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This study examines the mechanisms of epithelial cell rearrangement during archenteron elongation in the sea 
urchin embryo using scanning electron microscopy, differential interference contrast videomicroscopy, cell marking, 
and fluorescently labele chimaeric clones. Archenteron elongation involves two major processes: local shifts in position 

I3 of cells in the archenter n wall and polarized motility of the cells as they rearrange. Fluorescently labeled chimaeric 
clones introduced into the archenteron of Lvtechinus pi&us are initially 4-5 cells wide; by the end of gastrulation the 
clones elongate and narrow, so that they are one cell wide in the narrowest region of the archenteron. The extent of 
clonal mixing indicates that cells in the archenteron change their relative positions by only l-2 cell diameters during 
cell rearrangement. Cells at the blastopore rearrange concomitantly with cells in the archenteron, resulting in a 35% 
decrease in blastopore diameter. Endoderm cells undergo polarized, stage-specific changes in shape and motility as they 
rearrange: (1) they flatten markedly along their apical-basal axis throughout archenteron elongation; (2) just prior to 
the onset of cell rearrangement, basal surfaces of all cells in the archenteron extend long, polarized lamellipodial 
protrusions along the axis of extension of the archenteron; (3) as cell rearrangement begins, basal surfaces round up and 
the cells become isodiametric; (4) by the j gastrula stage the cells become stretched along the animal-vegetal axis, 
apparently due to filopodial traction, and finally (5) they continue to rearrange, returning to a less elongated shape by 
the end of gastrulation. Direct observation of gastrulation in the cidaroid Eucidaris tribuloides indicates that in this 
species cell rearrangement is accomplished by progressive circumferential intercalation of cells without upwardly 
directed filopodia. This intercalation is accompanied by explosive, apparently stochastic, cortical blebbing activity at 
the boundaries between cells, suggesting that in addition to whatever cell rearrangement may be generated by filopo- 
dial tension, such activity is an important component of the active rearrangement process. o 1989 Academic PWSS, IX. 

INTRODUCTION 

How are sheets of cells remodeled as the shape of the 
embryo is transformed during gastrulation? The sea 
urchin embryo has served as a paradigm for answering 
this question since the beginnings of experimental em- 
bryology. One of the most striking events that occurs 
during gastrulation in the sea urchin embryo is the 
inward bending of the vegetal plate to form the archen- 
teron. The invagination of the archenteron occurs in 
two stages: (1) primary invagination, during which the 
vegetal plate bends inward to form a short, stout arch- 
enteron and (2) secondary invagination, during which 
the archenteron elongates across the blastocoel (Gus- 
tafson and Kinnander, 1956). Recently it has been 
shown that the epithelial cells of the archenteron rear- 
range as it elongates (Ettensohn, 1985; Hardin and 
Cheng, 1986). Much of this rearrangement occurs with- 
out filopodial traction by secondary mesenchyme cells, 
since it takes place in both LiCl-induced exogastrulae 
(Hardin and Cheng, 1986), and in embryos in which 
secondary mesenchyme cells have been ablated with a 
laser microbeam (Hardin, 1988). Thus archenteron 

elongation must presumably involve active rearrange- 
ment of epithelial cells independent of traction exerted 
by the filopodia. 

Although the phenomenon of epithelial cell rear- 
rangement in the archenteron has been well estab- 
lished, virtually nothing is known about the motile be- 
havior that produces it. The time-lapse cin& filming 
(Gustafson and Kinnander, 1956; Kinnander and Gus- 
tafson, 1960) and videomicrography (Hardin, 1988) per- 
formed to date have suggested that little obvious pro- 
trusive activity occurs in the wall of the archenteron as 
it elongates. A preliminary investigation of the early 
stages of gastrulation in Lytechinus pi&us using scan- 
ning electron microscopy has noted that just prior to 
secondary invagination, the basal surfaces of cells in 
the archenteron wall extend lamellipodial protrusions 
along the animal-vegetal axis (Ettensohn, 1984b); how- 
ever, the importance and detailed character of these 
protrusions have not been studied. At the cytoskeletal 
level, the rearrangement process does not appear to re- 
quire intact cytoplasmic microtubules (Hardin, 1987), 
but little information is available regarding the pre- 
sumably actin-mediated motility that generates rear- 
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rangement. In addition, it is not known how local pat- 
terns of cell rearrangement in the archenteron are coor- 
dinated globally to produce its extension. 

In order to address these questions, this study uses 
scanning electron microscopy, time-lapse videomicro- 
graphy, cell marking, and fluorescently labeled chi- 
maeric clones to investigate stage-specific changes in 
protrusive activity, cell shape, and cell position that 
occur as cells rearrange in the archenteron of the sea 
urchin embryo. The results indicate that secondary in- 
vagination in the euechinoid, L. pictus, involves very 
local cell rearrangements accompanied by coordinated, 
polarized changes in cell motility and cell shape. These 
cell rearrangements simultaneously elongate the arch- 
enteron and close the blastopore. In addition, direct ob- 
servations of cell rearrangement in the archenteron 
have been made for the first time by exploiting the 
superb optical properties of the cidaroid urchin, Euci- 
daris tribuloides. These observations indicate that a 
major mechanism of cell rearrangement in this species 
is the progressive circumferential intercalation of epi- 
thelial cells in the wall of the archenteron, accompanied 
by explosive cortical blebbing activity on the part of the 
rearranging cells. Some of these results have appeared 
previously in abstract form (Hardin, 1986). 

MATERIALS AND METHODS 

Procurement of embryos. Gametes of L. pictus (Mar- 
inus) and E. tribuloides (Carolina Biological) were ob- 
tained, fertilized, and cultured at 16°C (L. pi&us) or 
19-22’C (E. tribuloides) as described previously (Hardin 
and Cheng, 1986). 

