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MOVEMENTS OF ECHINOCHROME PIGMENT GRANULES
IN SEA URCHIN EMBRYOS

Abstract
by
ANN METCALF BELANGER

Characteristic movements of echinochrome pigment granules are
known to accompany specific events in the embryonic development .of

the sea urchin Arbacia punctulata.' Pigment granules in unfertilized

eggs exh;bit randomly directed saltatory movements, . Af. fertiliza-
tion, the majority of these granules migrate to the egg cortex and
become embedded therein, During cleavage, the echinochrome granules
tend to accumulate in the cortex of the furrow region and decrease in -
concentration at the poles; this may reflect cortical activities
rather than individual granule movements. At the 4-cell stage, pig-

ment granules begin to migrate out of the region which will become

the cortex of the micromeres, leaving a "clear area" on each bdblasto-

mere, This investigation has been .concerned with processes involved o
in each of these movements, with particular emphasis on clear area
formation and its relationship to mitosis and cleavage. _
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Prefertilization saltation, migration to the cortex at fer-
tilization aﬁd formatién of clear areas in the presumptive ﬁicfpmere
region occurred normally in eggs. treated with‘colcemid or vinblas-
‘tine, but ﬁe:e inhidbited by cytochalasin B. This suggests that these
movements do.not :equire.micrqtubules.”but.may.involve microfilaments
or éther cyﬁochalasin‘B-sensitiie struciures. | .

‘ .. Inhibition of clegvage by,cytoéhalgsin B did not prevenf the
' accumuiation of”piément.granules 1nvtheffurrow iegion. .Ruffling of
the hyalineAlayer above.tﬁg'resulting‘band_of<pigment was also ob-

servedjin.these.eggs.w Thus,‘certaiﬁ.processes associated with.
cieawagevcanpcontinue.1n.the'absence of furrowing.‘ ‘ ‘

e Migraxion.éf,pigmenﬁ granuleé out of.fhe.éresuﬁptive.micro-v
more.regibn;io.form clear areas is.the earliest”visihlelsigh of dif-
ferentiation. of micromeres, .inAthe'present study, .this. process oc;
curred .a‘.i:.ﬁthe,‘pormal time w;.t;hout previous mit?sis or cleavage in eggs

" which were‘blocked,before“pronucleafAfus;dn”or at metaphase with col-
cenid or vinblastine._br during prophase with Y-radiation”or:puromy-
—cin. .. This sﬁggests.that.form;tion.bf clear areas is part of a.cycle
of cortical events involved in differentlation which is independent

' of mitosis and‘cleavgge... - ‘ |
| Movements of individual pigment granules leading to clear
area formation in colcemid-treated,.non;dividing.eggs.were.oriented
predominantly toward.the perimeter of the.presumptive.micrnmare:re-
.glon, . No.long saltatory movements were observed in.this region and

rates of granule movement were comparable with those in other por-
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tions of the cortex of eggs at the same stage or in the cortex of

fertilized eggs prior to division.
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INTRODUCTION

' Eggs of the sea urchin Arbacia punctulata contain echino-

chromevpigment granules which undergo characteristic movements during
early embryonic development, These movements provide a system for
investigating both the process of pigment granule movement and the
cortical phenomena involved in cleavage and qellular differentiation,

particularly the formation of micromeres,

i. Movéments of echinochrome granules in normally-developing eggs

In unfertilized Arbacia eggs, the membrane-bownd echinochrome
granules (0;5 = 2,0u in diameter) are distr;buted'throughoui the cy-
toplaem and exhibit randomly directed.siﬂtatory movements: Each sal- |
tation consists of a non-Brownian, "jump-like" movement along a
straight path of 1 - 5uata speed within the range of 0,3 - 0 8u/sec
(Parpart, 1953; 1964), Within about ten minutes after fertilization,
nearly all of the pigment granules migrate to the cortex of the egg
(McClendon, 1909) (Figure 1) and ceaée to saltate (Parpart, 1964),
The echinochrome granules which do. not reach the cortek (up to 158)
continue té display saltatory movements and later become assoclated
with the asters of the mitotic apparatus (Rebhun, 1972), Pigmént
granules in the cortex of fertilized, non-dividing eggs.show a slow,
seemingly random migration (Scott, 1960).. During the first cleavage,
the concentration of pigment granules increases in the furrow region

1~
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Figure 1. Unfertilized and fertilized Arbacia eggs.. In unfertil-
" 1zed eggzs, pigment granules are scattered throughout

the cytoplasm [A) surface and B) equatorial views.
After fertilization, the majority of pigment granules

have migrated to the cortex [C) surface and D) equa-
torlal views]. x 480.
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andAdecreases_at the polés; Thereafter, pigment granules become
evenly distributed in the cortex of the resulting blastomeres,sthen

A accumﬁlate preferentially at the poles, and finaliy'return to a uni-
. form distribution before the ﬁext cleavage (Dan, 1951; 1954), These
echinochrome granule movements associated with the division cycle are
thought to reflect the activities of portions of the cortex rather
than the independent movement of granules (Dan, 1954; Scott, 1960).

. The fourth cleavage of the sea urchin embryo is unequal,
giving rise to aAring of'eiéht mesomeres at the animal pole, a quar-
tet of macromeres near the equator and a quartet of micromeres at the
vegétal pole. In Arbacia, the micromeres confain.few, if any, pig-'
ment granules (Fiéure 2). .During the b-cell stage, pigment grgnuleg4:
begin to migrate out 6f the region that ﬁiil become thé micfomefes,
leaving a "clear area" on each blgétomere (Figure 3). Occasionally,
this movement can be detected as early as the 2-cell stage (Morgan,
1893), The formatlon of micromeres is.one of the earliest visible
steps in the differentiation of the embryonic axis.A The prior disap-
pearance of pigment frqm that region-suggests that the cortex differ-
entiateSfat.an even earlier stage (see Section 4). The végetal
pigment-free zone is maintained through the blastula stage (Figure &),
At the begiﬂning of gastrulation, the unpigmented micromere deriva-
tives migrate into the blastocoele forming ?rimary mesenchyme cells, .
which will eventually secrete the larval skeleton. Pigment granules
remain evenly distributed over the outer surface of the embryo until

the early pluteus stage, at which time groups of twenty to thirty



Figure 2, Sixteen-cell embryo [A) vegetal and B) lateral views].
: The concentration of echinochrome. granules is much
lower in the micromeres (MI) than in either the macro-
meres (MA) or the mesomeres (ME). x 480,

Flgure 3, Four-cell embryo, Echinochrome granules have begun to

' nigrate. out of the region which will become the micro-
‘mexes at the 16-cell stage, leaving a "clear area” on
each blastomere., x 480,

Figure 4, Blastula., The derivatives of the micromeres can be
identified by the low concentration of echinochrome
granules. x 480, . _ N
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granules coalesce, forming large pigment spots (Figure 5). 1In the
adult Arbacia, echinochrome pigment is located in the red amoebocytes
_of the perivisceral fluid and in the test (exoskeleton) as well as in

_the eggs (Harvey, 1956).

2. Properties of echinochrome pigment

' The functions of echinochrome pigment during both embryonic'
development and adult 1ife are unknown. The name "echinochrome
(MacMunh, 1885) designates not one, but a family of:polyhydroxynaphé

thoquinone pigments, which occur in a number of echinoid sPecies !
| (Goodwin, 1969). Friedheim (1932) claimed that exogen- -
oﬁsly‘applied echinochrome increases respiration sixteen-fold in

Paracentrotus lividus and Sphaerechinus granularis, but Tyler (1939)

showed that this does not occur in Strongylocentrotus purpuratus.

Hartmann and his colleagues (1939) proposed that echinochrome is a

sperm activating agent in Arbacia lixula; this was disputed by Tyler -
(1939) for S. purpuratus and by Cornman (1941) for A. punctulata.
Echinochrome from A. punctulata amoeboeytes seems to be the oxident
in a reversible oxidatioh-reduction reaction, but does not appear to
form a dissociable compound with molecular oxygen (Caﬂnan, 1927).
Vlés and Vellinger (1928) demonstrated that echinochrome from A. |
Eunetulata eggs is an indicaior of pH, appearing orange below pH 4,

violet between pH 4 and pH 6, and yellow above pH 6., Echinochrome

is apparently bound to protein in Arbacia lixula eggs (Kuhn and Wal-

lenfels, 1939),



Figure 5, Pluteus larva. Echinochrome granules have aggregated
into groups, forming large pigment spots, which appear
white in this negative mage. x 480,
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Sinee'eggs of many sea urchin species contain no echinechrome,
it seems probable that echinochrome granules are unnecessary fer nor-
. mal development and that their movements are primarily indicative of
: other developmental processes. The present investigation has been
particularly concerned with the migration of echinochrome granules
out of the region which will become the micromeres of the 16-ce11

stage.

3. 'The role of micromeres in sea urchin development

The s@all, vegetal cells known as micromeres are not only
the progenitors of the primary mesenchyme cells responsible fof~
ekeleton formation (see Section 1), put are also capable ef exert- .
ing an inductive influence on surrounding blastomeres. As mentioned
previously, the:micropere derivatives migrate intp the blastocoele
just before the formation'of the arcﬁenteron (gastrulatien). A sec-
ohdary archenteron can be induced by transplantatlion of a quartet of
micromeres from a 16-cell stage onto a cemplete 32-cell embryo. An
erchenteron can also be induced by 1mp1antation of a qhartet of pi-
cromeres onto the equaterial surface of an isolated animal half-em-
bryo, which normally does not gastrulate (see Horstadius, 1939).
Micromeres have been extensively etudied in an attempt to find spe-
cific cellular charactepistics which miéht explain their ability to
induce formation of the archenteron.

