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Introduction

Abstract.
Antibiotic inhibitors of protein synthesis were
tested for their effectiveness in larvae of the red abalone,
Haliotis rufescens (gastropod mollusk). Emetine and anisomycin proved highly effective in this system, while cycloheximide, fusidic acid, puromycin,
and tetracycline
were less effective. Emetine and anisomycin specifically
inhibited protein synthesis but not RNA synthesis. The
contribution
to protein synthesis by chloramphenicolsensitive prokaryotic contaminants
was found to be undetectable, except following the onset of symptoms of
toxicity resulting from prolonged exposure to emetine or
anisomycin. The induction of larval settlement and plantigrade attachment by y-aminobutyric
acid (GABA), a
functional analog of the natural inducer of settlement,
occurred even under conditions in which most protein
synthesis was inhibited, as expected for a chemosensory
system response, whereas subsequent
developmental
metamorphosis was completely blocked. Because emetine
and anisomycin block protein synthesis-including
the
synthesis of new transcription
factors-but
do not block
early transcription,
treatment of marine invertebrate embryos and larvae with these inhibitors can be used to obtain a selective enrichment in the mRNA population of
“early gene” transcripts induced directly by GABA and
other morphogenetic
signals, without dilution by new
mRNAs, the appearance of which is dependent on the
synthesis of new protein transcription
factors.
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Developmentally
competent larvae (0.2 mm in diameter) of the marine gastropod mollusk Haliotis rufescens
(red abalone) are induced to settle from the plankton and
begin metamorphosis
by oligopeptides and proteins associated with the surfaces of crustose red algae (Morse et
al., 1979a, b, 1984; Morse and Morse, 1984), and by
functional analogs of these natural inducers, such as
y-aminobutyric
acid (GABA), muscimol, and baclofen
(Morse et al., 1979a,b, 1980a, Morse, 1992). These compounds apparently bind to chemosensory receptors, with
subsequent transduction
of the signal mediated by the
second messengers cyclic AMP and Ca++ (TrapidoRosenthal and Morse, 1986a; Morse, 1992). This transduction pathway culminates in an excitatory depolarization that is apparently triggered by the regulated opening
of chloride ion channels (Morse et al., 1980; Baloun and
Morse, 1984; Morse, 1990, 1992). The morphogenetic
response can be facilitated or amplified by the presence
of lysine or lysine analogs (Trapido-Rosenthal
and Morse,
1985, 1986b), acting through a separate lysine receptor
that, in turn, stimulates a G protein-diacylglycerol
signal
transduction
cascade (Baxter and Morse, 1987, 1992;
Wodicka and Morse, 199 1; Morse, 1990, 1992). Before
we can understand the molecular mechanisms by which
these convergent chemosensory pathways regulate larval
settlement behavior and the subsequent induction of gene
expression controlling cellular differentiation and proliferation (cJ: Cariolou and Morse, 1988; Groppe and Morse,
1989; Spaulding and Morse, 199 1; Degnan and Morse,
1993), we must first determine the requirements for de
novo protein synthesis in these processes.
Specific inhibitors of protein synthesis, such as cycloheximide and puromycin, have proved invaluable for such
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studies in many other systems. Yet these well-known inhibitors were ineffective with larvae of the red abalone
(Huliolis ~z&.scey2.s;
gastropod mollusk) developing in seawater. This finding prompted our search for inhibitors of
mRNA translation that would specifically block protein
synthesis in abalone larvae in seawater media, while not
inhibiting RNA synthesis.
The antibiotic protein synthesis inhibitors emetine and
anisomycin exhibit the necessary effectiveness and specificity. These compounds do not inhibit RNA synthesis
or the induction of settlement and plantigrade attachment
of the planktonic abalone larvae, as would be expected if
these processes are mediated by a chemosensory system,
but they completely block the subsequent metamorphosis
which, as expected, is apparently dependent on de novo
protein synthesis. These inhibitors should therefore help
investigators identify the primary response genes (the
transcription of which does not depend on de novo protein
synthesis) and messenger RNAs responsible for the induction of metamorphosis.