Tissue sectioning and videomicroscopy. Embryos were 
fixed in 0.75% glutaraldehyde in 90% MFSW for 1 hr at 
16°C and postfixed in 1% OsOl in MFSW buffered with 
0.05 M sodium cacodylate, pH 8.0, for 1 hr at 4°C in the 
dark. Postfixed embryos were dehydrated in ethanol 
and embedded in Spurr’s resin. Sections were cut at l-2 
pm and stained with either toluidene blue with 1% so- 
dium borate or methylene blue/azure II. Time-lapse 
videomicroscopy of embryos was performed as de- 
scribed in Hardin and Cheng (1986). To analyze cell 
rearrangements during gastrulation in E. t&n&ides, 
tracings of the video monitor were made onto acetate, 
and the resulting cell outlines were retraced using the 
morphometrics procedures outlined below. 

Vital dye marking. Micropipets pulled from Omega 
dot glass capillary tubing (0.75 mm i.d., 1.0 mm o.d; 
Frederick Haer and Co., Brunswick, ME) on a Narishige 
horizontal puller were manually broken with fine for- 
ceps to yield a tip with i.d. -2 pm. Early L. pi&us gas- 
trulae in MFSW were attached to a poly-L-lysine-coated 
tissue culture dish, and eight embryos were marked by 

repeated extrusion of a freshly filtered solution of 1% 
Nile blue sulfate (Sigma) in distilled water from a mi- 
cropipet placed snugly against the surface of the em- 
bryo. Over the time period of interest, the dye remained 
localized to the point of application. 

Fluorescent chimaeras. L. pi&us chimaeras were pro- 
duced using the procedures of Wray and McClay (1988), 
except that donor embryos were dissociated at the 16- 
cell stage by settling twice through ice-cold hyaline ex- 
traction medium (McClay, 1986), resuspending in cold 
calcium-free artificial sea water (CF-ASW), and gently 
triturating with a long-bore Pasteur pipet. After col- 
lection of the labeled macromere-enriched fraction, 
host embryos and donor cells were combined in finger 
bowls, allowed to settle for 20 min, and were then rinsed 
with ASW. At the blastula stage embryos were trans- 
ferred to stirring cultures until the gastrula stage. 

Volume and blastopore measurements. Blastopore 
measurements were made from living L. pi&us embryos 
photographed through the midsagittal optical plane of 
section. Volume measurements were made from l-pm 
plastic sections by calculating the volume of the solid of 
revolution obtained by rotating small slices of the sec- 
tion about the animal-vegetal axis. This method is ac- 
curate when compared to volume measurements made 
from serial reconstructions of sectioned specimens (Et- 
tensohn, 1984a). 

Scanning electron microscow. For examining outer 
surfaces of the archenteron, embryos were fixed in 
l-2.5% glutaraldehyde, postfixed, dehydrated, and crit- 
ical-point dried from COe. Dried embryos were trans- 
ferred to double-sided adhesive tape (Scotch brand; 3M 
Co.) attached to aluminum stubs, and fractured under a 
stereomicroscope using glass needles mounted in a Leitz 
joystick micromanipulator. For fracturing archen- 
terons, embryos were fixed according to Amemiya et al. 
(1983) in 2% OsOl in a sucrose-cacodylate buffer con- 
taining 0.6 M sucrose and 0.1 M sodium cacodylate in 
distilled water, pH 6.4, and processed as above. Frac- 
tured embryos were coated with gold-palladium and 
viewed using an ISI-DS 130 or JEOL T20 scanning elec- 
tron microscope. Cell counts performed on specimens 
processed for SEM were obtained by counting all visible 
cells in the front-facing half of the archenteron, and 
multiplying this value by two. 

Morphometrics. Morphometrics were performed 
using either a system described previously (Hardin and 
Keller, 1988), or a Summagraphics MacTablet con- 
nected to a Macintosh II computer and MacMorph, a 
morphometrics program written by the author and 
based on MaeMeasure, a public domain morphometrics 
program (Hook and Rasband, 1987). Two important pa- 
rameters derived from these programs are the LW ratio 
and the YX ratio. The LW ratio provides a measure of 
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the elongation of a cell along its own long axis, while the 
YX ratio is a measure of the elongation of a cell in a 
specified direction (Hardin and Keller, 1988). For mea- 
surements of cells in the wall of the archenteron, the 
relevant external direction for YX ratio measurements 
was the long axis of the archenteron (i.e., the animal- 
vegetal axis); for measurements at the blastopore, the 
YX ratio represents the length of a cell in the radial 
direction divided by its width in the circumferential 
direction. For morphometric measurements, stages of 
gastrulation in Eucidaris are defined as follows: early, 
cylindrical archenteron that has reached -20% of its 
final length, with few or no detectable filopodia; mid, 
active filopodia, 40-60s extension; late, loose mesen- 
thyme at the tip of the archenteron, 80-100% extension. 
Near-neighbor analysis was performed by counting the 
number of immediately adjoining cells surrounding a 
given cell in the archenteron from SEM micrographs. 
Shortest unbiased confidence limits for near-neighbor 
variances were determined according to Sokal and 
Rohlf (1981); statistical comparisons using ANOVA and 
the Student-Newman-Keuls multiple comparison test 
were carried out according to Zar (1984). Autocorrela- 
tion analyses were performed using Statgraphics statis- 
tical software (STSC, Inc.). 

RESULTS 

No Cells Are Added to the Archenteron during 
Secondary Invagination in L. pictus 

The total number of cells in the archenteron does not 
change during secondary invagination in L. pi&us, on 
the basis of cell counts made from scanning electron 
micrographs. The average number of cells in the arch- 
enteron at the onset of secondary invagination is 107.3 
+ 1.8 (mean + SEM; n = 3), 110.5 f 1.0 at the $ gastrula 
stage (n = 4), and 113.4 + 2.3 at the end of gastrulation 
(n = 5), which is not a significant change at the 95% 
confidence level (P = 0.14). Furthermore, the extent of 
involution that occurs during secondary invagination 
appears to be minimal, based on two lines of evidence. 
When the blastopore lip is stained with a spot of Nile 
blue at the end of primary invagination, the spot does 
not translocate over the lip of the blastopore during 
secondary invagination (Figs. lA-1C). This is con- 
firmed by time-lapse videomicroscopy. Figures lD-1F 
represent successive video records of one of three such 
experiments. Cells at the blastopore lip observed 
throughout secondary invagination remain essentially 
stationary, indicating that little or no involution occurs 
during secondary invagination in L. picks. Finally, 
measurements of cellular volume indicate that there is 
no statistically significant increase in the amount of 
cellular material in the archenteron during secondary 

