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Cell Interactions in the Sea Urchin Embryo 
Studied by Fluorescence Photoablation 

In many organisms, interactions between cells play a critical role in the specification of 
cell fates. In the sea urchin embryo, primary mesenchyme cells (PMCs) regulate the 
developmental program of a subpopulation of secondary mesenchyme cells (SMCs). 
The timing of this cell interaction was analyzed by means of a fluorescence photoabla- 
tion technique, which was used to specifically ablate PMCs at various stages of 
development. In addition, the PMCs were microinjected into PMC-depleted recipient 
embryos at different developmental stages and their effect on SMC fate was examined. 
The critical interaction between PMCs and SMCs was brief and took place late in 
gastrulation. Before that time, SMCs were insensitive to the suppressive signals 
transmitted by the PMCs. 

I NTERACTIONS BETWEEN EMBRYONIC 

cells are an important mechanism by 
which cell fates are specified during 

development. In some organisms, including 
amphibians, sea urchins, and mammals, cell 
interactions play an especially significant 
role in the commitment process (1).  Even in 
multicellular animals in which cell diversifi- 
cation is believed to be primarily under the 
control of cytoplasmic determinants segre- 
gated to different blastomeres during cleav- 

Depamnent of Biological Sciences, Carnegie Mellon 
Umversity, Pittsburgh, PA 15213. 

age (for example, ascidians and nematodes), 
cell interactions are critical for the differenti- 
ation of certain cell types (2). 

The sea urchin embryo has been a model 
for studying the specification of cell fate by 
cellular interactions. Isolated blastomeres 
can form complete larvae, providing evi- 
dence of regulative cell interactions that 
determine cell fates (3, 4). Cellular interac- 
tions are associated with the selection of cell 
fates by mesenchymal cell lineages in the sea 
urchin embryo. During normal ontogeny 
the skeletal structures of the larva are synthe- 

sized by primary mesenchyme cells (PMCs) 
(5) .    ate in gastrulation a second population 
of mesenchyme cells arises, the secondary 
mesenchyme cells (SMCs), which give rise 
to muscle cells, pigment cells, and portions 
of the coelomic sacs, but do not normally 
contribute to the larval skeleton (3, 6). 
These two cell lineages are segregated early 
in development, at the foutth cleavage divi- 
sion (7). PMC-depletion experiments indi- 
cate that an interaction takes place between 
the two cell populations during gastrulation 
(8). In the absence of the PMCs, 65 to 75 
SMCs convert to the PMC phenotype and 
synthesize a complete larval skeleton. There- 
fore, SMCs can form skeletal structures, but 
this pathway of differentiation is normally 
suppressed by the PMCs. The suppression 
of SMC skeletogenesis is quantitatively de- 
pendent on the number of PMCs in the 
blastocoel. If at least 50 PMCs are present, 
SMC conversion is completely blocked. If 
fewer than 50 PMCs are present, the num- 
ber of SMCs that express a skeletogenic 
phenotype is inversely proportional to the 
number of PMCs in the blastocoel (9). I 
now show that the critical interaction be- 
tween the PMCs and SMCs is brief and 
occurs late in gastrulation, at the time the 
SMCs enter the blastocoel and begin to 
migrate. 

The timing of the interaction between 
PMCs and SMCs was determined by means 
of a fluorescence photoablation technique 
that was used to specifically eliminate the 
PMCs at different stages of development. In 
previous experiments, microsurgical meth- 
ods were used to remove PMCs from em- 
bryos immediately after their formation (9). 
At later stages of embryo development, this 
approach is impractical because the PMCs 
disperse within the blastocoel and adhere 
firmly to the basal surfaces of overlying 
epithelial cells. Therefore to ablate PMCs at 
later stages, endogenous populations of 
PMCs were removed microsurgically and 
replaced with equal numbers of PMCs that 
had been covalently labeled with rhodamine 
B isothiocyanate (RITC)' (10). The fluores- 
cently tagged PMCs were then selectively 
ablated at different developmental stages by 
irradiating the embryos with green light 
(A,,, = 550 nm). Previous studies have 
shown that rhodamine-labeled PMCs mi- 
croinjected into the blastocoel of recipient 
embryos undergo normal migration and spi- 
culogenesis (1 1). Such transplanted PMCs 
completely suppress the conversion of 
SMCs to a skeletogenic phenotype when 
microinjected into PMC-depleted embryos, 
provided that at least 50 cells are transplant- 
ed (9'1. , , 