Materials

and Methods

Haliotis rufescens broodstock was collected off the coast
of Santa Barbara, California, and production and cultivation of larvae conducted as previously described (Morse
et al., 1977, 1978, 1979b). Spawning was induced by exposing gravid adults to 10 mM hydrogen peroxide. Male
and female gametes were collected and washed separately,
and then mixed to allow fertilization. Embryos and larvae
were maintained in 5 pm-filtered, U.V.-sterilized flowing
seawater at 15 * 1“C.
Antibiotic inhibitors of protein synthesis were purchased from Sigma Chemical Company (St. Louis, Missouri), dissolved to make concentrated stock solutions and
used fresh on the day of preparation. Tetracycline was
purchased as the hydrochloride, fusidic acid as the sodium
salt, and puromycin and emetine as the dihydrochlorides.
Stock solutions were prepared in 0.22 pm-filtered distilled
water, either alone, or containing the minimum amount
of ethanol required to completely solubilize the antibiotic.
After addition of antibiotics to experimental samples, no
more than 0.2% (v/v) ethanol was present in any seawater
sample. Control experiments showed that the presence of
0.3% ethanol had no effect on larval behavior and settlement or on the level of [3H]leucine incorporation into
TCA-insoluble material in the larvae; higher concentrations of ethanol (above cu. 0.75%) and other organic solvents induced settlement of the larvae, with a rapidity
corresponding to the concentration of solvent (data not
shown). Similar results were reported earlier by Pennington and Hadfield (1989) for larvae of the nudibranch
mollusk Phestilla sibogae.
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Synthesis of protein and RNA was measured by incorporation of radioactive amino acid or nucleoside into acidprecipitable macromolecules. For each assay ca. 2000 larvae were placed in 10 ml of 5 pm-filtered, U.V.-sterilized
seawater in 40 ml Oakridge tubes. Rifampicin, a specific
inhibitor of bacterial RNA synthesis, was added to a final
concentration of 2.4 PM in all samples to limit bacterial
growth, except where otherwise noted. After incubations
in the presence or absence of inhibitors, either L-[4,53H 1leucine (150 Ci/mmol; Amersham Corporation, Arlington Heights, Illinois) or [5,6-3H]uridine (42 Ci/mmol;
Amersham) was added to 0.1 or 0.2 &i/ml,
as noted in
the figure legends. For each treatment at each time point,
three larval samples were used. Larvae were kept at 15
f 1“C, except as noted. To end the labeling, nonradioactive L-leucine or uridine was added to a final concentration of 0.8 mM or 0.4 mM, respectively. The Oakridge
tubes then were centrifuged (16,000 t-pm; 4°C) for 5 min
(Sorvall RC5 or RCSC Superspeed Centrifuges, Claremont, California); Sorvall SA-600 or SS-34 fixed angle
rotors were used to pellet the larvae. The tubes were placed
on ice, the water was drained off, 2 ml of cold 1 X SSC
was added, and the larvae were re-suspended and homogenized completely in an ice-cold Dounce homogenizer (7 ml Pyrex tissue grinder). One aliquot of 0.5 ml
for each sample was removed, placed in a 1.5 ml microfuge
tube, and frozen for future quantitation of protein. For
each sample, 1.5 ml of the homogenate was then placed
into another microfuge tube on ice, and 100% (w/v) trichloroacetic acid (TCA) was added to yield a final concentration of 10% (w/v). After acid precipitation for 30
min at 4°C each sample was poured through a 2.4 cm
glass microfiber filter (GF/C, Whatman International Ltd.,
Maidstone, UK), washed three times with 5% TCA, then
washed twice with 100% ethanol. The filters were completely dried in an oven at 55°C and then placed in liquid
scintillation vials; 1 ml of scintillation cocktail (Bio-Safe
II; Research Products International, Mount Prospect, IL)
was added and radioactivity determined by liquid scintillation. Protein was quantitated by the method of Bradford ( 1976) according to the protocol of the reagent manufacturer (Bio-Rad Protein Assay; Bio-Rad Laboratories,
Richmond, California); assayswere conducted in triplicate
and evaluated relative to a bovine serum albumin standard
measured in parallel. The incorporation data presented
are the means of triplicate determinations, with error bars
representing one standard deviation.
Assays of settlement and metamorphosis were conducted with larvae in glass scintillation vials (ca. 200 larvae
in 10 ml of rifampicin-containing
5 pm-filtered, U.V.sterilized seawater) maintained under low illumination
and observed with a dissecting microscope. Each treatment was conducted in triplicate. Larvae also were placed
at a density comparable to that used in the incorporation
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emetine and anisomycin proved strongly inhibitory in a
concentration-dependent
manner.
Emetine (9 yA4) efficiently blocked the incorporation
of [3H]leucine into Haliotis larvae under conditions in
which 100 PM chloramphenicol
(an inhibitor of protein
synthesis only in prokaryotes)
had no significant effect
(Fig. 2A). Identical results were obtained for a range of
chloramphenicol
concentrations
(50-600 PM), both in
the presence or absence of 2.4 pA4 rifampicin (an inhibitor
of bacterial RNA polymerase). Thus, in the absence of
emetine, prokaryotic incorporation of [3H]leucine was not
detectable. Inhibition by emetine was quite rapid; incubation for 10 min with 9 pit4 emetine prior to addition
of radiolabel was sufficient to block incorporation
to a
level comparable to that produced by an incubation for
2 h (data not shown). The inhibitory effect of a single
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Figure 1. Incorporation
of [‘H]leucine
as a function of the concentration of antibiotic.
After incubating
8-lo-day-old
larvae (cu. 2,000 larvae/IO ml rifampicin-containing
seawater) for 2 h in the presence or
absence of blocker at the concentrations
indicated, [‘Hlleucine
was added
to 0.1 pCi/ml,
and the pulse allowed to proceed for 2 h. Mean control
values (representing
incorporation
in the absence of antibiotic)
are displaced on the abscissa for clarity. (A) Incorporation
in the presence of
emetine (diamonds)
or anisomycin
(rectangles).
(B) Incorporation
in the
presence of cycloheximide
(diamonds),
puromycin
(rectangles),
tetracycline (triangles), or fusidic acid (circles). Details as described in Materials
and Methods.
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assays (ca. 2000 larvae/ 10 ml seawater), and observed for
mortality and other responses to the protein synthesis inhibitors.
Results
Inhibition