FIG. 1. Measurements of involution during secondary invagination 
in L. p&us. (A-C). Application of a spot of Nile blue sulfate at the 
blastopore lip prior to the onset of secondary invagination. The spot 
does not translocate during secondary invagination. (D-F) Move- 
ments at the blastopore lip studied using time-lapse videomicroscopy. 
The same group of cells (labeled l-5) was followed during secondary 
invagination (approximately 4 hr in duration at 23°C); the cells do not 
translocate into the invaginating region. bp, blastopore. 

invagination (correlation coefficient, r, not signifi- 
cantly different from 0 at the 95% confidence level). 
The pooled mean cellular volume is 5.2 f 0.1 X lo4 pm3 
(mean + SEM; n = 15) throughout secondary invagina- 
tion. 

Blastopwe Closure Occurs via Cell Rearrangement 

A plot of blastopore diameter vs archenteron length 
for L. pi&s gastrulae at various stages of invagination 
clearly shows that blastopore closure occurs in two 
phases (Fig. 2). During primary invagination blasto- 
pore closure occurs at a rate greater (with respect to the 
extent of invagination) than during secondary invagi- 
nation (as indicated by regression lines with two dif- 
ferent slopes in Fig. 2). Furthermore, the behavior of 
cells at the blastopore lip is distinctly different during 
primary and secondary invagination. During primary 
invagination, cells with constricted apices are promi- 
nent in the central, invaginated region of the vegetal 
plate (Fig. 3A). However, at the incipient blastopore lip 
cell apices are expanded, and the cells appear to be 
sheared towards the center of the vegetal plate (Fig. 
3A). Such behavior may reflect predominantly apical 
tension exerted by the central, constricted cells, and 
may also be indicative of translocation of cells into the 
invagination as it deepens, since it is known that some 
cells are recruited into the archenteron from its periph- 
ery during primary invagination in L. pi&s (Etten- 
sohn, 1984a). 

The situation during secondary invagination is quite 
different. The blastopore decreases in diameter by 
-35% during this time, and this decrease is closely 
correlated with archenteron length (-0.51 < T < -0.98; 
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FIG. 2. The relationship between blastopore closure and archen- 
teron length in L pi&s. Blastopore diameter was plotted against 
archenteron length for various stages of invagination. The rate of 
blastopore closure (with respect to archenteron length) is consider- 
ably greater during primary invagination than during secondary in- 
vagination. 

Fig. 2). Scanning electron microscopy reveals that blas- 
topore closure occurs by rearrangement of cells at the 
blastopore lip. At the end of primary invagination there 
are 28-30 cells in a ring around the blastopore and 20-24 
cells around the circumference of the archenteron at its 
base (Fig. 3B). The blastopore continues to decrease in 
diameter until gastrulation ends; the number of cells 
around the blastopore declines to 16-18 and is matched 
by a further drop in the number of cells around the 
circumference of the archenteron to lo-12 (Fig. 3C). In 
contrast to the complicated morphologies seen during 
primary invagination, the apices of cells at the blasto- 
pore remain isodiametric during secondary invagina- 
tion (1 gastrulae: YX ratio = 0.97 t- 0.15; surface area/ 
cell = 37.1 ? 9.7 pm2; apical perimeter/cell = 25.1 f 2.9 
pm, mean +- S.D., n = 45 cells; late gastrulae: YX ratio 
= 1.02 f 0.20; surface area/cell = 37.3 f 8.6 pm2; apical 
perimeter/cell = 24.4 +- 3.1 pm, n = 43 cells; none are 
significantly different at the 95% confidence level). 
Similar results were obtained for E. tribuloides (data 
not shown). 

Cells Undergo Local Shifts in Position during 
Archenteron Elongation in L. pi&us 

Changes in position of labeled endodermal clones. Sev- 
eral workers have presented evidence that clones of la- 
beled cells within the archenteron change shape as it 
elongates. The line drawings of HBrstadius (HBrsta- 
dius, 1935, Fig. lA, p. 42) appear to indicate that clones 
derived from single vitally stained veg2 blastomeres ini- 
tially comprise a wedge-shaped patch within the arch- 
enteron which is resolved into a thin strip of labeled 
material by the end of gastrulation. Similarly, Cameron 
et al. (1987) and Wray (1987) have noted that the 

borders of labeled clones of cells introduced into the 
archenteron are somewhat jagged, which is suggestive 
of rearrangement. The present study uses the chimaera 
technique of Wray (1987) and Wray and M&lay (1988) 
to examine systematically the changes in shape and 
position of subsets of cells within the archenteron of L. 
pictus as it elongates. Figure 4 shows that labeled 
clones, descended from either half macromeres or veg, 
cells, initially comprise a contiguous patch within the 
vegetal plate (Fig. 4A); descendents of half macromeres 
also contain labeled cells in the presumptive anal ecto- 
derm (Fig. 4C), consistent with their fate in the normal 
embryo (reviewed by H&stadius, 1973). Little distor- 
tion of clones occurs during primary invagination (Fig. 
4A, 4C); the clones are rectangular and 4-5 cells-wide at 
the end of primary invagination. During secondary in- 
vagination, however, labeled clones change shape dra- 
matically. By the end of gastrulation the clone is often 
only one cell wide in the thinnest region of the gut 
rudiment; the width of the clone gradually increases 
toward the base and tip regions, where the clone re- 
mains 2-3 cells-wide (Fig. 4E). In embryos in which 
incomplete incorporation of the clone has occurred, or 
in which a smaller descendent blastomere has gener- 
ated the clone, the clone may actually be discontinuous, 
with one or two neighboring, unlabeled cells interca- 
lated between cells of the clone (Fig. 4G). However, in 
all cases the rearrangement of clonal boundaries does 
not appear to involve shifts of cell position of more than 
two cell diameters. 