Other studies have used fluorescence 
methods to ablate embryonic cells by mi- 
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croinjecting fluorescent dexnans into early 
blastomeres followed by the photoablation 
of the labeled progeny at later developmen- 
tal stages (12). Direct labeling of embryonic 
cell surfaces by covalent couphng reagents 
(isothiocyanates, succinimidyl esters, and 
other reagents) provides an alternative to 
intracellular miaoinjection of fluorescent la- 
bels and may be u s d  in labeling large 
populations of cells (such as for cell recom- 
bination experiments carried out in tissue 
culture), cells that are d&dt to microin- 
ject, or cells whose precursors have not been 
identified. 

The eflicacy of the photoablation tech- 
nique in eliminating rhodamine-labeled 
PMCs was demonstrated in four ways. (i) 
Direct observation of rhodamine-labeled 
PMCs during exposure to 550-nm light 
revealed that irradiation was accompanied 
by rapid changes in cell shape (retraction of 
cell processes) and a change in the general 

Fig. 1. Fluorescence photoablation of N T G  
labeled PMCs. These micrographs show a living 
L. variegaw mesenchyme blastula microinjected 
with 11 rhodamine-labeled PMCs. The PMCs of 
the recipient embryo have been left in the blasto- 
coel in order to demonstrate the selectivity of the 
photoablation for labeled PMCs. (A and B) The 
recipient embryo at the start of a 2-min irradia- 
tion, photographed with differential i n t e c e  
contrast (A) and epifluorescence (B) optics. The 
arrowhead indicates a PMC with a bipolar shape 
and filo@al processes. (C) The same embryo 
immediately after the photoablation. The cyto- 
plasm of the labeled PMCs has become granular, 
and the bipolar PMC (arrowhead) has retracted 
its processes. Photoablation also mults in a tran- 
sient change in the contours of the embryo. (D) 
One hour after the photoablation, the contours of 
the embryo have smoothed. The photoablated 
PMCs are opaque and dumped in a smgle mass 
(arrowhead). The unlabeled PMCs of the recipi- 
ent embryo are migrating normally (arrow). Bar 
represents 50 pm. 

appearance of the cytoplasm of the labeled 
cells from transparent to opaque and granu- 
lar (Fig. 1). (ii) After irradiation at 550 nm, 
RITGlabeled cells stained with trypan blue, 
an indication that they were no longer via- 
ble. (iii) Examination of fixed embryos re- 
vealed that photoablation caused labeled 
PMCs to aggregate in large masses and 
blocked spicule formation by the RITC- 
labeled cells (Fig. 2). (iv) Photoablation at 
early stages resulted in a complete conver- 
sion response, demonstrating that the donor 
PMCs had been functionally eliminated 
(Figs. 2 and 3). 

Immunoreactivity with the monodona1 
antibody (MAb) 6a9 was used as a marker 
fbr SMC conversion. This antibody recog- 
nizes the sulfated glycoprotein mspl30, a 
cell surface protein normally expressed only 
by PMCs (9, 13). SMCs do not exhibit 
detectable levels of 6a9 irnrnunoreactivity in 
normal embryos (9). Converted SMCs were 
munted after whole mounts of embryos 
were stained with MAb 6a9 and a fluoresce- 
in-conjugated secondary antibody (Fig. 2). 
Donor (rhodamine-labeled) PMCs exhibit- 
ed both red and green fluorescence, while 
converted SMCs exhibited only green fluo- 
rescence. 