In ultrastructural studies, only the micremeres ﬁave been
shown to form cytoplasmic connections with the other blastomeres of

the 16-cell stage. Portions of the cell membranes between micromeres
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and adjoining blastomeres aﬁparently disappear during 1nter§hase,
leaving rowé of vesiéles (Pucci-Minafra et él.. 1968; Hagst;Sm and
fﬁnning, 1969). This occurs both in situ and after implantation of.
a micromere onto a macro- or mesomere (Hagstrom and Ldnning, 1969;
Lonning and Hagstrom, 1971). Cytoplasmic streaming and movement of
Agranules between micromeres and macromeres have been observed in time
lapse films (Hagstrém and Lonning, 1965; 1969), demonstrating that
these intércellular bridges are 6pen connections which allow cyto-
plasmic exchange between blastomeres., Isolated micromeres in culture
exhibit formation of pseudopodia, amoeboid activity, cytoplasmic
streaming and nucleér pulsation. These phénomena have not been ob-
served in macromeres or mesomeres and are‘mosf evi@ent in aggregates
of nicromeres during interphase, when open connections exist hetween
the cells (Hagstrdm and Ldnning, 1965; 1969; Pucci-Minafra éi al.,
1968). .The increased cytoplasmic mobility of the micromeres as well
as thelr ability to form syncytia with neighboring blastomeres may
facilitate transport of substances involved 1h indpction of the ar-
chenteron, '4 |

In'histélogical sections of 16-cell embryos sfained with
Giémsa; Agrell  (1958) oﬁsérved a traﬁsient, preferential staining of
the microméres during interphase, [Interphase is prolonged in the
micromeres, which thus cleave at a slowef rate than either macro- or
mesomeres (Theel, 1892; Kuhl and Kuhl, 1949; Zeuthen, 1951).7 Treat-
ment with ribonuclease removed the cytoplasmic staining from all

blastomeres. Thus, Agrell concluded that only the micromeres active=
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lf synthesize RNA during the 16-cell stage. His observation.stimu-
lated a series of investigations of the relationship of RNA synthesis
and transport to specific micromere functions. Wheﬁ 16-cell stages
were pulse-labelled with 3H-uridine. the label was found almost  ex=-
clusively over the micromeres in autoradiographs (Czihak, 1965), thus
supporting Agrell's conclusion. However, if'embryos were pulse-la-
belled with “H-uridine at the 16-cell stage and then incubated in Sea
water for an hour before fixation, label was oBservéd:in the other

3

blastomeres as well, Rﬁen micromefes labelled with H-uridine.were
traﬁspléﬁ;ed onto unlabelled anim;l half-embryos, label appeared in 
the cytoplasm of the animal‘blastomereé (céihak and Horstadius,
1970). If 16-cell staées were treated with 8-azaguanine, an antime-
tabolite:znown to produce defective RNA (Bamberger et al., 1§63), no
archenteron formed, even though the primary mesenchyme miérated nor-
mélly and a skeleton was subséquehtly prbduced (Czihak, 1965),, These
observations suggest that most of the RNA produced at the 16-§ell
stage 1s synthesized in the micromefgs and can be transported to ad-
‘joining blastomeres. RNA pfoduced at this time seems to be specif-
ically involved in'formafion of the grchenteron‘in whole‘embrybs, and
thus, micromere RNA might be the agent responsible for the induction
of an archenteron ﬁy transplanted micromeres.

In contrast to the earlier observations, Hynes and Gross
(1970) have found that micromeres incorporate 3H-uridine into RNA at
only five to eight times the rate (per milligram protein) of meso-

meres or macromeres respectively. Incorporation was measured in
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suspensions of the three cell types separated on Ficoll gradients‘
after pulse=labelling of 8- to 16-cell embryos. Using a similar
fechnique. Splegel and Rubinstein (1962) found three-ito ‘five-fold
: diffefences in the rates'of iﬁcorporation between ﬁicromerés and
mesomeres or macromeres‘reSPectively. Theée authors maintained that
such differences in incorporation rates of micromeres as compared
.with other blastomeres cannot account for the autoradiographic obser-
vations described above (i.e., Czihak, 1965; Czihak and H6rs§adius,
1970). - In ad&iﬁion, Spiegel and Rubinstein (1972) observed no trans-
portiof labelled RNA from micromeres to other blasﬁomeres in reaggre-
gation experiments. They suggest that changés in precursof pools and
inadequate dilution of excess labelled precursor may explain these |
discrepancies. | o
' In summary, it appéérs that RNA is ﬁot synthesized exclusive-
1y in the micromeres éf the 16-cell stage, but is produced there at
a higher rate than in the other blastomeres. IMigration of labelled
material from the micromeres to adjoining biastomeres has been dem-
onstrated, but it is not cerfain whgther this consists of RNA or RNA
precursors. Although some species of RNA produced during the 16-cell
stage seems to be involved in the-inductlon of the archenteron, the
possibility that micromere RNA is the specific inducer requires fur-
ther investigation. '

Electron microscopy has falled to reveal any organelle or in-
clusion which is unique to the cytoplasm of the micromeres (Pucci-Mi-

nafra et al., 1968; Hagstrom and Lonning, 1969; Ldnning and Hagstrdm,
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1971). Pucci-Minafra and colleagues (1968) reported that the cyto-
plasm of 1solated micromeres appeared to be richer in vesicles of the
endoplasmic reticulum than that of macro- or mesomeres, They also
suggested fﬁat the cohcentration of mifochondria is higher in the mi-
cromeres, bpt_direct eounts were not reported. Gustafeon and'Lenieue
(1952) have reported increasing numbers of Nile blue sulfate-staining
granules, presumably mitochondria, in cells nearer to the animal pele
in sea urchin gastrulae, However, in uitrastructural studies of both
16-cell stages and gastrulae of several sea urchin species Berg and
his colleagues (1962) observed no differences in the concentration of
mitochondria between animal and vegetel blastomeres. Vegetal pole
mitochondria appeared larger in thin sectione of éastrulae. but no
differences in mitochondrial size were observed in the blastomeres of
the 16-cell stage (Berg and Loﬁg, 1964), In a recent ultrestructural
- study, LBnniné and Hagstrom (19?1).found that the ratio of the number
of ﬁitochondria to the number of yolk granqles is twice as high in
the micromeres as in the macro- or mesomeres. However, they did not
calculate the number of mitochondria per unit volume in the three
cell types. As yet, investigations.into the possible role of mito-~
chendria in mieromere specialization have failed to demonstrate ahy
pronounced.differences in the size or concentration of these organ-
elles between micromeres end other blastomeres of fhe 16-cell stage,
One cytologicai feature wﬁich distinguishes the micromeres, .
.at least in Arbaclia embryos, is the near absence of certain granular

iﬁclusions from these blastomeres. Most of the granules which stain
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metachromatically with toluidine blue (meta-granules) seem to be ex-
-cluded from the cjtoplasm of the micromeres. 1In mécromeres, mesomeres
and ail blastomefes of earlier stages, the mefa—granules are found in
a reglon which encircles the asters or the nucleus (Burchill, 1963).
Breakdown of these granules appears to be necessary for artificial
induction of furrowing in Arbacia eggs (Marsland, Zimmerman and Au-
clair, 1960) and their presence seems td-determine which fragmcnts’of
centrifuged eggs are able to cleave (Kojima, 1959a; 1959b).
Meta-granules appear tq exhibit acid phosphatase activity and are be-
lieQed to be lysosomesf(Burchill, 1963). If these interpretations
are correct, the absence of meta-granples could have a profound ef<«
fect on @he physiology.of the micromeres,

i% Arbacia, the cortex of the miqromereo is nearly dévéid of
echinochrome pigment granules, which were eéenly distribuﬁed in‘£he
cbrtex of fertilized éggs befofe éleavage. Migration of ech;pochrome
granules out of the micromere cortex begins as early as the é;cell
stage (see Section 19.. This was regarded by Morgan and Spooner
(1909) as an indication of'concurrent influx of other ﬁaterials;

Such a process could introduce specific Substahceé int§ ihe ﬁicromere
region; alternatively, exclusion of materials alone might confgf -

functional specificity on the micromeres, In any case, the movement

of pigment out of the micromere cortex suggests that this cytoplasmic -~ -

layer is involved in early events leading to the differentiation of

micromeres.,
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4. The role of the egzg cortex in micromere differentiation

The mechanical properties and behavior of.the egg surf;ce :

i appeaf.to be determined not only by the plasma membrane, but also by
. an underlying layer of cytoplasm known as the cortéx. This region is
offen characté:ized by the presence or aﬁsence of specific granuleé
or organelles, Cortical granules in unfertiiized sea urchin eggs
(Mercer and w°1peit. 1962; Gross et al., 1960) ahd pigment granﬁles

in Paracentrotus (Harvey, 1933) and fertilized Arbacia eggs (Brown,

1934) are localiéed in the cortex and cannot be dislodged by'centri-
fugation; On ‘the basis of micromanipulation studies, Chambers (1917)
éuggested that the cortex is a region of gelated or high viscosity
cytoplasm. When fertilized Arbacia eggs were centrifuged at high hy-
‘drostatic pressures, thought to liquify certain types of geis, ﬁrown
(1934) observed that pigment granules formerly embedded in the cortex
could be displaceds This led to the hypothesis of a "cortical gel"
which is liquified by exposure to high pressures and mﬁy account for
some of the structural properties of the egg surface (Marsland, 1939;
1950; 1956). The concept of the cortex as a distinct morphological
entity was further supp@rted‘by the discovery of several methods for
.the isolation of cortical fragments and intact corticai shells (Moto-
mura, 1954; Allen, 1955; 1957; Sakai, 1960).

The thickness of the cortex, based on measurements of the
peripheral granular layer observed in the hyaline zéne of centrifuged
eggs, is between 1,51 (Mitchison, 1956) and 6,0u (Marsland and Lan-

dau, 1954), The apparent width of the cortical gel, determined as
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the disténcé between the edge of an injected oil droplet and the
plasma mémbfane of the advanciﬁg furrow, ié 4 - 5p (Chamberé and Ko-
pac, 1937)., When a microneedle was drawn through the cytoplasm, a
narrow cortical layer remained immobile. Its iﬁhiclmess was estimated
to be 3n (Hiramoto, 1957). Electron microscopy has.reQealed no |
structural specialization of the cortical cyioplasm which might‘cor-
respdnd to ; gel layer of these dimensions, A ﬁuch Nnarrower layeri
(0.1 - 0.2n) of 40 - 60 § filaments has been observed just under the
plasma membrane, primarily in the furrow region during cleavage
(Mercer and Wolpert, 1958; Weinstein, 1964; Schroeder, 1972).

Bundles of similar filaments, which form the cores of surface micro-

villi, also extend down into the cortical region of Strongylocentro-

| tus eggs (Harris, 1968). ‘

Since the extent and character of the cértical layer remains
somewhat unceit#in,'the term cortex will be used here to refer simpiy
to the layer of undetermined thickness in which the echinochrome
granulés become embedded at fertilizatlion.

Changes in the birefringence and the rigidity of the cortex
occur at fertilization and continue in cycles associated with the
cieavage process. Cortical birefringence disappears at fertiliza~
tion, ietuins during the sperm aster stage, and reaches a high level
during metaﬁhase and telophase (Monroy énd.Montalenti, 19494 Mitchi~ .-
son and Swann, 1952), .The rigidity of the cortex increases just af-
ter fertilization, then returns to a low level until mitosis, and '

finally reaches a maximum during anaphase (Mitchison and Swann,
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1954). Although these cortical changes appear io be involvea in
‘cleavage, they also occur in colchicine-treated, nén-diviﬂing eggs,
demonstrating the independence of cértain corficai events from mi-
tosis and cleavage. '

Regional differences’in the properties of the cortex have
also been observed during the cleavage procéss. Eggs burst prefer-
entially in the polar regions when cytoiysis Was;induced by dilute
sea water (Just, 1922; Chambers, 1938), and several other agents
(Kuno, 1954). However;. cytolysis occurred in the furrow region alone
when cleaving eggs were treated with sodium tungstate or acidified
sea water; The formation of rows pf blisters iIn the furrow region
was observed in eggs eiposed to alkali or heat shock (Kuno, 1954),
The furrg; cortex appeared to bulge out in eggs pl&ced,in hypeftonic
sea water after heat shock or in eggs treated with dinitréphenol or
éodium azide‘(Kuno-Kojima, 1957). ' |

Cyclic changes and regional differences in the cortek‘of the
sea urchin egg also aﬁpear to determine 5oth the time and the sité of“
micromere formation. Drieséh (1893; 1906) observed thét micromeres
appeared at the normal time after fertilization_in eggs deveioping in
dilute sea water., Since mitésis was delayed by this treatment, mi-

cromeres were produced when the embryos had only reached the 8-cell

stage. When phenyl urethane was used to induce mitotic delay, Paint-. -~

er (1915) observed the formation of micromeres as early as the l-cell -

stage. He proposed that



o o« ¢« at the time of fertilization progressive chaﬁges,

which go on independently of the nucleus and of cleavage,

are initiated in the cytoplasm of the eggs « + « and « « o

differentiation, as far as the formation of the micromere

is concerned in the sea urchin egg, is dependent upon cy-

toplasmic oxidation, the nucleus and the cleavage process

playing no direct part here. (Theophilus Painter, 1915)
Micromeres can also form as early as the 2~ or U-cell stage in em-'
bryos in which mitotic delay has been induced by X-radiation (Rus-
tad, 1960), UV-radiation (Ikeda, 1965) or mustard gas (Harvey, 1956).
Thus, the time of micromere formation seems to be independent of the
number of mitoses or cleavages which have occurred.