Departures from hexagonal packing during cell rear- 
rangement. It has been argued that the geometric con- 
straints imposed on rearranging epithelia should force 
departures from the hexagonal cell packing pattern 
found in most epithelia (i.e., six near-neighbors sur- 
rounding a given cell; Fristrom, 1976). Table 1 compares 
the mean number of near-neighbors and associated 
variance for cells in the archenteron at various stages of 
secondary invagination. The mean number of near- 
neighbors at all stages is very nearly six, but the vari- 
ances differ markedly. In particular, although devia- 
tions from hexagonal packing are fairly infrequent at 
the 1 gastrula stage, departures from hexagonal pack- 
ing are common at the 3 gastrula stage. Fewer devia- 
tions occur during subsequent stages, although the reg- 
ularity of cell packing never fully returns to the level 
prior to extensive cell rearrangement (Table 1). 

Changes in Cell Shape and Protrusive Activity in the 
Archenteron of L. pictus: Initial Polarization of 
Cells Followed by Transient Stretching 

Endoderm cells are initially polarized along the axis of 
extension. Striking, stage-specific changes in the shape 
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and protrusive activity of the basal surfaces of cells in 
the wall of the archenteron occur as its cells rearrange. 
Prior to the onset of secondary invagination, the basal 
surfaces of endoderm cells are rounded (Fig. 5A). As 
initially described by Ettensohn (1984b) and confirmed 
in more detail here, just prior to cell rearrangement the 
basal surfaces of the cells in the wall of the gut rudi- 
ment undergo a dramatic change not visible in the light 
microscope: long, highly oriented lamellipodial protru- 
sions are extended by each cell toward the animal pole 
(Fig. 5B). These sheet-like protrusions are 0.5-1.0 pm in 
thickness, 5-10 pm in length along the animal-vegetal 
axis, and 2-3 pm in width at their bases. The lamellipo- 
dia overlap one another, giving the archenteron a 
“shingled” appearance. They end in shorter, filopodial 
protrusions that extend onto the basal surfaces of cells 
in overlying tiers, generally at an angle to the long axis 
of the archenteron. Transverse fractures reveal that the 
cell body and apex do not undergo a corresponding elon- 
gation, and thus the cells are L-shaped in profile, with 
the cell body extending radially outward from the 
lumen of the archenteron (Fig. 5C). The axis of exten- 
sion of these lamellipodia does not correspond to the 
intrinsic apical-basal polarity of the epithelium, but is 
instead roughly perpendicular to it. This change in the 
basal morphology of cells in the archenteron also occurs 
in Strongylocentrotus mrpuratus and Lytechinus varie- 
gatus (data not shown). 

As cell rearrangement begins, the oriented protru- 
sions disappear; the basal surfaces of the cells become 
rounded, and a dense, overlapping network of slender 
protrusions is visible between cells (Fig. 5D). Stereo 
SEM indicates that some of these protrusions extend 
into the clefts between the basal surfaces of neighbor- 
ing cells. Many of these protrusions are not taut, but 
instead appear loosely curled (Fig. 5D, arrows). At the 4 
gastrula stage, these filopodial protrusions disappear, 
and are replaced by small, filiform protrusions which 
are -0.5 Frn in length and -0.1 pm in diameter. Basal 
surfaces of the endoderm cells appear rounded and 
smooth at this stage, and are not elongated appreciably 
along the axis of extension of the archenteron (Fig. 6A; 
LW ratio = 1.32 f 0.03, YX ratio = 1.18 t 0.04; mean 
-t SEM, n = 60 cells). 

Endoderm cells are transiently stretched late in gas- 
trulation. By the 3 gastrula stage, the cells of the arch- 
enteron wall begin to elongate along the animal-vegetal 

axis; the mean LW ratio rises to 1.45 ? 0.05, and the YX 
ratio increases to 1.29 + 0.05 (n = 45 cells). Elongation of 
the cells continues through the 3 gastrula stage; the LW 
ratio reaches 1.75 f 0.05, and the YX ratio rises to 1.59 
f 0.05 (n = 75 cells). By the end of gastrulation, further 
cell rearrangement has occurred in the narrowest re- 
gion of the archenteron. The cells decrease their radial 
thickness markedly, and the outer surface of the arch- 
enteron becomes covered with an increasingly thick 
layer of extracellular matrix material. The cells of the 
gut rudiment are not as elongated on average as during 
the preceding stage; the preferential elongation of the 
basal surfaces along the animal-vegetal axis largely 
disappears (YX ratio = 1.24 f 0.05, n = 45 cells), al- 
though individual cells retain some residual, unori- 
ented, basal elongation (LW ratio = 1.39 + 0.05). How- 
ever, this elongation probably does not accurately re- 
flect the “averaged” elongation of a given cell 
throughout its thickness, since the basal surfaces pos- 
sess thin extensions on their vegetal and animal mar- 
gins that contribute significantly to the apparent basal 
length of the cell. Occasionally cells show extreme elon- 
gation in the animal-vegetal direction, such that their 
YX ratio may be as high as three. These cells are invar- 
iably located in the narrowest region of the archen- 
teron; several such cells are almost always found to- 
gether, giving the strong impression that they are 
under considerable tension (Fig. 6B). Such stretching 
also occurs in S. purpuratus and L. variegatus (data not 
shown). 

Basal surfaces undergo two cycles of oriented elonga- 
tion/relaxation. The changes in cell shape mentioned 
thus far are stage-specific, and quantifiably different 
(ANOVA, P < 10e6; Fig. 7A). Basal surfaces undergo 
two cycles of elongation followed by “relaxation” to a 
more isodiametric shape. The first cycle begins at the 
onset of secondary invagination with the extension of 
the polarized lamellipodia, followed by the initiation of 
cell rearrangement and a reversion to a rounded mor- 
phology. The second cycle, accompanied by further cell 
rearrangement, begins at the 3 gastrula stage and 
peaks at the 3 gastrula stage, followed by resumption of 
a less elongated shape by the end of gastrulation. 

