias fol A P

moving towards the middle of the D-V axis and outwards ir
the A-P axis. During each iteration, the grid converges alon
one axis and extends along the other axis.

When a small group of cells are placed away from the edc
of the cell array and disperse during the simulation, their fine
symmetric distribution mirrors the experimental distribution of
transplanted cells whose peak location occurred in the center
the alar or basal plate (compare Fig. 6A with Fig. 5A or C). I
is interesting to note that cells spread out as in the experimen
case, despite the movement bias mentioned above, which wot
tend to restrict the spread. In contrast, if a patch of cells is plact
closer to the border of the cell array, their subsequent asymmet
distribution mirrors the experimental distribution of cells whose
peak location occurs at the sulcus limitans (compare Fig. 6
with Fig. 5B or D). Thus, the experimental measurements of ce
dispersion during neurulation are consistent with a model wheil
cells, as they undergo cell rearrangements, move randomr
within the alar or basal plates, but encounter a boundary to ct
movements at the sulcus limitans.

Ectopic expression of  F-cadherin in transplanted cells

The results_from the transplantation_ assay suggest that duri % 4.8in analysis of cell mixing during convergent-extension
C-E, cells disperse along the D-V axis of the neural tube by ¢ A)'anor tissue, marked by injection oEacZRNA was '

mterpalatlon even though ceI_I .movements appear _to ansplanted into the prospective neural plate of host embryos at the
restricted across the sulcus limitans, wheéreadherinis  peginning of gastrulation. (B-D) Host embryos were staine@-for
expressed. This observation suggests several potential roles f@factosidase expression to reveal the location of the transplanted
F-cadherin in terms of regulating cell movements during C-Egells soon after transplantation (st. 10.5, B), at midgastrulation (st.
One possibility is thaE-cadherinexpression contributes to the 11, C), or at neural tube stages (st. 26, D). An arrow points to the
restriction in cell movements between the alar and basal platéersal blastopore lip in panels B and C, while transplanted cells are
Another possibility is that F-cadherin is not responsible for thighdicated by arrowhead. Note that the transplanted cells incorporate
boundary, but only for localizing cells at the sulcus limitans. 1fand interact with host cells during convergent-extension. (E,F) Tissue
F-cadherin does indeed localize cells to the sulcus limitans, $¢tion of a host embryo after staining ffegalactosidase to mark

the nuclei of transplanted cells, and whole-mount in situ

might do so on its own by preventing cell dispersion during CF1 bridization forF-cadherinexpression. In D, the arrowhead points

E’ or els_e It mlght_requwe other factors present at the SUICLIl a transplantefl-galactosidase-expressing cell. In F, the bins used
limitans in order to influence cell movements. To examine thesg getermine the D-V distribution of transplanted cells are

different possibilities, we asked how the ectopic expression Gfiagrammed. The SL bin was positioned at the sifecddherin
F-cadherin would affect the position of transplanted cells expression. Cells that crossed the roof plate (RP) or floor plate (FP)
during C-E. Accordingly, donor cells taken from embryoswere assigned to bins designated with a negative sign.
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Fig. 5. Average distribution of donarLacZcells in the posterior

neural tube after convergent-extension. (A) Distribution of transplant:
into the alar plate with a peak location in the bin adjacent to the roof 40 50
plate (Bin 1). (B) Distribution of transplants into the alar plate with a E F —
peak location at the sulcus limitans (Bin SL). (C) Distribution of basa . - 407
transplants with a peak location at the bin midway between the sulct
limitans and the floor plate (Bin 6). (D) Distribution of basal
transplants with a peak location at the sulcus limitans (Bin SL).

30

20 7

Lol

ig. 6. Results of a computer simulation designed to model the
istribution of cells during neural plate elongation. (A,B) Simulation

examples where the peak location occurred in Bin 3, adjace
to the sulcus limitans, only one of thecadherintransplants
gave this distribution (Table 2). Both of these observation ° "5 T & = & & &
suggest thatF-cadherinexpressing cells were preferentially
localized to the sulcus limitans. Indeed, of the total cell
analyzed, 27% of thE-cadherinexpressing cells and 13% of
the control cells were localized at the sulcus limitans. ThirdIyF

the distribuFion of cells in transplants with a peak location asgerformed with the patch of cells having only default adhesion.
the sulcus limitans showed less of a spread by FWHM analy dE,D) Simulation performed with the patch of cells adhesive for itself

than similar transplants aiLaczexpressing cells (Table 3; a5 well as the border of the array. (E,F) Simulation performed with

compare Fig. 7B with Fig. 5B). Finally, when cells expressinghe patch of cells adhesive to the border but not to itself.