Exposure of unlabeled embryos to light at 
550 nm for 4 rnin neither induced (in the 
case of control embryos) nor blocked (in the 
case of PMC-deficient embryos) the conver- 
sion response, which was monitored by 
staining with MAb 6a9. Embryos that con- 
tained a mixture of rhodamine-labeled and 
unlabeled PMCs were used to determine the 
selectivity of the photoablation procedure. 
In such embryos, rhodamine-labeled donor 
PMCs that were adjacent to unlabeled host 
PMCs could be selectively destroyed by 
exposure to 550-nm light (as monitored by 
cell shape changes and trypan blue staining) 
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Fig. 3. Fluorescence photoablaaon. Numbers of 
converted SMCs were determined by immundu- 
orrscent staining with MAb 6a9. Embryos were 
photoablated at various developmental stagcs and 
fixed 22 hours after PMC ingression, after the 
completion of SMC conversion. PMC ingression 
in L. variegahrr takes place 10 hours after fcrtiliza- 
tion at 2.PC. The developmental stages of the 
embryas at the time of photoablation are illustrat- 
ed. Bars indicate standard errors (95% confidence 
limits on the mean). For each developmental 
stage, 5 to 11 embryos were scored. 

without affecting adjacent cells. These ob- 
servations indicated that the photoablation 
procedure was effective in ablating the 
PMCs without otherwise affecting develop- 
ment. 

Photoablation of the PMCs even 8 hours 
after ingression resulted in a nearly complete 
convekion response (>50 SMCs expressing 
the mspl30 epitope recognized by MAb 
6a9) (Fig. 3). By this late stage of gastrula- 
tion the PMCs had completed their migra- 
tory phase, arranged themselves in a well- 
formed ring pattern with two ventrolateral 
dusters, and-initiated the synthesis of the 
embryonic skeleton. Even by this stage no 
irreversible interaction had taken place be- 
tween the PMCs and SMCs. Photoablation 
of the PMCs 8 to 10 hours after ingression 

Fig. 2. SMC conversion after fluorescence pho- 
toablation of PMCs. This embryo was depleted of 
PMCs at the mesenchyme blastula stage and 
microinjected with 50 to 60 RITGlabeled PMCs. 
The embryo was then released from the microin- 
jection chamber and allowed to develop for 4 
hours more. It was then placed in a microinjection 
chamber, and the labeled PMCs were photoablat- 
ed by irradiating the embryo at 550 nm for 4 min. 
The embryo was released from the chamber and 
allowed to develop for an additional 5 hours, then 
fixed in ice-cold 100% methanol (20 min), rinsed 
four times in ice-cold ASW, and stained for 
indirect immunofluorescence with MAb 6a9 and 
fluoresceinconjugated goat antiserum to mouse 
immunoglobulin G antibody (1: 50 in ASW) 
(Organon Teknica). The embryo was squashed h e e n  two cover slips and photographed with 
epifluorescence optics. (A) Rhcdamine fluorescence. The photoablated PMCs are hgmented and 
scattered in dumps in the blastocoel (arrow), and spicule formaaon by these cells is blocked. In control 
embryos, PMCs are aligned along extensive, branched skeletal rods. (B) Fluorescein fluorescence. 
Photoablation of the PMCs has resulted in the conversion of SMCs to the skeletogenic phenotype. The 
converted PMCs (arrowheads) express the mspl3O glycoprotein and have arrangd the&elvcs'& a rhg 
oattern like that formed bv PMCs. Arrow indicates w m m h  Dositions of ~hotoablated PMCs 

" A  

&own in (A). Bar reP-ts 50 Fm. 
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resulted in intermediate numbers of convert- 
ed cells. If PMCs were photoablated at the 
prism stage (10 to 12 hours after ingres- 
sion), SMCs no longer converted. The peri- 
od of sensitivity in these experiments corre- 
sponded to the stage of SMC ingression and 
migration (Fig. 3), and suggests that the 
critical signal passes between the PMCs and 
SMCs at this time. 

The above results are consistent with 
three hypotheses. (i) The PMCs transmit a 
signal continuously throughout gastrulation 
(for example, PMCs may produce a suppres- 
sor molecule that is secreted continuously). 
(ii) The PMCs do not send an inhibitory 
signal until late in gastrulation, perhaps 
because they have not completed their own 
program of differentiation until that time. 
(iii) The SMCs are not competent to re- 
spond to the relevant signal until the late 
gastrula stage. This could be the case regard- 
less of the temporal pattern of PMC signal- 
ing. 