Cells in the archenteronJatten along the apical-basal 
axis. The archenteron undergoes two dramatic changes 
during secondary invagination; in addition to the rear- 
rangement of its cells, the walls of the archenteron thin 

FIG. 3. SEM analysis of the blastopore region during secondary invagination in L. pi&us. (A) Sagittal view of a gastrula during primary 
invagination. Note the constricted apices in the center of the vegetal plate (arrows) and the apparent shearing of more peripheral cells toward 
the center of the plate (arrow heads). (B) Surface view of the blastopore at the f gastrula stage. Approximately 30 cells ring the blastopore. (C) 
Surface view of the blastopore at the 2 gastrula stage. Approximately 18 cells ring the blastopore. Note the smaller diameter of the blastopore 
compared to (B). Cell apices remain isodiametric. Scale bars = 10 pm. 
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TABLE 1 
MEAN NUMBER OF NEAR-NEIGHBORS OF CELLS IN THE ARCHENTERON 

AT VARIOUS STAGES OF SECONDARY INVAGINATION 

Stage of Mean no. Variance 
elongation near-neighbors” (n) * (95% confidence limits)” 

l/2 5.8 (73) 0.36 (0.26 < CT* < 0.51) 

2/3 5.9 (44) 0.94d (0.62 < $ < 1.51) 

3/4 5.8 (55) 0.63d (0.44 < CT* < 0.96) 
Complete 5.8 (54) 0.6gd (0.47 < f3 < 1.04) 

’ Not significantly different (ANOVA, P = 0.9). 
*Number of cells measured. 
c Shortest unbiased confidence limits (Sokal and Rohlf, 1981). 
d Significantly different from l/2 gastrula stage (Student-New- 

man-Keuls Test, P < 0.05; Zar, 1984). 

markedly (Dan and Okazaki, 1956; Ettensohn, 1985; 
Hardin and Cheng, 1986). But how important is the 
contribution made by cell flattening to archenteron ex- 
tension? The inner and outer surface area of the arch- 
enteron as a whole increase roughly twofold as the ar- 
chenteron elongates, thereby doubling the total surface 
area of contact between cells in the archenteron and the 
basal (blastocoelic) and apical (luminal) extracellular 
matrix layers by the end of gastrulation. This increase 
in surface area clearly comes at the expense of lateral 
contact between cells in the wall of the archenteron 
(-0.97 < r G -0.74 for wall thickness; 0.77 < r < 0.97 for 
basal surface area/cell; Fig. 7B). The result is an -40% 
increase in the circumferential and axial dimensions of 
the cells, which contributes significantly to the elonga- 
tion of the archenteron. 

Cell Rearrangement Can Be Directly Observed in 
Eucidaris tribuloides 

Cells rearrange by progressive circumferential inter- 
calation. Figure 8 shows differential interference con- 
trast (DIC) videomicrographs of gastrulae of the cidar- 
oid urchin, E. tribuloides. The optical clarity and rather 
loose organization of cells in the archenteron of this 
species make it possible to observe cell rearrangement 
events directly using DIC videomicroscopy. In addition, 
gastrulation in Eucidaris is remarkable for another 
reason. In euechinoids such as L. pi&us, the filopodia of 
secondary mesenchyme cells generally point toward the 
animal pole late in gastrulation (Hardin et al., 1988; 
Hardin, Morrill and M&lay, in preparation). Thus if 
the filopodia are exerting tension on the archenteron, 
they would be expected to do so most strongly late in 
gastrulation. However, in Eucidaris the filopodia are 
few in number well into gastrulation (Schroeder, 1981), 
and additionally they never acquire an appreciably up- 
ward orientation (Fig. 8B). Indeed, during much of 
archenteron elongation many filopodia actually extend 

downward (i.e., vegetally). As laterally directed filopo- 
dia exert tension, they can often visibly stretch neigh- 
boring endoderm cells; when an individual filopodium 
retracts, this local deformation ceases. Because filopo- 
dia in Eucidaris exert sufficient tension to deform the 
cells of the archenteron, but do not acquire an upward 
orientation, gastrulation in Eucidaris provides a “natu- 
ral experiment” by which to examine the relative me- 
chanical importance of filopodia to archenteron elonga- 
tion. 

DIC videomicroscopy confirms that cell rearrange- 
ment occurs in Eucidaris as it does in euechinoids, and 
provides the first direct observations of cell rearrange- 
ment in the archenteron. Tracings of a representative 
embryo at approximately 30-min intervals are shown in 
Fig. 8C. The basal surfaces of eight cells have been in- 
dicated. At the start of the period of observation, the 
array of cells is three cell diameters wide and three cell 
diameters high. Over the next 2 hr, the array of cells 
gradually narrows and lengthens, so that it comprises 
an array two cell diameters wide, but five to six cell 
diameters high. To accomplish this change in the shape 
of the tissue, the cells must change their position with 
respect to one another. For example, cells 1 and 5 are 
initially in contact, but as gastrulation proceeds cells 2 
and 3 gradually converge toward one another, with the 
result that cells 1 and 5 become separated (cf. 0 min 
with 49 min). A similar intercalation event occurs in the 
adjacent tier of cells, as cells 6 and 8 converge, resulting 
in the separation of cells 4 and 7. The other cells in the 
archenteron are undergoing similar intercalation 
events, with the result that the entire archenteron 
elongates by roughly 50% over the period of observa- 
tion (cf. 0 min with 106 min). The increase in length of 
the archenteron corresponds very closely to the extent 
of rearrangement that has occurred, in the example in 
Fig. 8C the cellular width of the array has narrowed 
with a concomitant increase in its length that corre- 
sponds well to the overall 50% increase in length of the 
archenteron. As cells intercalate between one another, 
they generally become elongated circumferentially, so 
that they are actually wider than they are tall. For 
example, prior to its intercalation between cells 4 and 7, 
cell 6 is nearly isodiametric, but as it insinuates itself 
between its neighbors it becomes elongated (Fig. 8C). 
Indeed, as gastrulation proceeds in Eucidaris the cells 
of the archenteron as a whole become more elongated in 
a direction perpendicular to its axis of extension, in 
marked contrast to the situation in L. pictus (YX ratios: 
early, 0.91 -t 0.15, n = 39 cells; mid, 0.77 f 0.18, n = 43; 
late, 0.68 + 0.20, n = 41; significantly different by 
ANOVA, P < 0.0001). 