F-cadherinwere transplanted into the middle of the alar plate(a,C,E) Distribution of a patch of cells placed away from the border

their subsequent distribution in the neural tube tended moxs the starting array. (B,D,F) Distribution of a patch of cells placed

often to be bimodal, with a second smaller peak occurring aiear the border of the starting array.

the sulcus limitans (compare Fig. 7A with Fig. 5A). When all

transplants into the alar plate are viewed individually, 26%

(7/127) of theF-cadherinexpressing transplants, but only 5% transplants ofF-cadherirexpressing cells whose peak location

(2/38) of the nLacZexpressing transplants have bimodaloccurred in the middle of the alar plate, the spread of cells

distributions. Thus, all of these observations are stronglong the D-V axis was not statistically different from that of

indications that the differential expressiorFe€adherinbiases control cells expressin@-galactosidase as determined by

cell position to the sulcus limitans during neural tube formationFWHM analysis (Table 3; compare Fig. 7A with Fig. 5A). In
addition, the A-P distribution of-cadherinexpressing cells

5
1
[ ]
Boundary

Boundary

F-cadherin appears to be necessary but not did not significantly differ from that of control cells, indicating
sufficient for localizing cells along the D-V axis of that F-cadherin does not affect the overall extent of cell
the neural tube movements during C-E (data not shown). Both of these results

The results described above suggest that F-cadherin localizeslicate that F-cadherin does not have a general effect on cell
cells to the sulcus limitans. However these results also suggebspersion, or restriction of cell movements during C-E.

that F-cadherin does not mediate this localization by simply To account for how F-cadherin might localize cells during C-
limiting the general dispersion of cells during C-E. Thus, in thée without generally affecting cell dispersion, we examined the
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effects of differential cell adhesion on the distributions of cell<ell movements, only when these cells are at the sulcus limitans
in our computer simulations. In the first case, we examined w&here F-cadherin is normally expressed.
situation where cells in the patch are adhesive both to themselves ] o )
and to the border of the array. When an ‘adhesive’ patch of ce§=-cadherin prevents cells from localizing precisely
is positioned away from the edge of the array, the finaft the sulcus limitans
distribution of these cells is narrower than that obtained fofhe results obtained above indicate that F-cadherin is one factor
‘nonadhesive’ cells, as expected if adhesion acts to reduce trequired for localizing cells to the sulcus limitans. However, F-
spread of cells undergoing C-E (Fig. 6C). This outcome is icadherin may only contribute substantially to this localization
contrast to that observed experimentally where ectopiwhen other factors at the sulcus limitans come into play. To
expression of F-cadherin does not appear to narrow the finekamine this further, we next asked how the inhibition of F-
distribution of cells along the D-V axis (Fig. 7A and FWHM cadherin function might affect cell movements depending on
analysis in Table 3). We then examined a situation using thehere cells lie along the D-V axis of the neural tube.
model where the cells in the patch are not adhesive to themseMescordingly, we transplanted cells expressifigcadherinand

but only to the border of the array. When such cells are startelétermined their distribution using bin analysis (Fig. 8).
away from the border of the array, they produce bimodaSignificantly, the distribution of cells in transplants expressing
distributions with one peak at the edge of the array. These celid--cadherindiffered from control cells for those whose peak
produce a bimodal distribution for start positions that would haviocation occurred at the sulcus limitans. In these cases, cells
led to symmetric distributions had the added adhesion not beerpressing\F-cadherinappeared to have crossed the boundary
there (Fig. 6E). This result mirrored that experimentallymarked byF-cadherin expression, and this was true when
observed, i.e. increased incidence of bimodal distributiors-for transplants were made into either the basal or alar plate (Fig.
cadherin-expressingransplants with a peak location at the 8). Thus, these results indicate that F-cadherin is necessary for
middle of the alar plate (compare Fig. 6E to Fig. 7A). In additiong¢ells to localize at the sulcus limitans during neurulation and
when a patch of cells, which is adhesive for the border, is startdidlat cells disperse from this location when F-cadherin function
closer to the border of the array, the subsequent distribution isinhibited. Importantly, among the transplantaBfcadherin
narrower, as also observed experimentally (compare Fig. 6F witxpressing cells, those with peak locations away from the sulcus
Fig. 7C). Thus, the changes in cell position that are observed limitans had a symmetric D-V distribution that was not
F-cadherirexpressing, transplanted cells can be explained by significantly different from that of control cells by FWHM
model where F-cadherin affects the adhesion of cells, and thasalysis (Table 3, compare Fig. 8A to Fig. 5A). TherefaFe,
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Fig. 8. Average distribution of dondf-cadherin-MTFexpressing cells
in the posterior neural tube after convergent-extension. (A) Distribution
for transplants into the alar plate with a peak location in the bin adjacent