In eggs centrifuged before fertilization, Morgan and Spooner
(1909) noted that the site of micromere formation is unrelated to the
axls of stratification, Miéromeres always appeared at the intersec-
tion of cleavage planes nearest to the vegetal pole. This suggests
that the position. of the micromeres is determined by some cytoplasmic
component (such as the c°rtéx)?whiCh{cannottbéﬁdiéﬁlaced by centrifu-
gation, ‘
A It appears that a serles of cortical changes is initiated at
fertilization, continues independently of mitotic and cleavage cyclesA
and may be involved in'the differentiation of micromeres; The move-

ment. of pigment granules in Arbacla embryos represents another series

of cortical events during development. A portion of this investiga-

tion has been devoted to observations of these pigment granule move- .

ments and their relationships to other embryonié processes such as

mitbsis and cleavage.
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5 Mechanisms of intracellular organelle movement

The movement of echinochrome granules in Arbacia eggs.is one
example of selective translocation which can result in the unequal
distribution éf.a particular organelle within a Celi. Such differen-
tial movement is essential fér the normal functioﬁing of many adult
cell types énd also appears to be involved in localization ﬁrocesses
in developing embryos. Organelle movement (primarily saltation) has
been directly observed in a number of systems. Metachromatic B-gran-
ules in Spisula eggs (Rebhun, 1959; 1963; 1964) and yolk granules in
Pectinaria eggs (Rebhun, 1964) undergo saltatory movements in the as-
tral regions of the mitotic apparatus., Pigment granules move to and
from the center of éhromatophores in the skin of Fundulus, causing
changes in the color of the fish (Bikle et 9_._1_., 1966; Green, 1968),
In cultured cells, a variety of partiéles including pinosomes,41yso— _
somes, }ipid vesicles and ingested carbon particles disblay saltatory
movémeﬁfs (see Freed and Lebowitz,A197O). Observation of axonal flowA
in cultured neurons has revealed independent movements of certain
granules (Burdﬁood, 1965; Pomerat et al., 1967; Chang, 1972), 1Iso-

lated droplets of cytoplasm from the internodal cells of the algae

Nitella and Chara also contain particles which exhibit saltatory
movements (Kamiya, 1959). | .

The kinetics, dggree of orientation and specificity of
granule movement vary in different systems. Although many hypotheses
have been proposed to explain these movements, in no case is the

mechanism of movement thoroughly understood (see review by Rebhun,



1972). The occurrence of Byownian processes in low viscosity channels
has been proposed as one possible explanation, Another hypothesis

involves the generation of local electric fields by waves propagated

. along cytoplasmic filaments (Hejnowicz, 1971). An interaction resem- .

bling that of actin and myosin in muscle has also been postglated be-
tween the particle and some cytoplasmic fiber. On the basis of eléc-
tron microscope studies, microtubuleé (2503) and microfilaments (508)
have been suggested as linear elements which might be involved in |
particlé movements in §gveral systems {revieweéd:by Rebhun, 1972).
Colchicine, which seems to disrupt microtubules, does not
interfere with prefertilization saltation of echinochrome granules or
with their migration té'the.cortex at fertilization (Rebhun, 1967).
Cyfochalééin B, a mald mefﬁbolite which is £hought to ¢1srup£ micro-
filaments, does inhibit saltatory movements oprigment granules in
unfertilized Arbacia eggs (Van Wie, 1969), However, sal.ltatioﬁ" of the
echinochrome granules which do not migrate to the cortex at f;rtilif

. zation continues in the presence of cytochalasin B, but is inhibited

by colchicine (Rebhun, 1972b). These observations suggest the possi-

bility that echinochrome granule movements can involve either .micro-

filaments or microtubules, depending on the location of the granules

and the stage of development of the-embryo. However, ‘no direct asso-
ciation between pigment granulés and microfilaments or microtubules
other than spindle microtubules has been observed in electron micro-
graphs of Arbacia eggs. This might be a result of thé difficulty in

preserving the structure of the cytoplasm of the Arbaciaegg during
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fixation. A

Part of the present investigation has been devoted to further
. observations of pigment granule movements in normal eggs and in those
: exposéd_to colcemid (N-desacetyl-N-methyl colchiciﬁe) and cytochalas=-

in B.

60 Pu._I EOSé

This investigation has been concerned with the movements of
echinochrome granules in Arbacla embryos both as examples 6f intra-
cellular organélle novements and as a series of cortical changes re-
lated to embryonic devélopment. Using colceﬁid and cytochalasih B,
én aftempt was made to determine whether microtubules and/or micro-
filaments might be involved in these movements, . In the course of '
this work, it was observed that the migration of pigment granules out.
of the presumptive micromere region éccurred at the normal time in
-cdlcemid-treated, non-dividing eggs, This observation suggested that
pigment granule migration out of the micromere region, which is an
éarly cortical event related to microﬁere differentiation, might'be
independent of the mitotic and cleavage‘cycles. In order to test
this hypothesis, the oécurrence of thls phenomenon was studied in
eggs in which mitosis and/or élea;age had been inhibited and in éggs
exposed to a variety of other experimenial treatments., An additional
objeétive has been the characterization of the movements'of individu-
al pigment granules during their migration out of the presumptive

micromere region, by means of time-lapse photomicrography. Movement

.
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during this process has been compared with those of echinochrome

granules in other stages and regions of the embryo.



MATERIALS AND METHODS

1, Obtaining and handling gametes

Adult Arbacia punétulata were collected by the Supply De-
partment of the Marine Biological Laborétory, Woods Hole, Massachu-
setts, or purchased from Glendle Noble, Panana dity, i«florida. Ant-
mals were maintained in running sea water or in aerated, refiltered
Instant Ocean in a ciréulating aquarium (Model 110 C, Aquarium Sys-
tems, EBastlake, Ohio). |

Spawning was usually 1nduced.by application of 10 - 12 volts
(AC) acrégs the test of the animal by means of a Powerstat variablé.
transformer (Superior Electric Company, Bristol, Connecticut) (Har-
vey, 1952); Occasionally; gametes were obtained by injection of
O;SBM KC1l into the>c0elom'(Tyler, 1949), Eggs were shed inio:é
beaker of filtered (Whﬁtman #1 filter paper) se# water or Instant
Ocean; sperm were collected "dry" using a Pasteur pipette. Prioi to
fertilization, eggs were washed three times with‘filtereﬁ sea water,
Diluie suspensions of eggé in petri or stenAer dishes were fertilized
with a few droﬁs of a dilution of\sperm in sea water approximatelj

equal to 1:1000, Embryos were allowed to develop at room temperature

—_

which was constant for any one experiment and varied between 20° and

26°C in different experiments,

2=
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2, Experimental treatments

| Observations of pigment granule movements were made on both
" ﬁormal eggs and those exposed to a varlety of agents., All chemicals
~ used were dissolved in filtered sea water, Millipofe-filtered sea’
waier or Instant Ocean. 'Resﬁlts of 9x§e£iments using Instant Ocean
for maintenance of animals, culture of emdbryos or preparation of'so-'
lutions were always verified using sea water. Piément granule mqve-
ments were studied in eggs treated with agents which inhibit mitosis
by interfering with micrétubule function. Eggs wére eiposed to
10"6 - 10-2M colcemid (CIBA Pharmaéeutical Company, Summit, New Jer-
sey) or to 1070 - 107"y vinbléstine sulfate (Velban, Eli Lilly and
Company, Indianapolis, Indiana). Observations of pigment granule
movements were also made on eggs in whiéh mitotic delay had‘beéh in-
.duced by exposure to up to 250kR of ¥=-radiation from a cesium137
source. The dose rate used was approximately hkR/hinute; In order
£o investigate.the movement of figmént.granules in eggs in which |
cleavage (cytokinesis), but not mitosis (karyokinesis) was inhibited, |
eggs were treated with 0.5 - 5.0pg/ml cytochalasin B (a generous gift“
of S. B. Carter, Imperial Chemical Industries Limited, Macclesfield,
England). This mold metabolite is thought to act by selective de-
struction or disorientation of 40 - 6OX,microfilaments, but this in-
terpretation has been questioned (see DISCUSSION). Cytochalasin B
(CB) was dissolved in dimethyl sulfoxide (DMSO) and.sea water was
added to make a stock solution of 5pg/ml CB and 0,5 per cent DMSO.

Parallel observations were made on eggs treated with a solution of



0.5 per'cenf DMSO in sea wgter. Observations of pigment gfanule
movements were made 6n eggs 1n-ﬁhich protein synthesis was inhibited
by treatment with 10~ puromycin (Nutritional Biochemicals Corpora-
tion, Clevéland, Ohio). Pigﬁent granﬁle movements were also investi-
gated in eggs which had been incubated at temperatures‘of -2° - 8%
for various periods of time. |

Eggs were.exposed to concentrations’of sea wéter ranging féom
50 to 200% in an attempt to detérminelif the pigment-free cortex of
the micromeres differs in mechanical strength frpm the rest of the
egg surface; Equal volumes of distilled water and filtered sea water
were combined to make 50% sea water, Sodium chioride (O:Bg/hl) was
added to filtered sea water to make 200% sea.water. In 50% sea was:
ter, locéliéed evagihations of the egg surface were formed: At con-
‘centrations approaching 200% sea water, one or several invaginations
were prpduced; At the time of mig;atioﬁ of pigment granules out of
the micromere region, both ﬁormal and colcemid-treated eggs were
placed in concentrations of sea water which produced s;ngle4evagipa-
tions or iﬁvaginations on mQSt eggSe Thé loéation of the eﬁagination
or invagination with respect to that of the "clear area" was noted,
For some of‘these experiments, fertilizétion membranes wvere removéd

with 1M glycerol according to the method of Kane (1970).