Explosive cortical protrusive activity accompanies cell 
rearrangement. As the cells of the archenteron rear- 
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1.0’ , I 1 I I 
l/3 In. 213 314 complete 

stage of elongation 

44,. , , , , 1 
20 40 60 80 100 120 14t" 

archenteron length (pm) 

FIG. ‘7. Changes in the shape of cells in the archenteron as it elon- 
gates. (A) Changes in length/width ratios (mean f SEM) of basal cell 
surfaces during archenteron elongation in L. pictus. The length/width 
ratio (LW) represents the length of a cell along its own long axis 
divided by the width along the perpendicular to the long axis. The YX 
ratio (YX) represents the length of a cell along a specified axis divided 
by the width in the perpendicular direction (see Materials and 
Methods for a further description). The reference direction for YX 
measurements is the long axis of the archenteron. (B) Changes in wall 
thickness (pm) and basal surface area per cell (pm’) for cells in the 
archenteron vs archenteron length (pm). 

range, they undergo vigorous motile activity. Cortical 
bleb-like protrusions are continually sent out, they ro- 
tate part of the way around the basal periphery of the 
cell, and then disappear. Tracings of a typical cell made 
at 20-set intervals are shown in Fig. 9A. The basal sur- 
face extends blebs that have a lifetime of approximately 
30 set (arrows, Fig. 9A). These blebs can traverse as 
much as 180” as they rotate, with the result that as such 
a protrusion rotates to a location where the basal edges 
of two cells come together, the bleb causes a local dis- 
placement of the neighboring cell. If the blebbing be- 

FIG. 6. (A) Morphology of the archenteron at the 1 gastrula stage. 
Basal surfaces are rounded. Bar = 10 pm. (B) Late in gastrulation, 
cells are elongated in the narrowest region of the archenteron 
(arrows). The elongated cells are aligned along the animal-vegetal 
axis. Bar = 10 pm. 
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, , 

FIG. 8. Differential interference contrast micrographs of Eu&ris gastrulae photographed directly from the video monitor. (A) Early 
gastrula. Note the loose appearance and defined boundaries of the basal surfaces of cells in the archenteron. (B) Late gastrula. Filopodia still do 
not reach the animal pole (arrows). Bar = 25 pm. (C) Direct observation of cell rearrangement during gastrulation in Eucidaris. Tracings were 
made from the video monitor at the times indicated. Cells other than the array of cells numbered 1-8 have been omitted for clarity. Note that by 
the end of the period of observation, the array of cells narrows from three cells diameters in width to two, with a concomitant increase in length 
of the archenteron. Bar = 25 pm. 
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FIG. 9. Blebbing motility during cell rearrangement in Eucidaris. 
Tracings of an individual cell within the archenteron are shown at 
20-set intervals. Note the hemispherical blebs (arrows) that rotate 
around the basal periphery. Bar = 5 pm. (B) Temporal changes in cell 
shape during cell rearrangement in Eucidaris Cell 6 from Fig. 8C was 
traced at 40-set intervals, and its YX ratio was calculated and plotted 
over the duration of its intercalation between cells 4 and 7. The ap- 
proximate time with respect to the intercalation event is also indi- 
cated (arrows). 

havior of an individual cell known to be undergoing 
intercalation is followed, its basal surface can be seen to 
undergo fluctuations in its YX ratio over time (Fig. 9B). 
Thus the cell continually “squeezes” up and down and 
back and forth. 

When these fluctuations in cell shape are examined 
using the tools of time series analysis (Box and Jenkins, 
1976), it becomes apparent that they are not periodic. 
Figure 10A and B present the results of autocorrelation 
and partial autocorrelation analyses of the protrusive 
activity of the same cell described in Fig. 9B. The auto- 
correlation procedure involves shifting the data by a 
known phase, plotting the shifted data against the orig- 
inal data, and looking for phases that result in “con- 
structive interference” that reflects periodicity. If the 
blebbing data are essentially a random walk, then no 
significant peaks will be seen at phase shifts greater 
than the “persistence” time of the average bleb (about 1 
min). Fig. 10A shows that in fact no peaks of statistical 
significance occur for shifts of more than l-2 min, i.e., 
the process is not periodic. 

Partial autocorrelation analysis is a useful measure 
of the “memory” of a cell; significant correlations for 
various lag periods in this case reflect whether or not 

the state of the cell at a previous time point has a signif- 
icant influence on what the cell is presently doing, after 
the subtraction of effects due to intervening time steps 
(for a similar type of analysis in the case of fibroblast 
motility, see Dunn and Brown, 1987). Fig. 10B shows 
that the state of the cell at any given time is only in- 
fluenced by its state during the previous minute or so, 
i.e., the cell has a short memory. Indeed, the blebbing 
behavior can be accounted for completely by modeling it 
stochastically as an autoregressive moving average 
(ARMA) process, in which the state of a cell at time t is 
influenced by (1) its state over the past l-2 min, but 
particularly its state during the immediately preceding 
time step, and (2) the “average” shape of the cell within 
a l- to 2-min period centered on time t [ i.e., an ARMA 
(2,l) process; the residuals are not significantly differ- 
ent from “white noise” for both YX (P = 0.75) and LW 
ratios (P = 0.91)]. This analysis is a rather tedious way 
of confirming the general impression one has from 
time-lapse footage: the archenteron is a collection of 

A 0.6, 

-“.4 b 16 

time lag (min) 

B 
0.6, 

0 2 4 6 8 10 12 14 16 

time lag (min) 

FIG. 10. Time series analysis of blebbing motility in Eucidaris. Au- 
tocorrelation plot of YX ratios for the cell analyzed in Fig. 9B for 
various lag times (min). Modeling the blebbing behavior as an 
ARMA(2,l) process results in no significant residual autocorrelations 
(see Results), and the following parameter values (see Box and Jen- 
kins, 1976 for further details of the analysis procedures): AR(l) = 1.51 
+ 0.15, AR(2) = -0.51 f 0.15; MA(l) = 0.78 + 0.10. (B) Partial auto- 
correlation plot of YX ratios for the same cell. 
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randomly active cells all performing, at the level of the 
current analysis, the same qualitative behavior. As a 
result, the overall impression one has is that the cells 
are “jostling” against one another continually as they 
rearrange. Ultimately, however, successful intercala- 
tion only occurs in the circumferential direction, with 
the result that the archenteron gradually narrows and 
lengthens. 