qfprotein

synthesis

Larvae of H. rz&escens take up exogenous amino acids
from seawater, as demonstrated by these and other investigations (Jaeckle and Manahan, 1989), although these
larvae are lecithotrophic. Several commonly used inhibitors of protein synthesis, including cycloheximide, fusidic
acid, puromycin, and tetracycline, had little or no inhibitory effect on the overall incorporation
of [3H]leucine
into TCA-insoluble
material at concentrations
that were
not toxic to the larvae (Fig. 1). In marked contrast, both
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Figure 2. Incorporation
of [‘H]leucine
in 7-day-old
larvae in the
presence or absence of emetine (9 ply or anisomycin
(200 PM) and
chloramphenicol
(I 50 PM). 7-day-old
larvae were used. Pulse-labeling
at 24 h following the time of initial addition of emetine was for 2 h (0. I
&i/ml).
(A) Treatments:
(I) No emetine or chloramphenicol.
(2) Chloramphenicol
added at 2 I h. (3) Emetine added at 0 h. (4) Emetine added
at 0 h and chloramphenicol
added at 2 1 h. (5) Emetine added to a concentration
of 9 PLM at 0 h and the same amount
added again at I2 h.
(B) Treatments:
(I) No anisomycin
or chloramphenicol.
(2) Chloramphenicol
added at 21 h. (3) Anisomycin
added at 0 h. (4) Anisomycin
added at 0 h and chloramphenicol
added at 2 1 h. (5) Anisomycin
added
to a concentration
of 200 PM at 0 h and the same amount added again
at 12 h.
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addition of emetine relaxed with time (Fig. 3A), and a
second addition of the same amount of emetine at 12 h
reduced incorporation slightly further (Fig. 2A). However,
following prolonged incubation in the presence of emetine, the addition of chloramphenicol
3 h before labeling
led to significantly lower levels of incorporation, particularly at 24 h and 48 h following the addition of emetine
(Figs. 2A, 3A). Therefore, some of the apparent relaxation
of inhibition by emetine may be due to an increase in the
proportion of protein synthesis attributable to contaminating chloramphenicol-sensitive
prokaryotes. This is
likely to be the result of bacterial growth on the emetinetreated larvae themselves, as these larvae become weaker,
although rifampicin (2.4 pA4) was present throughout.
The inhibitory effect of a single addition of anisomycin
(200 pA4) persisted longer than that caused by 9 FM emetine (Figs. 2B, 3B), and a second addition 12 h after the
first did not reduce the incorporation of [3H]leucine further (Fig. 2B). In the presence of anisomycin, the addition
of chloramphenicol 3 h before pulse-labeling did not lead
to significantly lower levels of incorporation up to 24 h
(Figs. 2B, 3B). Much of the inhibition of protein synthesis
by a single addition of anisomycin was reversed between
24 and 48 h (Fig. 3B). This late apparent relaxation was
blocked by chloramphenicol
(Fig. 3B), suggesting that it
was due to an increase in prokaryotic incorporation.
Eflects of emetine and anisomycin