To distinguish among these alternatives, 
PMCs were removed from mesenchyme 
blastulae and the PMC-depleted embryos 
were allowed to develop for progressively 
longer periods of time before 50 to 60 
rhodamine-labeled PMCs were reintro- 
duced into the blastocoel by microinjection 
(Fig. 4A). Twenty-four hours after fertiliza- 
tion, the embryos were fixed as whole 
mounts and stained by indirect immunoflu- 
orescence with MAb 6a9. These experi- 
ments show that the continuous presence of 
the PMCs is not required for suppression of 
the skeletogenic potential of the SMCs (Fig. 
4B). Injection of PMCs into the blastocoel 
at the late mesenchyme blastula or early 
gastrula stage (11 and 13.5 hours after 
fertilization, respectively) resulted in com- 
plete inhibition of SMC conversion (Fig. 
4B). Reintroduction of PMCs as late as the 
mid-gastrula stage, 6 to 7 hours after PMC 
depletion and only 3 hours before the initia- 
tion of conversion as assayed by MAb 6a9 
immunoreactivity, led to a reduction in the 
numbers of converted cells (Z = 25.7, 
n = 11) although SMC conversion was not 
completely blocked. 

The above data rule out the hypothesis 
that PMCs must transmit a signal continu- 
ously during gastrulation. SMC conversion 
was largely suppressed in less than 3 hours, 
and complete suppression occurred in 3 to 6 
hours. In addition, since the donor PMCs 
used in the transplantation experi- 
ments were taken from developmentally 
young mesenchyme blastula-stage embryos, 
these results do not support the hypothesis 
that the PMCs are not developmentally 
competent to transmit a signal until the late 
gastrula stage, unless the experimental con- 
ditions induced the PMCs to undergo an 

accelerated morphogenetic program and. 
transmit the correct signal early. Although 
PMCs reintroduced into the blastocoel 3 
hours before SMC ingression largely sup- 
pressed conversion, the photoablauon data 
showed that PMCs can be present in the 
blastocoel for much longer periods during 
earlier stages of gastrulation without sup- 
pressing SMC skeletogenesis (Fig. 3). 

The above observations indicate that the 
critical interaction between PMCs and 
SMCs is brief and takes place late in gastru- 
lation, at the time when SMCs leave the tip 
of the archenteron and migrate into the 
blastocoel. Inhibitory cues are apparently 
established by the PMCs earlier, but the 
prospective SMCs are not sensitive to them. 
In addition, the PMC signal is transient and 
decays rapidly upon ablation of the PMCs. 
These observations may indicate that the 
SMCs become developmentally committed 
when they ingress into the blastocoel and 
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Fig. 4. SMC commitment. (A) PMCs were re- 
moved from recipient embryos at the mesen- 
chyme blastula stage (10 hours after fertilization). 
The embryos were allowed to continue develop- 
ment for various times, then were loaded again 
into microinjection chambers and 50 to 60 RITC- 
labeled PMCs from mesenchyme blastula stage 
donor embryos were microinjected into the blas- 
tocoel. At 24 hours after fertilization (14 hours 
after PMC ingression) embryos were fixed and 
stained by inhrect immunofluorescence with 
MAb 6a9. (B) The time (in hours after fertiliza- 
tion) at which labeled PMCs were introduced 
into the blastocoel and the numbers of converted 
SMCs. The number of SMCs that convert in 
embryos in which no PMCs are present is approx- 
imately 70. The start of SMC conversion as 
determined by immunofluorescent staining of 
PMC-depleted embryos with MAb 6a9 is shown. 
Error bars indicate 95% confidence limits on the 
mean. For each developmental stage, 5 to 11 
embryos were scored. 

convert to a skeletogenic phenotype unless 
they interact with viable PMCs at that time. 

Whatever the specific mechanism of this 
inhibitory interaction, the result is the sup- 
pression of a complex battery of 
responses on the part of the converting 
SMCs. The earliest indication of conversion 
that we have detected is the de novo expres- 
sion of cell surface molecules normally char- 
acteristic of the PMCs (9). Later, converted 
SMCs migrate to sites along the blastocoel 
wall normally occupied by the PMCs and 
secrete a complete larval skeleton. Skeletal 
spicules are complex structures composed of 
CaC03, MgC03, and several acidic glyco- 
proteins deposited intracellularly within a 
syncytial network of cell processes (14). It is 
likely that cell lineage conversion involves 
changes in cell surface properties, ion trans- 
port, protein trafficking, and biosynthetic 
patterns on the part of the SMCs. The 
PMCs need not migrate normally, occupy 
their typical sites on the blastocoel wall, or 
synthesize spicules in order to suppress 
SMC skeletogenesis (15). We are currently 
testing the possibility that extracellular ma- 
trix molecules secreted by the PMCs (16) 
participate in mediating this cell-cell interac- 
tion and whether direct filopodial contact 
between these two populatio~s of migratory 
cells is required for signaling. 
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A Structural Basis for Hering's Law: Projections to 
Extraocular Motoneurons 