DISCUSSION 

Cells Are Not Added to the Archenteron as It Elongates 

In L. picks, cell division and DNA synthesis are un- 
necessary during secondary invagination (Stephens et 
al., 1986). Moreover, the results of cell counts, vital dye 
marking, time-lapse videomicroscopy, and cellular vol- 
ume measurements presented here indicate that few 
cells are normally added to the archenteron during sec- 
ondary invagination in this species. Archenteron elon- 
gation in L. pictus appears to be a process intrinsic to 
those cells that have already invaginated during the 
first phase of gastrulation. This may not be the case in 
other species, however. For example, in Lytechinus var- 
iegatus regionalized cell division is extensive at the 
gastrula stage, and may contribute significantly to the 
process of invagination (Nislow and Morrill, 1988). Nev- 
ertheless, the results presented here indicate that cell 
division and involution need not occur to produce in- 
vagination of the archenteron. 

Cell Rearrangement Occurs via Local 
Changes in Position 

An impressive feature of morphogenetic movements 
mediated by cell rearrangement is that the concerted 
effect of many local, small shifts in cell position results 
in dramatic distortions of tissues (reviewed by Keller, 
1987; Fristrom, 1988). The deformation of labeled chi- 
maeric clones in L. pi&us and direct observation of cell 
rearrangement in Eucidaris indicate that cells in the 
archenteron are only displaced with respect to one an- 
other by l-2 cell diameters. When reproduced through- 
out the entire archenteron, these small shifts in posi- 
tion are sufficient to produce a 50-100% increase in its 
length. The situation is similar during Drosophila ima- 
ginal disc morphogenesis: although leg discs undergo 
extensive cell rearrangement during their eversion 
(Fristrom, 1976), mixing of cells at clonal boundaries 
within discs appears to involve a zone l-2 cells wide, 
based on displacements of clonally related cells in ge- 
netic mosaics (Held, 1979). Near-neighbor analysis in L. 
pi&us indicates that as the archenteron elongates to the 
3 gastrula stage, the cells of the archenteron depart 
most drastically from their original hexagonal packing. 

It is during this period that the entire archenteron ex- 
periences the greatest number of cell rearrangements. 
The residual departures from hexagonal packing re- 
maining at the end of gastrulation probably reflect an 
inability of the epithelium to accommodate completely 
the cell rearrangements and shape changes that occur 
during secondary invagination and still retain a fully 
hexagonal arrangement. 

Cells in the Archenteron Undergo Polarized Changes in 
Shape and Motility as They Rearrange 

Cells jlatten in the apical-basal direction. The cell 
flattening that occurs during archenteron elongation in 
L. pictus is extensive, and is tightly coupled to the cell 
rearrangement that occurs simultaneously. Flattening 
appears to occur to a greater or lesser extent in most, if 
not all, species of sea urchin (Dan and Inaba, 1968;), but 
here again the contribution probably varies depending 
on the species (for example, considerably less flattening 
occurs in L. variegatus than in L. picks) (Morrill and 
Santos, 1985). Flattening is largely independent of filo- 
podial traction, since it occurs in exogastrulae and after 
ablation of secondary mesenchyme cells in L. pictus 
(Hardin and Cheng, 1986; Hardin, 1988), and since the 
rate of flattening actually slows late in gastrulation, 
when filopodial activity is presumably most intense 
(present Results). Epithelial cell rearrangement is also 
accompanied by extensive flattening of the cells as they 
rearrange in other systems (Drosophila imaginal discs, 
Fristrom, 1976; the superficial layer of Xenopus gastru- 
lae, Keller, 1978; teleost epiboly, Keller and Trinkaus, 
1987). In all of these systems the processes of cell rear- 
rangement and cell flattening must apparently work in 
tandem to dramatically change the linear dimensions of 
a tissue while simultaneously increasing its total sur- 
face area. 

Cells are polarized along the axis of extension of the 
archenteron. The oriented lamellipodia that appear at 
the outset of secondary invagination demonstrate that 
all cells in the archenteron wall undergo a dramatic 
change in their program of motility when cell rear- 
rangement begins. The orientation of the lamellipodia 
suggests that they are not directly involved in force 
production by contracting, since their contraction 
would result in shortening, rather than elongation, of 
the archenteron. Their transient appearance before cell 
rearrangement commences also makes it unlikely that 
they produce the forces for rearrangement. However, 
these protrusions do betray an inherent polarization of 
all cells in the archenteron along its axis of extension, 
which is presumably necessary for directed cell rear- 
rangement (Keller and Hardin, 1987). 