3. Light micrOSCQPe observations and time lapse photomicrography

Eggs were observed and photographed in sealed chambers, which

consisted of a glass slide and a coverslip separated by a ring of a
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vaéeline-paraffin mixture. All observations were mad§ withAé Zeiss
GFL microscope, using either a 16X or a Neofluar 4OX objective with
10X oéulars. A 160 watt lamp in a Zeiss laigé lamp housing was used
with a Kodak Wratten #11 filter, a Zeiss Grﬁnfiiter VG 9 and‘a Zeiss
Harmeschutzfilter. Photomicrographs were taken on‘KodAk High Con-
tfast Copy film, Hiéh Speed Ektachrome B fllm or Kodachrome II film,
using a Leitz MIKAS attachment with a 35mm camera back.

For analysis of pigment granulé movements, single egés were
photographed every thiqu or sixty seconds for up to fifty minutes
using the LOX objective. Each frame in a given series was enlarged
approximately twelve timesvand printgd on a singlg sheet (8 x 10 in
or 8% x 11 in) of Kodaﬁromide<F-5 papers The overall magnification
of the pr"%ms was approximately 4800 times 1ife size (_1_;3.. lmm -

. b, Procedures for analysis of pigment granule movements

The purpose of:this analysis has been to characterize the
migration of pigment granules out of the presumptive microﬁere ré-’
gion, with respect to the following questions: (1) Are the move~
ments of individusl gramles directed toward ths perimeter of the
_ micromere region, or are they random in ﬁirection? (2) Are the |
movemeﬁts of pigmen£ granules leading to the fbrmétion of a clear
area quantitatively similar to pigment granule movements oﬁserved at
other stages? The measurements to be described were made on time

lapse photomicrographs of colcemid-treated, non-dividing eggs during



w28

the formation of a clear area, For comparison. the same measurements
vwere made on another region of an egg at the same stage and on Soth

, normai and colcemid-treated, fertilized eggs, in which the pigment

- gramles had migrated to the cortex, bgt in which éioavage had not
yet begun, . ' | .

.In order to trace the movements of individual pigment gran;'
ules, a number was assigned to .each of the granules in focus on'a
print of the first frame of a series (approximately 100 to 200 gran-
ules per egg);u.fhese granules were numbered accordingiy in succes-
sive frames, The following records were kept. to d?tcrmine which
granules could be followed. throughout the period of filming and'would
thus be suitable for the analysis of individual movements, For each
frame, the numbers. ef any granules which could not be‘identifiéd with
-certalnty were recorded. A record was also kept of which granules
disappeared. from the focal. plane or became indistinguishable from
- surrounding. granules (usually at the edge of the region in focus) in

each franme,

a. Paths of individual granules during clear area formation

The paths of individual granules were traced in order to obe
~taln a gualitativo description of‘pignent granule movenents duriﬁg
the.stages_con81dored..,A grid of 0.5 cﬁ squares drawn on a sheet of
transparent plastic was placed over each frame in a glver Qeriea and"
the coordinates of the centers of particular granules were rscorded.
The coordinates were rounded to the nearest 0,25cm and measurements

were made on frames taken at 2 minute intervals, In each series, the
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paths of a total of twenty to thirty granules were traced, GCranules
were choson.to provide‘an approximately even distribution o§er the
region photographed. This sample included granules which moved rela-
tively loﬁg distances and others which remained nearly stationary.
Sovoral pairs of granules which were 1nitially very close together
vwere also traced in each series,

b General orientation of pigment granule movenents

-during clear area formation - A .

Io,estimate the degree to which pigment granule movements are
oriented toward the perimeter of the micromere region, the number of
granules which moved toward .the edge was compared to tﬁe numbef which
moved nearer to the center during the formation .of a clear area, For
recording the positions. of pigment granules relative to tho center of
the clear area,.a circle, divided into.four concentric rings, was
drawn on a.sheet of transparent plastic (Figure 6). The diameter of
this Eircular.grid was slightly smﬁllor than that of a completed

clear area 1n.thé.en1argements used, The grid was centered with re-

spect to the center of the completed clear area in the final frame of

a series, Using the perimeter of the egg as a frame of reference,
the grid was then transferred to the first frane of the series. The
ring in which each granule was located was recorded for both the
first and last frame of a given period of filming; If a granule lay
on the borderline separating two rings and was equally distributed
betwesn them, the number recorded was that of the ring nearer to the

center. Calculatlions were then made of the percentages of the gran-

i -
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Figure 6.:

, Illustration of the use of a circular grid to record

positions of individual granules with respect to the
center of the clear area being formed., x 4800,

o
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ules initilally in a g;ven'ring which had remained in that ring or
moved nearer to, or farther from the center of the clear area.
Cs Quantitativé comparison of pigmént‘granule
movenments in different stages and regione

4 Measurement of changes in distances between meﬁbers of pairs
of granules was chosen a8 a method of comparing movement of pigment
granules in different stages and regions. Values obtained for
changes in inter-granule distance over # given périod of time will
reflect the rates of movement of a population of granules within a
region. However, these values cannot be used to calculate exaoct
rates for individual granules within that region, since integral val- :
ues oan result from movement of one or.béfh ﬁembers of & pair and
zero values may represent parallel movément of both granules as well
as lack éf movement by either ong;

'1For'eéch series of frame#.‘ten granules were‘chosen to pro=~
vide an approximately even distribution ovér the region photographed.
The center-to-center distances (x imm) between each granule and the
§ther nine were measured in each photomicfogréph of a series of ten,
taken at one minute intervals (Figure 7, columns A, B, o s « ). The
differencessbetween measurements for one frame and corresponding hea-
surements.for the next frame were then computed (Figure 7, columns 1,
2, .-. 9). The relative frequencies of occurrence of values ob-
tained in this manner were calculated for each series, The average
_change in inter-granule distance was also calculated. These frequen-

cj distributions and average values were used to compare the movements
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Measurement of changes in- distances between pairs of
granules, Columns A, B, see J are measurements (mm)
of the distance between members of 45 granule pairs
in enlargements of frames taken at one minute inter-
vals. . Columns. 1, 2, +4¢ 9 are the absolute values of
the differences between corresponding measurements
from successive frames, Filgures in Row X are the
average changes in inter-granule distance for each
minute interval, - ‘ , :



distance

" Column A B c D E F ¢ I J
' 1 2 3 b 5 6 7 8 9
Frame 1 3 5 7 o9 11 13 15 17 19
Granule

pairss ‘

12-29 44 1 45 2 47 4 43 3 40 0 4O 1 M1 2 39 4 43 1 44
12-35 80 1 81 1 82 5 87 0 87 3 84 3 81 3 78 1 77 3 74
12-47 37 1 36 137 2.39 0 39 0 39 4 35 1 34 0 34 0 34
12-50 30 0 300 2 32 0 32 2 30 3 27 2 29 1 30 3 27 1 26
12-57 61 2 59 4 63 2 65 1 64 3 61 1 62 0 62 1 61 2 59
12-62 42 6 36 2 38 3 M1 1 42 4 38 4 42 2 W4 1 44 2 42
12-79 86 3 83 1 82 5 87 1 8 2 84 2 8 1 85 0 85 2 87
12-105 80 3 83 1 82 1 83 1 8 3 79 2 8 1 8 2 78 0 78
12-114 57 4 53 4 57 0 57 7 64 3 61 2 59 3 62 3 5 1 38
Average 1,36 2.71 2.24 2,67 2,96 2,69 2.64 3,13 4,13 ‘
change : . ' R
in .

inter- .

granule .
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of pigmént granules during clear area formation in colcemid-treated
eggs with movenents in anéther portion of colcemid-treated eggs at
the same stage and in bqth normal and colcemid~treated, fertiligzed

eggs prior to the time of division,



RESULTS

1. Inhibitors of microtubules and microfilaments

é.A~Genera1-technique

In experiments invqlving exposure of eggs to.inhibitors, the
exact time and duration of a given treaﬁment was varied, in ordor to
adjust to differences in the timing of developmental events between
eggs obtained from different females and at different times during
the breediné season., Several éoncentrations or inhibitory treatments
were 1nvestig#ted concurrently, éo the time of éaéh specific observa-
tion was also variable. Whenever possible, gbservatioﬁs have been
reported here in terms of the deveibpmental stage of control eggs;.
(A timetable of sea urchin development is presented in Table 1.)
Unless specifically noted otherwise, the longest time interval re-
corded for a given effect signifies terﬁination of the experimeﬁt,

rather than cessation of the effect.

b. Colcemid

- Concentrations of colcemid greater than, or equal to
2.7 x 10-5M are known to prevent migration and subsequent fusion of
pronuclel when applied to sea urchin egés 5 minutes after fertiliza-
tion (Zimmerman and Zimmerman, 1967). If eggs are treated at meta-
phase with the same concentrations, the mitotic spindle is destroyed
and cleavage is blocked (Sauaia and Mazia, 1961).

“36m -
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TABLE 1

SCHEDUtE OF EVENTS IN THE EARLY DEVELOPMENT

OF ARBACIA PUNCTULATA EMBRYOS*

Event Time after Fertilization
| (at 23°C) :
Completion of fertilization membrane 2 min
Spern aster | | 8 min
Pronuclear fusion (monaster stage) ‘. 10 pin
Streak stage. (early prophase) 20 ; 35 min
Metaphase . { 40 min
First cleavage (2-ce1178tage) 50 min
Second cleavage (u-cellAstage) 78 min
Third cléavage (8-ce11vstage) 103 nin
Fourth ciiavage (16-cell stage - - - ‘
micromere formation) 130 - 135 nin
Blastula (hatched) 7-8 hrs
Castrula 12 = 15 hrs
Pluteus larva 1 day

* Adapted from Harvey, 1956;A
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In the present experiments, eggs were exposed to 2.7 x_10'6M

to 2.7 x 10™%M colcenid for various intervals, in order to investi-

~  gate whether the occurrence of pigment granule movements depends upon

- the presence 6f microtubules and/or upon the mitotic cycle. Treat-
ment was initiated during colcemid-sgnsiiive mitotic stages and dur-
ing, or prior to, specific pigment granule movements, |
Unfertilized ecggs were treated with colcemid for 5, 15,'9r
60 minutes, then either washed or allowed to remain in the drug dur-
ing and afterffeftilization. In other experiments, egés were placed
in éolcemidiafter fertilizatién but béfore proﬁuclear fusion, at
metﬁphase, or just after division 1, 2 or 3, 1In ah attempt to deiete
8ingle divisions, pulses of 2 - 15 minutes were soﬁetimes applied,
usually during metaphase. o

Mitosis and cleavage.--During the course of these experi-

ments, no cleavage waslnoted during the period of observation of pig-
ment granule movement in eggs remaining in concentrations of |
267 x 10-5M or greater. Occasional irregulér furrows were observed
in these eggs after several hours of treatment. A concentration of
2.7 x 10-6M colcemid wés often insufficient to prevent mitosis: When
colcemid-blocked eggs were returned to sea water after short treat-
'ments. mitosis and cleavage resumed, but furrowing was usually quite
irregular,

Saltatory ﬁovement.--Colcemid concentrations as high as

2.7 x 10°M had no effects on saltatory movements of echinochrome

granules in unfertllized:eggs:  Pigment granules’ in—eéggsrobserved
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.after 90 minutes of colcemid treatment exhibited apparently'normal
ehitations.. Higher concentrations did inhibit saltatory moeement.