Conjugate eye movements are executed duough the concurrent activation of several 
muscles in both eyes. The neural mechanisms that underlie such synergistic muscle 
activations have been a matter of considerable experimentation and debate. In order to 
in-te this issue, the projdons of a dass of primate premotoneuronal cells were 
studied, namely, the vertical medium-lead burst neurons (VMLBs),  which drive 
vertical rapid eye movauents. Axons of upward VMLBs ramify bilaterally within 
motonewon pools that supply the superior rectus and inferior oblique muscles of both 
eyes. Axons of downward VMLBs ramify ipsilaterally in the inferior rectus portion of 
the aculomotor nudew and in the trochlear nucleus. Thus, VMLBs can drive vertical 
motoneuron pools of both eyes during conjugate vertical rapid eye movements; these 
data support Hering's law. 

0 ORDINARY M O M R  ACTNPrY DE- 
pends on the coactivation of syner- 
gistic muscle groups. A special case 

of this phenomenon is encountered in the 
oculomotor system where extraocular mus- 
cles of both eyes must be coactivated if the 
resulting eye movements are to be conjugate 
(that is, for both eyes to move simultaneous- 
ly in the same direction and by the same 
amount). Over a century ago, Hering pro- 
posed a mechanism to account for eye con- 

jugacy known as Hering's Law of Equal 
Innervation (1). According to this law, the 
two eyes move in a conjugate manner be- 
cause they receive identical signals from the 
brain (equal innervation). Hering sugestcd 
that there was equal outflow in the nerves 
innervating the separate extraocular muscles. 
Because it is now known that each motoneu- 
ron pool innervates only one muscle (2), the 
issue is whether, and how, the motoneuron 
pools that innervate the separate muscles 
receive equal innervation. The known syn- 

A. K. Mmchovakis, Labonfory of Neural Control aptic org&kation of the oculornotor system 
Natiofd  in^^^ of Ncurol%'d Dlscascs and S*e, has not tfim far offered a satisfymg: v&da- Bcthcsda, MD 20892. 
C. A. SCU* and S. M. H@SWI, D e p a m ~ l t  of tion of Hering's principle. A stronger valida- 
Oto- W- Univ46it' School of tion would be obtained if branches from a M d u n c  St uis. MO 631 10. 

single neuron to separate motoneuron pools 
+To whom comspondcncc should be addressed. could be demonstrated. 
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Flg. 1. (A) Discharge pattern of one typical 
VMLB; f, firing rate; H, instantaneous horizontal 
eye position; V, instantaneous vertical eye 
tion. (B) The number of s p b  in the burst OK; 
VMLB (nb) as a function of amplitude of down- 
ward components of saccades or vertical size ( v ) .  
A straight line described by the equation 
nb = 1.49~ + 4.04 was fitted through points that 
represent downward saccades (r = 0.86). 

Flg. 2 (A through C) Frontal plots of the 
tcnninal fields distributed in the maal (A) and 
caudal (B) half of the oculomotor nudeus and in 
the troddear (C) nudeus by one upward (blue) 
and one downward (red) VMLB that were in- 
traaxonally injected with HRP in alert, behaving 
primates. (D) Bilateral schematic diagram of the 
organization of the vertical saccadic system (eyes 
indicated by open circles, the midline by dashes). 
Amws indicate the projections of up (blue) and 
down (red) VMLBs, as well as up (blue) and 
down (red) motoneurons. 111 N, oculomotor 
nudeus; IV N, t rodcar  nudeus; Aq, aqueduct; 
E-W, Edinger-Westphal nudeus; NIC, interstitial 
nudeus of Cajal; 10, infirior oblique; IR, infcrior 
rrctus; SO, superior oblique; SR, superior rectus. 
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