transplants into the alar plate with a peak location in the bin adjacent tto the roof plate (Bin 1). (B) Distribution for transplants into the alar
the roof plate (Bin 1). (B) Distribution for transplants into the alar plate plate with a peak location at the sulcus limitans (Bin SL).
with a peak location at the sulcus limitans (Bin SL). (C) Distribution of (C) Distribution of basal transplants with a peak location at the bin
basal transplants with a peak location at the bin midway between the midway between the sulcus limitans and the floor plate (Bin 6).

sulcus limitans and the floor plate (Bin 6). (D) Distribution of basal

transplants with a peak location at the sulcus limitans (Bin SL).

(D) Distribution of basal transplants with a peak location at the sulcus
limitans (Bin SL).
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Fig. 9. Average distribution of dondZBR-MTFexpressing cells in the
posterior neural tube after convergent-extension. (A) Distribution of
transplants into the alar plate with a peak location in the bin adjacent
the roof plate (Bin 1). (B) Distribution of transplants into the alar plate
with a peak location at the sulcus limitans (Bin SL). (C) Distribution offig. 10.Computer simulation of cell dispersion during neurulation.
basal transplants with a peak location at the bin midway between the (A) The diagram illustrates a rearrangement step of the model, where
sulcus limitans and the floor plate (Bin 6). (D) Distribution of basal  the dark squares represent the grid of positions of the tissue at the very
transplants with a peak location at the sulcus limitans (Bin SL). beginning of the simulation, when each grid position is occupied by a
single cell, and the light gray squares represent the tissue after the first

i rearrangement step when the tissue has shrunk by one column and
cadherin affects the movements of cells only at the sulcusgiongated. The numbers in the light gray squares indicate how many

limitans whereF-cadherinis normally expressed. cells have ended up in those grid positions; there are grid positions
. ) . . with no cells and others with more than one cell, the total number of

Inhibition of cadherin function alters position along cells on the grid being of course the total number before the

the D-V axis rearrangement (8 in this example). Note that cells in the dark squares

The results described above indicate that F-cadherin is like§an move to a grid position either up or down and to the left or right
to be only one factor determining localizationFetadherin ~ (€xcept for cells at the borders which can move up or down, but to one
expressing cells to the sulcus limitans. To ask more generalfif€ 0NlY ). After this rearrangement step of the algorithm, comes a
whether cadherin-mediated adhesion contributes to thi iffusion-adhesion’ step which moves cells around on the (light gray)

. . . . grid (as described in the Methods), then another rearrangement step
localization, we examined the effects of generally disruptingsom the light gray grid), and so on till the grid has converged and

cadherin function on the positioning of transplanted cells. Weytended to the desired final size. (B-C) Initial and final frames from a
have previously shown that constructs containing just theimulation run. Patch cells are represented in green. Grid points may
intracellular domain of N-cadherin are pan-inhibitors ofcontain more than one cell. (D) Final distribution of patch cells on the
endogenous cadherin function when expresseXenopus grid, for a patch that was initially placed towards the middle of the D-
embryos (Kintner, 1992; Riehl et al., 1996). When expressed extent of the beginning grid (pooled data from 20 simulations).