on RNA synthesis

To test whether emetine affects RNA synthesis, larvae
were pulsed with [3H]uridine both ‘in the presence and
absence of 10m6 M GABA (added 30 min following the
addition of emetine). No significant inhibition of RNA
synthesis was observed except at 6 h in the presence of
both GABA and 9 yA4 emetine (Fig. 4A). The presence
of emetine (9 PJV) may have a stimulatory effect on the
incorporation
of [3H]uridine
in Haliotis larvae after
12.5 h. A similar experiment showed that the incorporation of [3H]uridine also was not inhibited by the addition
of 200 PM anisomycin (added 60 min before addition of
GABA; Fig. 4B).
Ejkcts sf emetine and anisomycin
metamorphosis, and survival

on settlement,

At concentrations sufficient to inhibit most protein
synthesis, emetine and anisomycin did not block the initial
induction of larval settlement and plantigrade attachment
by GABA, although subsequent metamorphosis
was
completely blocked. Toxicity of these inhibitors was both
time- and concentration-dependent.
Initial settlement and
plantigrade attachment of larvae induced by GABA ( lop6
A4 and 10e3 A4) occurred normally in the presence of 9
~A4emetine (Fig. 5A, B). Both in the presence and absence
of emetine, larvae ceased their swimming behavior after
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Figure 3. Incorporation
of [3H]leucine
in the presence or absence
of emetine (9 PM) or anisomycin
(200 &J) and chloramphenicol
(150
PM) as a function
of time following
addition of emetine. Larvae were
pulsed at the times after addition
of emetine or anisomycin
indicated
for 2 h (0.1 pCi/ml).
In the chloramphenicol-treated
samples, chloramphenicol
was added 3 h prior to pulse-labeling.
Mean values are displaced slightly on the abscissa for clarity. (A) 4-day-old
larvae were used
(6 days old by the end of the experiment
in the last 3 sets of samples).
No antibiotic
(diamonds);
emetine (rectangles);
emetine plus chloramphenicol (triangles).
(B) 5-day-old
larvae were used (7 days old by the
end of the experiment
in the last 3 sets of samples). No antibiotic
(diamonds); anisomycin
(rectangles);
anisomycin
plus chloramphenicol
(triangles).

addition of GABA, and plantigrade attachment followed.
Attached larvae exhibited normal pedal locomotion in
the presence of emetine. Abscission of the velum was also
observed in the presence of emetine and occurred whether
GABA ( 10m6 M) was present or not, although at 9 PM
emetine abscission occurred at lower levels when GABA
was not present. Abscission was often premature or incomplete, particularly at higher concentrations of emetine.
By 6 h after the addition of 10e6 A4 GABA, most of the
larvae had settled both in the presence and absence of 9
PAJemetine (Fig. 5A). New shell growth was not observed
in the presence of emetine when larvae were induced to
settle with 1OP6 A4 GABA, although it was observed normally in settled larvae in the absence of the inhibitor by
48 h. Attachment proceeded more rapidly at the higher
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Figure 4. Incorporation
of (‘Hluridine
in the presence or absence
of emetine or anisomycin
as a function of time after addition of GABA
( 10m6 M). The larvae were pulsed for 20 min with radiolabeled
nucleoside
(0.2 FCi/ml)
at the times indicated.
Mean values slightly displaced on
the abscissa for clarity. (A) IO-day-old
larvae were used. Where indicated,
emetine (9 KM) was added 30 min prior to the addition of GABA.
No
emetine or GABA (diamonds):
emctine with no GABA (rectangles);
no
emetine, plus GABA (triangles);
emetine plus GABA (circles). (B) ‘)-dayold larvae were used. Where indicated, anisomycin
(200 PM) was added
60 min prior to the addition of GABA.
No anisomycin
or GABA (diamonds); anisomycin
with no GABA (rectangles):
no anisomycin,
plus
GABA (triangles);
anisomycin
plus GABA, (circles).