In eggs treated with 2,7 x 107N colcemid, saltation was 54111 appar-
ent after 15 minutaes, but by 90 minutes the pigment granules were
ewollen and clumped together. After 12 minutes of'exposure to apr‘
proximateiy 10 2M colcemid, no saltator§ ﬁovemeots were obser;ed in
unfertilized egge; In these eggs, pigment granules were also swollen
and snbsequently lysed, '

Higration to the cortex and “slow shifting «==Echinochrone

granules completed their migration to the cortex at the normal time
in eggs exposed to up to 2.7 x 10 hﬁ.colcemiog vﬂormal nigration was

- sometines obsefeed in 2.7.x.10-3M colcemid ae:ﬁeli.i However, at this
concentration, pigment granhlesﬂoftenltended to acoumulete in the -
center of the eeg. rather than in the cortex. If theee eggs were
.washed. the central aggregation disappeared and movement to the cor-

. tex was completed. _

_ The slow migration of echinochrome granules which occurs in
the cortex of fertilized eggs prior to. division was unaffected by
colcemid concentrations as high as 2,7 x 10" -3 .

Clear areas.--puring the u-ceil_stage_of normally-cleaving
eggs.‘echieochrome granules begin to migrate out of the presumptive
micromeie region, leaying a "clear areag at the vegetal pole. (See
INTRODUCTION, Section 1‘,.') Ie undivided eggs, which had been exposed to

colcemid continuocusly from 60 minutes before fertilization, clear

areas were formed at the same time as 'in controls (Figure 8), This



Figure 8‘.3 Clear areas in colcemid-treated eggs (A and B),
» C) Another region of the cortex of an egg at the
same stage and from the same female as (B). x 480,
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. phenomenon occurred consistently in colcemid concentrations as high
as 2,7 x 10‘“M, sometimes in 2,7 x 10'3M, But was not observed in
10-2M.colcemid. From morphological similarities, it seems reasonable
to assume that the formation of a clear area marks the location of
the vegetal pole in a colcemid-treated egg as well as in a cleaving
egsf

Clear areas in undivided eggs were generally circular in
shape, but some variation was observed among eggs from a single fe~
male or between those from different females (Figure 9). These pig-
ment-free regions ranged from 20 to 40p in diameter (Figure 10),
corresponding to approximately 7 - 29% of the surface area of the
undivided egg. There appeared to be some variation in the proportion
of pigment granules which migrated out of the region (Figure 11).
Occasionally, a small, densely pigmented region remained in the cen-
ter of the clear area (Figure 12), In rare instances, more than one
clear area was observed on a single egg (Figure 13). These uncommon
patterns appeared most often in egg; which had been exposed to col=-
cemid for several hours,

Summary.--Treatment with concentrations of colcemid which
completely inhibited mitosis and cleavage (2.7 x 1077 - 2.7 x 10‘“M)
had no apparent effects on any of the echinochrome granule movements
studied, Very high colcemid concentrations (approximately 10'2M) did
inhibit these movements, but toxic effects including aggregation,
swelling and lysis of pigment granules were also observed at these

concentrations. From an embryological standpoint, the observation
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Fi‘éure 9« Clear areas with aberrant shapes, x U480,






Figure 10,

Figure i1,

Differences in the size of clear areas, These eggs
represent a rare observation of this degree of size
variation among eggs from a single female, x 480,

Unusually high concentration of pigment granules
remaining within a clear area. x 480,






Figure 13,

-

Accumulation of pigment granules in the center of a
clear area. This egg was photographed at 143 minutes
after fertilization; clear areas were reasonably com-
plete by 120 minutes, x 480,

An egg containing two clear areas, This egg was
elongated, suggesting some abnormality. However,
two clear areas were occasionally observed on eggs
which appeared normal in all other respects, x 480,




-+ 13,
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that migration of pigment granules out of the pfesumptive micromere
Tegion occurs at the normal time in colcemid-treatéd eggs, which have
never undergone mitosis or cleavage,Aappears to be especially s;gnif- :

icant.

ce Vinblastine

Treatment with 10™°M to 10™ M vinblastine has been shown to
disrupt spindle microtubulés, thus blocking mit&sis in mammaliaﬁ
cells (Krishan, 1968) and meiosis in oocytes of Pectinaria (Bensch
and Malawista, 1968) aJd of the starfish Pisaster (Malawista and
Sato, 1969); Observations 6f pigment granule movéments were made on
unfertilized eggs placed in 10'uM ;inblastine and on fertilized eggs
piaced'ix{; etther 10™5M or 10" vinblastine before pronuclear fusion
or at first metaphase; ..

No inhiﬁition of saltatory movement of echiﬁoChrome granules
was observed in unfertiliéed eggs after 38 minufeé of vinﬁlastiné
treatment. Migration éf pigment granulés to the cortex and subse-
quent formation of clear areas occurred in eggs which had been piaced :
in vinblastine 2 m;nutesAaftef fertilization, Pfonuclea: migration
and fusion were inhibited in thése eggs and cleavage was not ob;erved.-
Cleavage 414 occur in some of the eggs treated with vinblastine at
metaphése, but normél clear areas were formed whether or not the eggs
had cleaved. Clear areas in vinblastine-treated eggs appeared to be
smaller than those in colcemid-treated eggs, and formed slightly

later than those in the controls.

°~
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d. Cytochalasin B

In Arbacia eggs‘treatment with cytochalasin B (CB) Just be-
i fore or during cleavage, inhibits the formation or completion of the
. cleavage furrow, while mitosis continues normally (Schroeder, 1972),
This has been interpreted as the resglf 6f selective destrucﬁion of
a band of 40 - 608 microfilaments in the furrow region. In order to
determine whether the cleavage process and/or microfilaments aré re-
quired for pigment granule movements, eggs.were exposed ‘to- CB dnring
cleavage and at stages which exhibit specific pigment granule move-
ments., For most experiments, eggs were exposed to 1 - ﬁpg/hl CB, but
concéntrationg as low as 0.0épg/hl were also used. Concentrgtidns
required to produce the effects reported here varied between eggs
from different females. Attempts were made to reverse the éffééts
of CB by washing the drug out after a short exposure. Even though
some processes which had beeh inhibited by CB did resume after wash-
ing (see below), these eggs rarely surﬁived to undergo normal devel-
opment, In the following experiments, no differences were observed
between normal eggs and those treated with concentrations of DMSO
equivalent to those present in CB sélutions.

Saltatory movement.--Saltatory movements of echinochrome.

granules ceased within 5 = 10 minutes after unfertllized eggs were
placed in CB, This effect was observed consistently at concentra-.
tions of 2,5 - 5.0pg/ml and sometimes even in %pg/ﬁl. Lower concen-
trations had little or no effect., If eggs were subsequently washed,

saltatory movements could again be observed.
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Activation.--Treatment of unfertilized eggs with CB‘also re-

sulted in the elevatioh‘of fertilization membranes. After these ac-
tivated eggs were washed, the migration of pigment granules to the 4
‘ cortex was'completed, but ho cleavage was observed;A Some clear areas

appeared after several hours,

Migration to the cortex.--M1gration of pigment granules to

the cortex was inhibited when eggs were treated with 2,5 - 5.0pg/ml
CB within 1 to 5 mioutes after.fertilization. As soon as these eggs
could be ooserved after washing, the distribution of pigment grenules
appeared to be the same as in controls.

ﬁitosis.--it has heen reported that CB blocks cleavage with-
out interfering with mitosis in a number of cell types (Carter, 1967,
Ridler and Smith, 1968; Krishan and Ray-Chaudhuri 1960, Schroedcr,
1970; Bluemink, 1971; 1972; Estensen, 1971; Hammer et g_.l__., 1971), in-
cluding Arbacia eggs. (Schroeder, 1972) However, in the present ex-.
periments, delay of mitotic stages or complete arrest of the cycle
often occurred when eggs were treated at early stages with concentra-
tions of CB sufficient to inhibit cleavage.' The monaster and the
early prophase "streak" stages were delayed or prolonged, when eggs
were exposed to 1.5 = 5.0pg/ml CB beginning between 3 and 10 minutes
after fertilization. At the time of first cleavage in the controls,
" most of these CB-treated eggs were still'in‘the streak stage and no
pigment bands had formed., Most eggs never progressed beyono this
stage, but a small percentage (especially at lower concentrations)

later formed spindles and an equatorial band of pigment. - Since the
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ekposure times required to inhibit mitosis were'longér than ihose
which allowed any degree of recovery, it 1s possibie that this inhi-
5i£ioﬁ representé a general toxic effect rather than a.specificlmi-
totic block, |
Cleavage.--If fertilized Arbacia eggs are exposed to CB just
before orAduring cleavage, furrows either form and regress, or faii
to form (Schroeder,A19?2). In the presént experiments, accﬁmulation
of pigment granulés at the equator was observed in egés in which
furrowing had been inhibited by CB treatment (245 - 5.0ng/ml).” This
resﬁlted in the formation of a concentrated band of pigment (Figure
14) accompanied by ruffling of the hyaline layer in thé same region
(Figure %5). The morpﬁology of these equatqrial pigment bands was'
somewhaif%ariable. In addition to continuous rings of_pigmeﬂt; bands
with a striped (Figure 16) or splotchy (Figure 17)-appearénce were
oSserved in some eggs; OccaSionally, pigment disappeared comﬁletely
from the equatorial region (possibly because of préferential iysis of
granules), leaving a éléar band (Figure 18). The occurrence of these
variations depended to soﬁe extent on the CB concentrations: contin- .
uous rings at low concentrations, striped and splotchy bands at in-
termediate concentrations and clear bands at high COncentrations; '
The character of a single band often changed with time (Figure 20)
and movement of individual granules could be observed within this re-.
gion (Figure 21); In some eggs remaining in CB after bands have
formed, the pigment granules returned to an even distribution over

the egg cortex, However, bands sometimes persisted until the next



Figure 14, Concentrated bands of pigment in the furrow region

of eggs in which cytokinesis was inhibited by cyto
chalasin B, x 480,

Figure 15, - Ruffling of the hyaline layer in the furrow region
of eggs in which cytokinesis was inhibited by cyto-
chalasin B, The eggs shown in Figure i4 were pho-
tographed here with the condenser diaphragm closed
down to show the hyaline layer. x 480,






Figure 16,

Figure 17,

Figure 18;

Figure 19,
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"Striped"” band of pigment in a cytochalasin B-treated
egge X L"BO.

"Splotchy" band of pigment in a cytochalasin B-treated
egg. x U480,

Clear, or pigment-free band in a cytochalasin B-treat-
ed egge x 480,

Bands of pigment corresponding to both the first and
the second cleavage furrows., This egg was placed in
cytochalasin B prior to first division and formed a
pigment band at the equator, The band was retained
until the next cleavage when a second band formed
perpendicular to the first. Photographed at 90
minutes after fertilization, x 480,







«57-

Figure 20, Formation of a pigment band and changes in its appear-
ance. This egg was placed in CB at 43 min 30 sec af=-
ter fertilization. A) 48 min 45 sec, B) 52 min 15 sec,
C) 52 min 45 sec, D) 53 min 15 sec, E) 54 min 15 sec,
F)l‘gB min 30 sec, G) 56 min, H) 60 min 15 sec.