at high levels, these cytoplasmic constructs cause extensive cell

dissociation, but can be titered to a level at which cell

dissociation does not occur but adhesion seems to be affeciedarger than that of controls (Table 3). Also, cells expressing
as shown by a general inhibition of C-E (data not shown). Thu§BR tend to cross the sulcus limitans more frequently (Fig.
we used one of these cytoplasmic inhibitors, called CBR, t8B,D), much more than cells expressifg-cadherin (Fig.
inhibit cadherin-mediated adhesion in transplanted cells duringB). Thus, while 38% of all CBR transplants (13/34) had more
C-E. Cells were taken from embryos injected viBRRNA  than 10% of the cells which crossed the sulcus limitans, only
(5 pg/embryo), transplanted into host embryos and analyzet?% of all AF-cadherin transplants (5/31), and 13% of all
for their D-V distribution as above. The results show (Fig. 9kontrol transplants fell into this category (9/70). These results
that cells expressingBRbehave significantly differently from support the idea that cadherin function contributes to the
control cells in terms of their distribution along the D-V axispositioning of cells along the D-V neuraxis during C-E, and
of the neural tube: away from the sulcus limitans, the averaghat F-cadherin might be only one of several factors
spread of CBR transplant distributions in the FWHM analysigontributing to the localization of cells to the sulcus limitans.
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DISCUSSION at the sulcus limitans. When transplanted cells expFess

) _ . cadherin,their localization to the sulcus limitans is markedly
During the patterning of the vertebrate CNS, cells acquire gycreased (Fig. 7). In addition, when F-cadherin function is
regional identity that reflects their position along the neuraxignhipited in transplanted cells usidg-cadherin, cells fail to
One likely outcome of neural patterning is to endow some cellgcalize precisely to the sulcus limitans as is evident from the
with the ability to localize within the developing CNS, evenfact that they cross from the basal into alar plate, or vice versa
during periods of active cell movement such as those occurringig. 8). Thus, these results suggest strongly that the
during neurulation. The well-established properties of thejifferential expression oF-cadherinis required by cells to
cadherins are consistent with the idea that differential celhcalize to the sulcus limitans during the extensive cell
adhesion C0u|d be a faCtor in hOW Ce"s determine their positi%ovements that occur during neuru|ation_

within the CNS during neural morphogenesis. For example, in Ectopic expression of-cadherinin the surface ectoderm
vitro studies have shown that cadherins can promote sorting ftoduces a sharp boundary between expressing and
cell aggregation assays (Nose et al., 1988; Steinberg and Takemmnexpressing F-cadherin cells (Fig. 1). Thus we first
1994). In addition, dissociated embryonic tissue has been Sho‘ﬁ?pothesized that a similar boundary might form between
to reaggregate in a cadherin specific manner (Matsunami aggdherinrexpressing and nonexpressing cells within the neural
Takeichi, 1995). The differential expression of cadherins byybe during neurulation. In this model, the initial broad domain
different tissues in early development and within tissues duringf F-cadherinexpression observed at the open neural plate stage
regionalization has also suggested a role for cadherins in celbuld give rise to the subsequent narrow stripg-oadherin
segregation In vivo (ChOI and Gumbiner, 1989; Dahl et al., 199%Xpressing cells in the neural tube, S|mp|y bec&usadherin
Ganzler and Redies, 1995; Hatta et al., 1987; Kimura et al., 199xpressing cells tend not to intercalate with non-expressing cells
Kintner, 1992; Nakagawa and Takeichi, 1995; Redies, 1995)uring C-E. This, however, does not appear to be the case. Cells
Finally, the ectopic expressionfcadherinin Xenopusippears  ectopically expressingF-cadherin intercalate with non-
to create ectopic boundaries within tissues (Detrick et al., 199@xpressing cells as well as control cells during C-E, as is evident
Fujimori and Takeichi, 1993). These observations have suggestggm the spread of transplantégcadherinexpressing cells
that differential cadherin expression might contribute to thejlong both the D-V and A-P neuraxis (Fig. 7, data not shown).
localization of neural cells to different regions, but directwe suggest, therefore, that in terms of regulating cell movements
experimental evidence for a such a role has been notably lackingiring C-E, the differential expression of F-cadherin is a factor