concentration of GABA; virtually all of the larvae were
attached within 20 min, with no inhibition by emetine
(Fig. 5B). Although emetine did not inhibit the initial rate
of attachment of the larvae induced by GABA, the larvae
failed to maintain their plantigrade attachment (Fig. 5A,
B), and progressively more were found on their sides, apparently due to the toxic effect of prolonged exposure to
emetine. There also was some attachment in the presence
of emetine when GABA was absent (Fig. 5A, B).
Prolonged exposure of larvae to emetine proved lethal.
Even before any mortality was observed, larvae treated
with 9 PM emetine appeared to spend more time on the
bottom of the test vial than larvae in control vials. By
36 h after the addition of emetine (9 pi14) both in the
presence and absence of GABA (ca. 20 larvae/ml), few
larvae were swimming and many appeared dead, while
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in the control vials lacking GABA, many of the larvae
remained swimming and virtually all remained alive. All
the larvae were dead by 54 h in the presence of 9 PM
emetine at cu. 20 larvae/ml, and by 72 h at cu. 200 larvae/
ml. Toxicity was progressively accelerated by higher concentrations, although the initial rate of GABA-induced
attachment remained unimpaired below 80 pA4 emetine;
in the presence of 18 pi14 and 40 PM emetine, virtually
all of the larvae were attached within 20 min following
the addition of 1O-’ M GABA (data not shown). Exposure
to 80 piI4 or 160 PM emetine produced marked symptoms
of toxicity; GABA-induced
settlement was reduced, premature abscission of the velum occurred in the presence
and absence of GABA, and all of the larvae died within
6-12 h at the low density.
Anisomycin
appeared to exert a stimulatory effect on
the activity of the larvae, particularly on the movement
of the cilia. The level of swimming activity of the larvae
was markedly greater in the presence of 200 pA4 anisomycin than in control or emetine-treated vials, even after
only 20 min following addition. This effect appeared to
partially antagonize the initial GABA-induced
attachment, with the attached larvae abnormally continuing
sustained beating of their swimming cilia and displaying
little pedal locomotion; plantigrade larvae often were displaced by collision with other swimming
larvae, and
sometimes began swimming
again. The initial rates of
settlement and attachment induced by lop3 A4 GABA
were relatively unaffected by anisomycin, although longterm attachment was reduced (Fig. 5C, D). [The weak
settlement-inducing
activity of high concentrations of anisomycin itself (cc Fig. 5C, D) may explain the biphasic
settlement observed in the presence of GABA.] Anisomycin also produced concentration-dependent
and timedependent symptoms of toxicity, with complete mortality
resulting from prolonged exposure (96 h) of larvae, at
high or low density, to 200 PM concentration.
Discussion