Cells are probably stretched due to Jilopodial tension. 
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The results of previous studies suggest that archen- 
teron elongation in L. pictus involves two processes: (1) 
elongation by active cell rearrangement independent of 
filopodial traction by secondary mesenchyme cells, and 
(2) additional, filopodia-dependent cell rearrangement 
(Hardin and Cheng, 1986; Hardin, 1988). During the 
early stages of secondary invagination axial tension 
does not predominate within the archenteron, since the 
cells of the archenteron are not elongated prior to the 3 
gastrula stage. Filopodia-independent elongation is 
probably the dominant mechanism operating at this 
time. In contrast, previous studies using a number of 
different species have suggested that the effects of filo- 
podial tension are most pronounced late in gastrulation 
(Okazaki, 1956; Gustafson and Kinnander, 1960; Hardin 
and Cheng, 1986). The results presented here support 
and extend these findings. The cells of the archenteron 
lengthen along the animal-vegetal axis at the 3-a gas- 
trula stage, coinciding with a change in the orientation 
of the filopodia to a predominantly upward, or animal, 
direction (Hardin et ab, 1988). The reversion to a less 
elongated shape by the end of gastrulation further sug- 
gests that the archenteron responds to the concerted 
activity of the filopodia by additional cell rearrange- 
ment. That cells in the narrowest region of the archen- 
teron in some embryos near the end of gastrulation are 
conspicuously elongated along the long axis of the ar- 
chenteron suggests that in these embryos continued cell 
rearrangement is insufficient to completely relieve the 
tension generated by the filopodia. In contrast, such 
marked stretching is never observed in Eucidaris, prob- 
ably because the overall distribution of the filopodia is 
lateral to the axis of extension, and hence there is no 
global, axial tension generated within the archenteron. 

Cells Rearrange by Circumferential Intercalation 

The time-lapse data presented here suggest that en- 
doderm cells in Eucidaris employ basal blebbing motility 
during cell rearrangement. This apparently chaotic be- 
havior is clearly capable of locally displacing neighbor- 
ing cells, and is performed especially vigorously by cells 
undergoing intercalation. Although such behavior has 
only been conclusively demonstrated in intact embryos 
of Eucidaris thus far, there is some evidence that such 
blebbing motility is performed by euechinoid embryos 
as well. When L. variegatus gastrulae are dissociated, a 
subpopulation of the dissociated cells displays vigorous 
rotating blebs (McClay, 1986; J. Hardin and D. M&lay, 

unpublished observations), and in incompletely disso- 
ciated embryos it is clear that at least many of these 
cells are endoderm cells (J. Hardin, unpublished obser- 
vations). The rotating bleb-like motility appears simi- 

lar to that envisioned by the “cortical tractor” model 
originally proposed by Jacobson et al. (1986) to account 
for cell rearrangement within the neural plate during 
urodele neurulation. These authors propose that such 
basal blebs could intercalate between cells at their ba- 
solateral margins and ultimately cause the rearrange- 
ment of cells via the upward (i.e., basal-to-apical) rota- 
tion of the protrusions (see also a modified version of 
this model proposed by Fristrom, 1988). The cells in the 
archenteron of Eucidaris display a prodigious capacity 
for motility of this sort, and if the success of interca- 
lating protrusions is somehow biased in the circumfer- 
ential direction, then such cortical motility may be a 
sufficient “motor” by which to drive cell rearrange- 
ment. Indeed one visible sign of such bias in Eucidaris 
as intercalation proceeds is the elongation of the cells 
perpendicular to the axis of extension, as they appar- 
ently wedge their way between one another (similar 
morphology is seen during development of the noto- 
chord and somitic mesoderm in chordates (Miyamoto 
and Crowther, 1985; Keller et aL, 1985; Thorogood and 
Wood, 1987; Wilson et ah, 1989)). One reason why such 
shape changes are not seen in L. pictus may be that 
filopodial tension tends to stretch the cells axially, 
thereby masking similar behavior in these embryos. 

Such blebbing behavior may be an effective means for 
producing cell rearrangement, but how this general be- 
havior is biased to produce intercalation is very much 
less clear. One suggested mechanism for producing di- 
rectionality is adhesive disparities between the cells. 
For example, Jacobson et al. (1986) have suggested that 
cells in the amphibian neural plate rearrange to maxi- 
mize their contact with the neural plate/epidermis 
boundary, with the result that elongation of the neural 
plate occurs along the anterior/posterior axis. Mit- 
tenthal and Mazo (1983) have suggested that adhesive 
disparities could account for the pattern of cell rear- 
rangement seen during imaginal disc eversion in Dro- 
sophila: by minimizing the boundary between originally 
concentric zones of cells with adhesive disparities, they 
postulate that a flat disc will be converted into a cylin- 
der with the originally concentric regions lying in a 
proximal-distal sequence along the everted disc. Late in 
sea urchin gastrulation the regions of the archenteron 
that will differentiate into the three compartments of 
the larval gut express spatially localized cell surface 
proteins (McClay et al, 1983; Wessell and McClay, 1985; 
Coffman et al., 1985), and if full archenteron elongation 
is prevented these markers are expressed in a com- 
pressed, concentric pattern (M&lay et al., 1989). Al- 
though these results imply that there are concentric 
zones of differentiation within the archenteron, it is not 
known what role if any these regional differences might 
play in gastrulation. 
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Cell Rearrangement Closes the Blastopore and 
Elongates the Archenteron Simultaneously 

In L. pi&us the blastopore decreases in diameter by 
-35% during secondary invagination. Since this de- 
crease is accompanied by cell rearrangement at the 
blastopore lip as well as at the base of the archenteron, 
it seems likely that these processes are coupled. It is not 
known whether the cells at the blastopore actively rear- 
range, or whether they rearrange to accommodate cel- 
lular movements within the archenteron. In either case, 
gastrulation in the sea urchin embryo bears a remark- 
able resemblance to amphibian gastrulation. In Xen- 
opus, bottle cells constrict their apices dramatically to 
produce a shallow invagination at the blastopore lip 
(Hardin and Keller, 1988). Then the cells of the mar- 
ginal zone rearrange via explosive blebbing motility 
(Keller and Hardin, 1987), resulting in dramatic 
deepening of the archenteron and simultaneous closure 
of the blastopore (Keller et al., 1985; Keller and Danil- 
chik, 1988). In the sea urchin embryo deepening of the 
archenteron also occurs via an initial invagination in- 
volving dramatic changes in cell shape followed by ex- 
tensive cell rearrangement and concurrent blastopore 
closure. While there are significant differences between 
these two systems, the complex orchestration of gas- 
trulation in these and other deuterostomes may involve 
a limited repertoire of basic morphogenetic movements 
(e.g., invagination and convergent cell rearrangement) 
which are shared in common across considerable phy- 
logenetic distances. 
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