. _ . only when cells come in contact with the sulcus limitans where
F-cadherin expression marks a subdomain in the F-cadherin is normally expressed. Indeed, the cell distributions
caudal neural tube. that we observed experimentally can be explained in a computer-
F-cadherinis expressed by a small population of cells that liesimulated model by a case where cells do not have adhesion for
at the boundary between the alar and basal plate (Espesetht@imselves (which tends to narrow the final distribution) but
al., 1995). A number of other genes show a pattern dhstead by one where cells are only adhesive for the edge of the
expression that is restricted to this region in the hindbrain angtray (i.e. the sulcus limitans). This predicts that the differential
spinal cord, including¢ASH-3in XenopusDbxin mouse, and  expression oF-cadherinonly influences cell movements at the
the Dbx homologshix-1 in zebrafish andCHoxE in chick  sulcus limitans where additional factors come into play but is
(Fjose et al., 1994; Lu et al., 1992; Rangini et al., 1991largely irrelevant elsewhere. Among the other factors that could
Zimmerman et al., 1993). These observations suggest that thsyulate cell position at the sulcus limitans is the restriction in
sulcus limitans represents a subdomain of the caudal neukall movements between the alar and basal plate that can be
tube, containing cells distinct from other dorsal and ventral cebbserved in the transplantation assay. This restriction appears to
types. The early expression Bfcadherinindicates that this be co-incident with thE-cadherinexpressing cells and a further
subdomain might form as early as stage 13 when neurulatidgndication that this region of the neural tube may be specialized
begins (Espeseth et al., 1995). In addition, the results of the several different ways. A simple model to explain these
transplantation assay indicate that both dorsal and ventral cetibservations is that several cadherins work together to account
contribute to this subdomain. Thus, we suggest that cells at tifigr the final distribution of sulcus limitans cells. This model
sulcus limitans are derived from both the alar and basal platgiould account for the more dramatic dispersion of cells
perhaps from cells that lie at the boundary between these twserved when cadherin function is more generally inhibited
domains, and that these cells appear to form a distingtith CBR (Fig. 9).
population during neural tube formation, as evident from the
stripe of F-cadherinexpressing cells at this stage (Fig. 2).Cell adhesion and neural patterning
Moreover, in this model, the expressionFetadherinby the  We have shown that the differential expressiofr-afidherin
sulcus limitans cells would presumably allow them to maintairis one factor determining cell position along the D-V axis of

their position in the neural tube during neurulation. the neural tube. This finding may have implications for the
o o processes that pattern the caudal neural tube along its D-V axis.
F-cadherin is necessary, but not sufficient, for the Recent studies suggest that ventral cell types in the neural tube
localization of cells into a stripe at the sulcus are specified by sonic hedgehog or a related molecule which is
limitans secreted from the notochord, while dorsal cell fates appear to

Using a transplantation assay, we examined the role of e specified by BMP-like molecules, perhaps provided dorsally
cadherin in positioning cells at the sulcus limitans duringoy the nonneural ectoderm (Ericson et al., 1996; Liem et al.,
neural tube formation. Our results suggest strongly that995; Tanabe et al., 1995). Moreover these signaling molecules
differential adhesion is one factor required for cells to localiz@ppear to act as morphogens in that they specify different cells
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fates along the D-V axis as a function of their concentratioRuhl, M., Finnemann, S., Binder, O. and Wedlich, D.(1996). Dominant
(Roelink et al., 1995). If so, then factors suchFasadherin negative expression of a cytoplasmically deleted mutant of XB/U-cadherin
will indirectly affect cell fate by determining the position of disturbs mesoderm migration during gastrulatioXX@mopus laevis. Mech.

: Dev.54,71-82.

cells relative to the source of the dorsal and Ventraﬂee, C. H. and Gumbiner, B. M. (1995). Disruption of gastrulation
morphogens. Thus, neural patterning may involve an interplay movements ixenopusy a dominant-negative mutant for C-cadheEiav.
between the signals that initially specify cell fate according to Biol. 171,363-373. _ _
position within the neural tube, and factors such as F-cadhert§Vine. E., Lee, C. H., Kintner, C. and Gumbiner, B. M(1994). Selective

. . L L . . . disruption of E-cadherin function in eaienopusmbryos by a dominant
which determine position by mediating differential adhesion. negative mutanDevelopment 20,901-909.

. . Liem, K. J., Tremml, G., Roelink, H. and Jessell, T. M.(1995). Dorsal
We wish to thank Roger Bradley and Sam Pfaff for their thoughtful giterentiation of neural plate cells induced by BMP-mediated signals from

comments on the manuscript and Ajay Chitnis for simulating epidermal ectodernCell 82,969-979.
discussions. We also wish to thank the anonymous reviewers for thein, S., Bogarad, L. D., Murtha, M. T. and Ruddle, F. H.(1992). Expression
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NIH and the McKnight foundation. embryonic forebrain and spinal coRtoc. Natl. Acad. Sci. US89,8053-8057.
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