X Oe






Figure 21,
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T

Movement of pigment granules within a pigment band.
Eggs were placed in cytochalasin B at 58 minutes after
fertilizations A) 66 min & sec, B) 66 min 43 sec,

C) 67 min 6 sec, D) 67 min 35 sec. x 1200,
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cleavage, when a second band was formed (Figure 19), or until the
eggsvbegan to.show the adverse effécts of prolonged CB treatmeﬁt. .
 Clear areas.=--Since prolonged exposures to CB resulted in a
, nunber of effects on the distribution of pigment gianules (see below)
;f has been impossible to determine_wheﬁher or not the process of
clear area formation can occur in eggs treated with CB from fertili-
zation onward. A few complete clear areas were observed after'normal
and colcemid-treated eggs were placed in 1 - Spg/ml CB at the begin-
ning of clearﬂaiea formétion. However, because éf variatioﬁ in the
time of cleaxr area formation among eggs from the same female, these
clear areas might have been nearly complete at the time of exposure
to CB; In order to determine whether the individual granule move-
ments resulting in clear area formation were inhibited by CB. fime
lapse photqmicrqgraphs were.made'of'a bo1cemid-trea£ed egé exposed
to Spg/ml CB as a clear érea was f§rmihg;' Little, if any, movement
of pigment granules was observed in thls egg as compared with eggs'
treated with colcemid alone (Figures 22 and 23).

Effects of prolonged exposures to CB.--Several apparent

changes at the cell surface or in the cortex were observed in eggs
treated with 1 - 5Sug/ml CB for longer than 10 ninutes. In both un-
fertilized and fertilized eggs, the cell surface became wrinkled or
bumpy (Figure 24). The hyaline layer of fertilized eggs appeared to .-
increase in width and acquired a gfanular texture (Figure 25); Fig~-
ment granules in the cortex of fertilized eggs appeared to aggregate

in small groups, giving the eggs a mottled appearance (Figure 26).



Figure 22,
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Colcemid-treated egg placed in cytochalasin B at the
beginning of ¢lear area formation (120 minutes after
fertilization)s A) 131 min, B) 132 min, C) 133 min,
D) 134 min, Pigment granules remain close to their
ofigifial positions, Cotipare with granules in the egg
in Figure 23 which was treated with colcemid alone, -
x 1200,
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Figure 23

Movement of pigment granules during formation of a
clear area in a colcemid-treated egge A) 118 min,
B) 119 min, C) 120 min, D) 121 min. x 1200,






Figure 24,

Flgure 25,

Figure 26,

Figure 27,

Figure 28,
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Surface wrinkling in a cytochalasin B-treated egg
(A)e B) Control egg. Hyaline layer (HL) and fer=-
tilization membrane (FM), x 480,

Hyaline layer hyperirouphy in a cytochalasin B=treate
ed egg. Compare with Figure 24B, x 480,

Aggregation of pigment granules into clusters in a
cytochalasin B-treated egge x 480,

Lysis of the majority of the pigment granules in a
cytochalasin B-treated egg. x 480,

Extrusion of plgment granules into the hyaline layer
of a cytochalasin B-treated egg. x 480,
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When eggs were placed in CB just boforé cleavage, a similar,'but
transient, aggr?gétion of pigment often occurred over the whole.egg
surfaée. .Frequeﬁtly the majority of pigment granules in the cortex
of fertilized eggs,appea?ed to lyse, leaving the eggs nearly.unpig-
mented (Figure 27). Apparent aitfusion of pigment grénules from the
cortex out into the hyaline layér was also observed (Figure 28), |
Summary.--Cytochalasin B reversibly inhibited saltatory move-
ments of echinochrome. granules in unfertiligzed eggs_and theix migr#-
tion to the certex. at qqrtiliza£ion.u.Movements of 1ndiv1dnal.pigment
_granules involved 1nAclear area'fotmatibn were also.inhibited, When
furrowing was inhibited by CB, a.concentrated band of pigment gran=-
ules appeared. in the furrow regicn, where blebs of the hyaline layer
also occd}red.‘ Exposure to CB often resultéd in activation of unfer-
tilized eggs, Prolonged exposures te CB resulted in mitotic delay
and arrest, wrinkling of the cell surface, hyaline layer hypeitrophy

and the aggregation, lysis and extrusion of pigment granulos;A

2¢ Other treatments .

&+ . Puronyein .
Puromycin (10‘““) inhibits mitosis in the early prophase
"streak" stage and also substantially inhibits protein synthesis in

fertilized eggs of Paracentrotus lividus (Hultin, 1961). In order to

detarmine whether pigment granule movements could occur under these
conditions, observations were made on unfertilized eggs exposed to
io'uM.purcmycin. . Saltatory movements of echinochrome granules in un-

fertilized eggs were unaffected by 127 minutes of puromycin treat-
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ment. Migration of pigment granules to the cortex occurred ﬁormally
4n eggs placed in ‘puromyoin 30 .minutes prior to, or mmediately. after
fartiiization. in,these puromycinotfeated eggs, no'cleavage Was ob-
served at. tﬁe time of divisi.oﬁ in the controls, but a few eggs escaped
the mitotic block and cleaved about 50 minutes later. Normal clear
areas were formed in.non-dividing..puromycin~£reated eggs. Sometiﬁes
clear area formation was delayed .in puromycin-treated eggs as com=
pared with colcemidptre#ted"egsﬂo-LDelays.in.cieai.area.formation
were longer in.eggs plzced in puromycin prior to fertilization than
in those exposed immediately after fertilization.

be Irradiation . .. .

.. {?irradiation‘of unfertilized and fertilized eggs produces a
dose~depandent delay of cleavage (Henshaw and. Francis, 1936 Henshaw
and Cohen, 1940).. The initial delay is expressed iﬁ.the,early pro-
phase "streak" stage of the.mitotic‘cycle,(ﬂenshaw,A1940);:‘Iaforder
to exaéine the.effectslof_1r¥ad1ation on pigmentlgranuie ﬁovements.
eggs were exposed .to 50 toM250kh of“Y-radiation.either.befbre or‘im-
nediately after fertilization. .No inhibition of saltatory. movements
of echinochrome granules waé ob#ervod in unfertilized eggs 90 m;nﬁtes
after the end of irradistion with as much as 250kR, Migration of
pigmenf granules to the cortex occurred atAthe normal. time in eggs -
irradisted before fertilization. .Cleavage was observed in some eggs
irradiated with less than Zopkﬁ before or after fertiligatlon. At

all dose levels, clear areas appeared on undivided eggs as well as on



those which wére able to cleave,

Co Low temperatures

Unfertilized and fertilized eggs were incubated at tempera-
' tures between =2° and 8% for periods of 1 to 24 hours to investigate
whether normal pigment granule moveéents could continue at tﬁese tem-
peratures, .Eggs were placed in the cold juﬁt after fertilisation or
after pigment granules had migrated to the cortex, .Mitosis and.
cleavage were greatly delayed or.blocked at these temperatures. If
eggs were placed in the cold between 1 and 3 minutes after. fertiliza-
tion. migration of pigment granules to the cortex was often s£111 in-
complete after 2. - 3 hours, Restoration.of these eggs to room tem-
perature alloﬁed thie procees to oocur, followed by nearly normal
cleavage and development. When eggs were placed in the cold after
plgment migration to the corték. clegr areas. had not. begun to form
within 5 - 8 hours, .Clear areas appeared withis an hour after these
eggs were returned to room temperature and mitosis and cleavageAre-
-sumed at approximately the same time. Complete clear areas and occa=
sional cleaving eggs were observed between 10 and 20 hours of incuba-
tion between 4%and 890.. Eggs exposed to low temperatures fér 10 to
20 hours also displayed large, 1o§alized evaginations or bulges,
which were relatively free of pigment. ,Howevef..normal clear areas
were observed in other portions of the cortex of eggs. exhibiting
evaginations. After these eggs had been returned to room temperature,
the evaginations disappeared, leaving plgment-free reglons, which

could not subsequently be distinguished from mormal clear areas;
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d. Treatment with hypoe- ahd hypertonic sea ua?er

| To investiggée_whéther'the cortex of the clear ares differed
in mscb;nical strength from the reﬁaih@er of the cortex, eggs were
_exposed to hypo~ or hypertonic sea water, Normal and colcemidstreat-
" ed eggs, With or without fertilisation membranes, were placed in
hypo- or hypertonic sea water at the time of clear area formation.
Eges swélled,uniférmly under mild hypotonic treatment, but formed
localized evaginations or bulgeé when the concentration of sea water
approached 50%. These evaginations were always relatively free of
pigment, making it difficult to determine whether the evagination eo-~ ‘
Ancided uitﬁ the normal clear area. . Nonetheless, clear. areas were
often observed at. other locations in eggs with pronounced evagina-
tions, Egés.shrank evenly in slightlj.hypertonic solutions, but
formed one to several invaginations or depressions in. concentrations
of sea water close to‘ZOO%.“ In groups of eggs which had each formed
a single invagination, there was n§ correlation between @he location

of the invagination and that of the elear area.

3e VP;gment‘granule movements during clear area formation

During the 4-cell stage of normally-cleaving Arbacia eggs,
.echinochrome granules begin to.miéréte.out of the reglon which will

become the micromeres,. leaving a pigment-free zone or ciear ares on

-

each blastomere (see INTRODUCTION, Section 1). Since this migration
also occurs in colcemid-treated, non-dividing eggs (see RESULTS, Sec-
tion 1), it has been possible to investigate the pigment granule

movenents involved in clear area formatlon in the absence of cleavage,
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which itself involves movement of pigment granules, The foiloﬁing
observations and messurements wers made on time lapse films of col- |
cemid~-treated eggs forming clear areas, These analyses have been
made in order to answer the following questions: (1) Are pigment
granule movements specifically oriented toward the perimetef of the
miciomere région? (2) Are these movemenfs quantitatively similar
to thosé in regions of the cortex not forming a clear area, or in the

cortex of fertilized eggs prior to division.

8e General observations

A clear area first became evident as a circular region con-
taining a lower concentration of pigment granules than tﬁe remainder
of the egg cortex, As granules continued to migrate out of this re-
gion, they accumulated at its perimeter, forming a ring in which pig~.
rent granules were highlj concentrated or even contiguous . (Figure 29),
A clear area could first be detected 40 - 50 minutes before its com-
pletion. Since both the time of appearance and completion were sub-
jective measurements, this 1hteryal represents an apﬁroximation of
Athe‘time required for clgar aieé formation,.