Inhibition

ofprotein

synthesis

Emetine and anisomycin were found to be highly effective inhibitors of protein synthesis in Huliotis larvae,
whereas cycloheximide, fusidic acid, puromycin, and tetracycline proved far less effective. Possible reasons for the
limited effectiveness of these widely used inhibitors may
include their instability or low solubility in seawater, or
their inefficient diffusion into the deeper layers of larval
tissue. There is some structural evidence supporting the
suggestion that membrane permeability may be an important determinant of effectiveness in the marine larval
system. Emetine contains four methoxy groups, while anisomycin contains one methoxy and one acetoxy group,
all carbon-linked
to cyclic nuclei in both of these anti-
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Figure 5. Attachment
of larvae in the presence or absence of emetine or anisomycin
as a function
of
time following
addition
of GABA. Ca. 200 were placed in 10 ml rifampicin-treated
seawater in triplicate,
as described in Materials
and Methods.
Following
a 30-min incubation
with or without emetine (A and B)
or a 2-h incubation
with or without anisomycin
(C and D), GABA was added to the samples indicated, and
the mean percentage of the larvae showing attachment
was scored at the times indicated. Standard deviations
for all points, assayed in triplicate,
were 14%. (A) I-day-old
larvae treated with or without
10m6 A4 GABA
and 9 PM emetine. No emetine or GABA (diamonds);
emetine with no GABA (rectangles);
no emetine,
plus GABA (triangles);
emetine plus GABA (circles). (B) I-day-old
larvae treated with or without
IO-’ M
GABA
and 9 PLM emetine.
No emetine or GABA
(diamonds);
emetine with no GABA
(rectangles);
no
emetine, plus GABA (triangles);
emetine plus GABA (circles). (C) IO-day-old
larvae treated with or without
10m6 MGABA
and 200 PM anisomycin.
No anisomycin
or GABA (diamonds);
anisomycin,
with no GABA
(rectangles);
no anisomycin,
plus GABA (triangles);
anisomycin
plus GABA (circles). (D) IO-day-old
larvae
treated with or without
lo-’ M GABA and 200 PLM anisomycin.
No anisomycin
or GABA (diamonds);
anisomycin
with no GABA
(rectangles);
no anisomycin,
plus GABA (triangles);
anisomycin
plus GABA
(circles).

biotics. These lipophilic groups may facilitate entry into
cells and diffusion through tissues.This lipid solvent-like
effect also might account for the weak settlement-inducing
activity of theseantibiotics, analogous to that reported by
Pennington and Hadfield (1989) for some organic solvents. Puromycin contains only one methoxy group, and
fusidic acid contains one acetoxy group.
Puromycin, which was not an effective inhibitor of
protein synthesisin Haliotis larvae, has been successfully
usedin seaurchin embryos. Gong and Brandhorst ( 1988)
found puromycin to effectively inhibit most protein synthesis in gastrulae of the sea urchin Lytechinus pictus in
artificial seawater. On a molar basis, however, it was less

effective than emetine, anisomycin, or the less readily
available pactamycin. Cycloheximide dissolved in seawater-based media has limited use as a protein synthesis
inhibitor in seaurchin eggs(K. Foltz, pers. comm.) and
is a poor inhibitor of protein synthesis in seaurchin embryos (Hogan and Gross, 1971). This could be due in part
to the fact that cycloheximide is rapidly inactivated in
dilute alkali at room temperature, and thus may be unstable at the pH of seawater (ca. pH 8). This could also
help to explain its lack of effectiveness in Haliotis larvae.
Emetine and anisomycin are specific inhibitors of protein synthesis in eukaryotes; they bind to specific sites on
eukaryotic ribosomes, and are ineffective in prokaryotes
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(Grollman, 1967; Barbacid et al., 1975; Carrasco et al.,
1976; Jimenez et al., 1977; Sanchez et al., 1977). Inhibition of protein synthesis by emetine is irreversible
(Grollman, 1968) whereas the inhibition by anisomycin
is reversible (Barbacid and Vazquez, 1975). Both are effective inhibitors of protein synthesis in the eggs and embryos of several species of sea urchins (Hogan and Gross,
197 1; Epel, 1972; Wagenaar and Mazia, 1978; Hille et
al., 198 1; Wagenaar, 1983; Dub&, 1988; Gong and
Brandhorst,
1988; Sluder el al., 1990). Our extension of
these findings to the anatomically more complex larvae
of the mollusk, Haliotis rgfescens, suggests that these
compounds may be generally useful for inhibiting protein
synthesis in marine invertebrate embryos and larvae.