When individual pigment granules were visuelly observed dur-
ing the formation of a clear area, it was difficult to detect move-
nent. - Saliations of the magnitudes described for unfertilized eggs
(1~ §P Jumps at 0.3 tq'O.Qp/Bec. Parpart, 1953; 1964) were never ob- :
served, Comparison of frames taken 1 minute apart revealed that
granules had moved, but usually only 2u or less during this interval,
Occasionally, displacements of }p had occurred within a 1 minute
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Figure 29,

Clear area formation in a colcemid-treated egg. -
Photographed at A) 84, B) 90, C) 111 and D) 131

minutes after fertilization. Note the concentra-

tion of pigment granules at the rim of the clear
area in B. x 1200,
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time period.

be Paths of individual granules during clear area formation

The coordinates of a number of granules were recorded from
each photomicrograph in a series taken at 2 minute intervals, These
points were then plotted.to give approximations of the paths of indi-
vidual granules, The paths of a group of granule; during ihe forma-
tion of a typical clear area (one of twd'analyzed in detall) in a -

: célcemid-treated egg-are presented in Figure 30, Each granule was
followed for 38 minutei; or until it reached the perimeter of the re-
gioﬁ and.leftufhe.foqai plane. . The majority of pigment granules ... -

‘moved toward the ferimeter of clear area being formed. However, a
few graﬂé}es did not display this oriented movement., For example,
granules 32 .and 85 moved toward’thé center of the region. Also,
granules such.as'b9iexhibited movement, but w;re not displaced sig-
nificantly.frbm their. original position, Regardless of the general
diroction_ofAmovemeﬁt.lgranules moved along erratic rather than
straight paths, Even granules which were moving toward the perihet¢r~
occasionally moved in the opposite direction for short distances (see'
especially granules 12, 17, and 113). No consistent relationship vas
observed between the patterns of movement of initially adjacent gran=
ules, 'Sometimes neighboring granules remained close to one another

~ and followed similar paths (113 and 11l4), Other pairs of granules
moved in widely divergent directions (compare 114 and 115). Occa-A
sionally, oﬁe grénule. such as 49, remained nearly stationary, while

another, 37, nearby, moved away.
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Figure 30,

76~

Paths of individual granules involved in clear area
formation, .Granule positions were recorded from
frames taken at 2 minute intervals beginning at 76
minutes and ending at 114 minutes after fertiliza=
tion. x 4800, '



-77-

37

932

CENTER OF
CLEAR AREA

Kex

. @ INITIAL GRANULE POSITION
, B FINAL GRANULE POSITION
* INTERMEDIATE POSITIONS )
- o POSITION OF GRANULE IN SEVERAL CONSECUTIVE FRAMES
== PATHS RETRACED

- | e 30
*,
i
b
[ -




“78a

_‘A'group of granules in another region of the cortex of & col-
'cemid-treated-egs at the4time of clear area formatioh was followed
over a 14 minute period (Figure 31); Movemenis of the majority of
these pigment granules showed no predominant orientation, Duriﬁg
the entire period of filming, granules rarely moved further than 2
from their initial positions. However, several granuies (especially
20, 35 and 180) moved in a specific direction over total distances
comparable with those during the same period of time within a clear
aveas £inoo the ocleariares in this egg was located at the top of the
photonmicrograph, no obvious relationship was evident hetweeg these
oriented movements and formation of the clear area. In general,
granules‘moved shorter.net distances during 2 minute intervals in
this region than in.a clear area.. . o

The paths of a number of pigment granules were also traced
from photomicrographs of a fertilized colcemid-treated egg prior to
the time of first cleavage 1n the controls (Figure jz). Granule
movements were followéd for 22 minutes, The movements of most pig-
ment granules at this stage were not oriented in a specific directibn
and granules rarely moved further than 21 from their original posi-
tions. However, at least two granules (80, 112) moved total distan-

ces éomparable to those observed within the same time period during

clear area formation., The net distances moved during 2 minute inter- =

vals in this egg were approximately the same as those in the region
outside of the clear area (Figure 31) and less than those within the

clear area in Figure 30,
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Figure 31, Paths of individual granules in another reglion of the
cortex of an egg during clear area formation. Granule
positions were recorded from frames taken at 2 minute

intervals beginning at 76 minutes and ending at 90
ninutes after fertilization. x 4800,
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Figure 32. Paths of individual granules in the cortex of a
fertiliced egg prior to division, Granule posi-
tions were recorded from frames taken at 2 minute

intervals beginning at 19 minutes and ending at
k1 minutes after fertilization. x 4800,
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AThug, most pigment granules in the cortex of fertilized eggs
prior to division and in 6ther'regions of fhe egg cortex durihg clear
area formation do not display the oriented movements characteristic
of granules within the clear area, and remain within 21 of their ini-
tial positions., However, a few granules in these eggs.db display |
movement in a épecific direction over distances comparable with those
during clear area formatlon, Net granule displacements during 2 min-
ute 1ntervals are somewhat larger within the clear area than in the
other region and stage studied, This may reflect orientation rather
than a difference in rates of movement. (See Section d for a quanti-
tative comparison of pigment granule movement in different stages :

and regions),

3

¢e. General orientation of pigment granule
“movements during clear area formation '

: Althoﬁgh the majority of pigment granules nmigrated toward the
perimeter of the clear area and left the region entirely, a few gran-
ules moved toward the center of the region (see Section b, above). A
small number of granules could still be observed near fhe center of
the clear aresa after several hours, A

Therefore, the following procedure was used to determine the
jroportions of pigment granules from different regions of the clear
area which moved toward its center or toward its perimeter. The in- .
cipient clear area was divided into concentric rings, numbered 1
through &4 from the center to the perifhery. The nunber of the ring

in which each granule was located was recorded for the first and last
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photomicrograph of a series taken over a 4o -‘50 minute period dﬁring
‘clear area formation (see MATERIALS AND METHODS, Sgction 4, especial-
ly Figure 6), . | - | . '
A comparison of the initial and final. distributions of pig-

nent granules for two typical clear areas is presente& in Figure 33,
The proportion of pigment granules which moved toward the center .
ranged from 1,48 (2 grannles out of 139 « Figure 33&) to 7.5 (10
granules out of 134 -.Figure 33b), In the clear area represented by
Figure 33a, the only granules which moved toward the center were ini-
tially located in ring 2, Several granules from rings 2, 3 and 4 had
moved touard the center of the clear area represented by Figure 33b,
The proportion of granules which moved outside the region covered by
the circular grid increased with increasing initial distance from the
center of the region 1n both examples. ‘These observations support
the conclusion, based on individual granule paths, that the majority
of pigment granulea are moving toward the perimeter of the clear
area, The presence of small numbers of granules which do not display
this orientation suggests that some granules can move independently
of whatever factor deterﬁines the predominant difection éf movenent,
de Quantitative comparison of piément granule
movements in different stages and reglons

| The preceding measurements suggest that clear area formation
involves oriented movements of pigment granules over longer distances
than those travelled by most granules in other regions of the cortex
at the same stage or in the cortex of fertilized eggs prior to
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Figure 33. Distribution of pigment granules at the end of clear
area-formation as a function of. theilr initial loca-
tion. .The ring in which each granule was located
was recorded for the first and last.frames of a series
taken over A). a 38 minute interval and B) a 50 minute
interval, This illustration presents the final loca-

tion of all granules which were initially in each
ring.
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" division., The granule displacements observed during 2 minute inter-
vals in the'latter eggs (Section b) were smaller than those for grane
qles within a clear area. This difference might represent imcreased
rates of granule movement within the clear area or might be a conse-
quence of the oriented movement of granules. To diffefenti#te.between
these possibilities, the interval over which displacements are mea=
sured must be small enough. so that granules moving randomly do not
move back and. forth with.smgll net displacements while granules mov~
ing in one direction .at the same rate display large displacements,

' Visual observation of pigment granules.in the stages and regions to
be compared revealed no Brownian motion. When successive.frames at

1 hinute.intervals'uero compared, most granulé positions had not.
changed subsfantially.and displacemenfs vere rarely as great aé 2.
Thus, the following measurements were made on frames. taken at 1 min-
ute mtgivaas'; . To. e;@inata the errors inherent in measuring dis-
placements using a grid, changes 1# distances between the members of
pairs of granules were used as an indirect method pf comparing the
rates of g:énule novement within difteren£ stages and regions, For
‘each one m;nutetinterval in a serles, changes in inter-granule dis-
tahce were measured for 45 granule pairs, representing all combima-
tions of a group of 10 granules (see MATERIALS AND METHODS, Section
be). Measurements were made on films of two clear arsas, three other - -
regions of eggs at the same stage, and four fertilized eggs prior to
division (two normal and two colcemid-treated eggs).

Frequency distributions of changes in inter-granule distance
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in each of the above regions or stages of eggs from a single-female
are presented in ?igure 34, Tﬁe_distribution of values for graﬁules‘
withiﬁ a clear aréa differs from the others only in slightly higher
frequencies of values between 1.2 and 2,0p and in the presenée of
several values greater than 2,0p. Significantly, the measurements re-
sulting in values greatef than 2, 2)1 within the clear area (representing
only 0,6% of the total) all involved a'pafticular granule at the edge of
the region. The mean value for the change in mter-grahule distance |
within this clear area,piffered b& less than 0.2p from those for the
othef region and stage measured, Since this figure represents the
‘experimental error of the measurements, this difference is not sig-
nificant; Thus, granuiesAw;thin clear aréas db not appear to move at
greater rates than those in other regions of .the cortex of euus at
the same stage or in the cortex of fertilized eggs.prior tb division,
Since these measurements were made on colcemid-treated eggs, véiues |
for a colcemid-treated, fertilized egg Were compared with thds:e for
a normal egg at the saﬁe stage and from the same female, The fre-
quency distributions §h1¢h are presented in Figure 35 démonstr#te no

differences between these two eggs.

e« Summary
Migration of pigment granules out of the presumptive micro--

nere region of colcemid-treated eggs involves.oriented movement of
the majority of pigment granules toward the perimeter of the region,
However, a small percentage of granules move from the periphery to

the center of the region. The rates of pig:meht granule movement
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Frequency distributions of changes in inter-granule
distances A) within a clear area, B) in another re-
glon of an egg at the same stage and C) in the cor-

tex of a fertilized egg prior to division. All eggs
wera nhtained from the same female,
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Figure 35,

Frequency distributions of changes in inter-granule
distance in A) control and B) colcemid-treated, fer-
tilized eggs prior to division. Both eggs were ob-
tained from the same female,
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within clear areas appear to bs the same as those in other regions of
the corte§ of eggs at the same stage or in the cortex of fertiliged

egge prior to cléavage.