Settlement, metamorphosis,

and to.xicity

The density of Haliotis larvae used in the incorporation
assays was about ten-fold higher than in the samples used
to investigate the effects on settlement, metamorphosis
and survival. This reflected the practical requirements for
a large number of larvae needed to obtain reliable values
in the isotope incorporation
studies, and a low density of
larvae needed to make accurate observations of behavior
and metamorphosis.
Therefore, one would expect that
the actual level of inhibition of protein synthesis that occurred in the samples in which settlement and metamorphosis were investigated would be at least equal to and
probably greater than the inhibition estimated in the incorporation assays. The survival and behavior of the larvae
at the higher density in the presence of the inhibitors nevertheless were found to parallel those at the lower density,
although mortality generally was delayed at higher density.
The fact that the larvae initially settle and attach normally in response to GABA in the presence of emetine
or anisomycin at concentrations sufficient to block nearly
all protein synthesis suggests that the induction of settlement and plantigrade attachment does not require de nova
protein synthesis, consistent with the notion that these
behavioral responses are controlled by a chemosensory
mechanism mediated by the preformed larval nervous
system. It remains possible, however, that the inhibition
of protein synthesis may not have been sufficient to block
the synthesis of some new proteins required for this response. While the highest concentrations of emetine tested
(80 PM and 160 pA.4) did interfere with initial settlement,
these concentrations
rapidly caused acute symptoms of
toxicity, and all the larvae died within 6-12 h at ca. 20
larvae/ml. The initial high level of induced attachment
observed in response to 1OP3A4 GABA in the presence of
anisomycin was transitory, and appeared to be antagonized by the stimulatory
effect of this compound
on
swimming activity. Emetine had no such stimulatory effect on the larvae. Anisomycin may directly or indirectly
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stimulate the movement of the cilia, independently of its
effects as an inhibitor of protein synthesis.
Both emetine and anisomycin completely blocked the
induction of metamorphosis
(in conjunction with their
effect on protein synthesis) at concentrations that did not
inhibit initial settlement and plantigrade attachment.
There was no shell growth, nor were any other landmarks
of developmental metamorphosis
observed (beyond the
abnormal abscission of the velum in the presence of emetine). This may be the direct result of the inhibition of
protein synthesis, suggesting that the biosynthesis of new
proteins is required even for the early processes of metamorphosis to follow settlement. New proteins made following the induction of metamorphosis
in H. rufescens
have been shown to include a sulfatase (Spaulding and
Morse, 199 1), a chymotrypsin-like
protease (Groppe and
Morse, 1989) and a new conchiolin shell matrix protein
(Cariolou and Morse, 1988). It also is possible that the
failure to progress through metamorphosis
may have resulted from other toxic effects of emetine and anisomycin
beyond their inhibition of protein synthesis. Emetine has
well-documented
cardiotoxic effects in vertebrates (for reviews, see Wenzel, 1967; Yang and Dubrick, 1980). The
abscission of the velum observed in the presence of emetine, in the presence or absence of GABA, apparently is
a result of toxicity of this compound. This suggestion is
supported by the facts that this abscission also occurs in
the absence of GABA and that similar responses of the
larvae to unrelated toxic compounds have been observed
previously (Morse et al., 1980). Moreover, the fact that
anisomycin, an equally potent but longer-lasting inhibitor
of protein synthesis in the larvae, does not induce this
abscission and causes less rapid mortality than does emetine at the concentrations used, supports the interpretation
that this abscission is the result of toxicity rather than
normal morphogenesis. However, whether the inhibition
of metamorphosis
is a direct result of an inhibition of
protein synthesis, or the consequence of other toxic effects
of the inhibitors, does not alter the principal conclusion
of this study: both the initial induction of larval settlement
and attachment and the overall rate of RNA synthesis are
not significantly
inhibited under conditions
in which
emetine and anisomycin block nearly all protein synthesis.

Conclusions and prospects
The embryos and larvae of marine invertebrates such
as abalones and sea urchins provide highly tractable model
systems for analyses of the molecular mechanisms of gene
expression and gene regulation controlling behavior, cell
function, cellular differentiation,
and proliferation. Advantages of these systems include: egg-to-egg cultivation;
the large numbers of gametes, embryos, and larvae that
are readily obtainable (in some species numbering in the

INHIBITORS

OF

PROTEIN

millions); the ability to trigger development and other
responses with high synchrony; and the accessibility of
the genes, messenger RNAs and proteins for experimental
analysis and manipulation.
The conditions reported here can be used to selectively
obtain mRNAs induced in marine invertebrate embryos
and larvae by GABA and other morphogenetic signals in
the absence of de wxw protein synthesis. The isolation
and characterization
of such primary response (or “immediate-early”) transcripts will be essential to understand
the cascade of gene expression and regulatory events
that transduce signals such as those induced by GABA
into morphogenetic
development
in the larvae of Ii.

rufescens.
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