DISCUSSION

1, Ihvolvement~of nicrotubules and microfiiaments
in echinochrome granule movements,

- 8¢ Microtubules

Microtubules which display an orientation parallel with that
of granule movemeﬁt have been found in séveral types of ¢ells (Re-A
viewed.by Rebhﬁn. 1972}. Treatment with colchicine or other agents
thought'téhdisrupt micrétubules inhibits movement of some of.theée
granules,. including vitally-stained granules in eggs of the surf
clam.,Sﬁisula and the éea urchin, Lytechinus (Rebhun, 1972), pigment
granules?%n erythrophores. of the squirrel fish,. Homocentrus éna mel-
-anophores. of the killifish, Fundulus (Junqueira and Portef. 1969),
and various particles in cultured nanmalian cells (Freed and L_ebo-
witz, 1970).. However, colchicine has no effect upon saltatio; of
echinochrome granulesvin unfertilized Arbacia eggs or upon their.
migration to the cortex a£ fartilization (Rebhun, - 1967). On the
other hand, colchicine does inhibit the aster-associated saltatory
moverents of those echinochrome granules which do not migrate to the

cortex. (Rebhun, 1973)., This suggests that microtubules are required

'~ for some, but not all, movements of pigment granules in Arbacia eggs.. -

The present study has demonstrated that prefertilization sal-
tation of echinochrone piément granules and their migration to the

cortex at fertilization are not inhibited by concentrations of col-
o gl
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cemid (2,7 x 107> = 2.7 x 10™M) or vinblastine (1075 = 10™*M) which
are sufficient to block pronuclear fusion and mitosis. (Treatment
with 10°%M colcemid did inhibit these pigment granule movements; how-
ever,.this'concentration produced toxic effects resulting in aggrega-
tion, swelling and lysis of pigment granules.) In ;ddition. nigra-
tioﬁ of pigﬁent.granuies out of the presumptive micromere region,
which begins during the l-cell stage in normal embryos, also occurred
in non-dividing eggs which had been treated with these agents.
COIceﬁid (N-desacetyl—N-methyI'colchicine) is less toxic and
more effective in disrupting the mitotic spindle than colchicine at
the same cpncentrations (Kbbayashi and Nakamura.'1957a{ 1957v). Thel
molecular mechanism of actlon of colcemid 1s‘genera11y assumed to be 
the same as that of éoicﬁiéine. ;,g.,Abinding‘to microtubule subunit
" protein and thus disrupting or preventing assembly of microfubules
(Taylor, 1965 Borisy and Taylor, 1967). Vinblastine inhibits mi-
totic events by inducing the aggreéation of microtubule protein into
crystalline arrays and has been reported to bind to a different site
than colchicine (Weisenberg and Timasheff, 1970; Olmsted et al.,
1970), The occﬁrrence of normal pigment granule movements not only
1nAcoléhicine (Rebhun. 1967), but also in both colcemid and vinblas«

tine strengthens the hypothesis that microtubules are not required

" for these movements,

Microtubules have not been found in electron micrographs of
unfertilized Arbaclia eggs, even though other cytoplasmic structures

(mitochondria. Golgl, annulate lamellae) appeared normal (see Jubin-
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ville ot al., 1967; Anderson, 1968; 1970). Spindle micTotubules are
_ well-preserved in divi&ing eggs (Schroeder, 1972), as are those.in.
_ the general cytoplasm of later devéloﬁmental stages (Gibbins et als,
19695 Tilney and Gibbins, 1969a; 1969b; Tilney and Goddard, 1970).
Thus, fallure to observe'microtubules~1niunfertilize¢ eggs suggesté '
.the absenée of these structures unless there are gross differencesv;n
fhe rate and degree of penetration of fixative into unfertilized,and
fgrtilized éggs. . A '

In suﬁmaﬁy, it appears that microtubules are not required for
saltatory movements. of echinochrome granules'in“uﬁfertilized eggs,
for their migration to the cortex at fertilization,. or for theii "
movement out of the presumptive micromere region. The apparent de- "~
pendence of aster-associated.saltations on the presence of microtub-
ules (Rebhun, .1973) suggests .that different cytoplasmic elements are
involved in echinochrome granule movements in different regions

and/or stages of development,

S. Microfilaments . '

Cytoplasmic filaments ranging from 40 - 80% in diameter have
been observed in.a. number of.éells.which display motile or.cbntrac-
tile behavior., It has been sugge;ted.that these microfilament; ﬁay
be involved in cytoplasmic streaming.invplant cells (0‘Brien and
Thimann, 1966; Nagai and Rebhun, .1966), and in amoeboid movement
(Bhisey and Freed, 1971),. membrane fuffling (Goldman and Follett,
1969) and intracellular particle movements (Buckley and Porter, 1967)

in cultured mammalian cells, A band $f microfilaments has been
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found just under the plasma membrane in thé furrow region of many
dividing ceils and is ihought fo be involvéd in cytokinesis.(See
Schroeder, 1970; 1972), Several embryonic processes, including
echinodern gastrulation (Tilney and Gidbbins, 1969b), amphibian neur-
alation (Baker. and Schroeder, 1967) and ascidian tail resorption
(Clﬁney. 1986; 1969) #ppear to involve bundles of microfilaﬁents.

. Several observations.suggest that these.microfilaments con-
sist of actinelike protelns, Heavy meromyosin (HMM) binds to micro-
filaments inAglycerinated preparations of a variety.of non-muscle
cells, forming arrowhead configurations similar to.those formed in
combination.with muscle actin (Ishikava et al., 1969 Perry et al., -

| 1971). Actin-like proteins have been isolated from Acanthamoeba

(Poilard‘gg gl., 1970),. from plasmodié.of the acellular slime. mold

Physarum (Hatano and Oosawa, 1966) and from unfertilized. eggs .of the

sea urchins Hemicentrotus and Pseudocentrotus (Miki-Noumura and Qo-

sawa, 1969). .The amino acid composition and other properties of

these isolated "actins" resemble those of muscle actin., Actins from

Physarum (Nachmias et.al.,.1970) and Acanthamoeba. (Pollard et al.,
1970) also bind HMM in vitro. . Thus, the resemblance of microfila-
ments to actin supports the4hypothesis'that.these structures are in-

volved in contractile processes and motility. ..

-/ | .Hypotheses of the mechanisr of action of CB.-~Cytochalasin B .-

(CB), a metabolite of the mold Helminthosporium dematioideum, was

shown by Carter (1967) to inhibit movement and cytokinesis of cul-

tured fibroblasts, Schroeder (1969) observed that cytokinesis in
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Arbacia eggs was inhibited by CB and that the band of microfilaments
in the furrow region'disappearéd at thé saﬁe time. Subsequ;ntly, the
disappearance or disorganization of'ﬁicrofilament bundlés'was ob- |
served in ﬁ‘variety of systems in which cytokinesis, cell movement or
._morphbgenet;c'processgs had been 1nh1bited.by CBe. The'latter includ~
ed invertebrate gastrulation. ascidian tall resorption, fofmation of
tubular glands. in chick oviducts. branching of moﬁse salivary. gland
epithelium and axon elongation (see review by Wessells et al.,. 1971).
On the basis of these pﬁservations..Hessellsandtﬁs.colleagues sug-
gested that the effect of CB on.these. processes was primarily due to
selective destruction of 40 - 808 microfilaments. .. .

_ .Since these miqrof@lamentsumay contain acfin-like proteins,
several 1hve§tigations have been‘conqerned.with.the.possible 1§terac-
 -¢ion of CB with actin from muscle. Spudich and Lin (1972) found that
the viscosity;qf actomyosin,prepargtions.from rabbit skeletal muscle:

‘ and the activity of the,acto-HMM ATPasé were.decreased.in the presence

" of CBs These authors suggested that CB. competes with myosin for
binding to actin fiiaments.i However.AthelCB concentrations:used in
these expgrimenfs,were at least ten times those norﬁélly used to pro-
dﬁce 1nhib1tioﬁ of microfilament-related processes, In addition, CB
did not prevent. the in vitro transformation of isolated G-actin to
F-actin; nor did it interfere with the HMM binding to, or .release
from, isolated F-actin.filaments (Forer et al., 1972). . Thus, .isolat-
ed actin filaments can retain several structural and funétional.prop~

efties in concentrations of CB which inhibit motility and morphogene-
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. sis in non-muscle cells, Actin within muscle cells also appears to

be résistant fo CB. Myoblasts cultured in CB were able to produce.

.A actin and myosin and contract spontaneously (Sanger et al., 1971).

- Spontaneous contraction was also observed 1n‘CB-tréated cultures of
cardiac and smooth muscle cells 1solgtéd‘fr§§ chick embryos (Sangef
and Holtzer, 1972), However, CB reversibly ihhibited beating in
hearts of 13 = 14=day chick embryos, Myofibrillar organizationiyas
also disrupted in UB-treated hearts (Manasek et al., 1972). The dif-
ference between fﬁe respbnses to CB of cardiac muscle éells in cul-
ture and in situ might.refleci an effect on functional interactions
between cells, rather than on froperties of individual cells, . A
difference in permeabi;ity to CB might aiso explain this discrepancy.
In any event, CB.does not always appear. to exert an effect on the
-structure_on the structure or function of actin filaments in vitro or
in vivo, | |

- In certain non-muscle éella. microfilaments were not disruﬁt-
ed by CB-treatments yhich inhibited movement or morphogenetic proces-
ses, Microfilamenfs were stlll present in cells of the aléé, Nitella-
after cytoplasmic stre#ming had been inhibited by CB (Rebhun, 1972).
Leukocytes in which spontangpus motility was inhibited by CB also

showed no changes in. the arrangement of microfilaments (Becker et al.,

1972). The response of BHK fibroblasts to CB was.variable: in some -~

cells microfilaments disappeared, in others, they remained in the
normal pattern, and in a third group, the microfiiament bundles under

the cell membrane disappeared while other microfilaments were found
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with thicker filaments in "muscle-1ike” configurations (coldman.
1972), Chang liver cells, in which endocytosis had been inhibited by
CB still contained microfilaments, but their distribhtion within the
cells had been altered. (Wagner et al., 1971). Cessation of axon
elongation end'growth_cone activity in cultured neuronsktreated with
CB was also accompanied by a redistribution, but“not a disappearance
of microfilaments (Yamada et al., 1970). The band of microfilaments
in the furrow reglon of Xenopus eggsererained after CB-induced forrow
regression (Bluemiﬁk.1971a:19?15). However, the diameter of these
filanents vwes 80 - 1008 rather than 40 - eoX which might explain
their 1nsensitivity to CB. Thus, 1n the presence of GB. microfila-
ments.may.retain their structural 1ntegr1ty and organization, be re-
distributed.within.the<ce11, or. be .completely.disrupted, .. However,
the continued.ﬁresence.of‘microfilaments in some CB-treated. cells
cannot be regarded as proof that these structures are able to func-
tion in CB. | | |

. Observations.of‘cleavage 1nhibition by . CB in a number of |
cells led to an alternative hypothesis that the primary effect of
CB is on membrane structures, Membrane effects could indirectly
caﬁse changes in associatee.microfilaments in some cells (Bluemink;
1971a; 1971b). Only in Hela. cells and Arbacia egkh has.complete

~ prevention of furrowing been observed (Schroeder, 1970; 1972). Fur-
YOWS Were nearly.completed and then regreesed in some other cultured
mammalian cells (Carter, 19673 Krishan and Ray-Chaudhuri, 1969;
Krishan, 1971) and in Xenopus eggs (Bluemink, 1971a; 1971b; Hammer
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et al., 1971) treated with CB, Carter (1967) suggested that the ap-
. parent increase in adhesion to the glass substrate might explain the

i 1nability of mouse fibroblasts to complete the furrowing process in

.CBs In addition to the initial furrow formation. growth of new menm-
brane is required for cell division. in Xenop eggs. . Since furrowing
began normally in CB-treated Xenogus eggs, . Bluenink (1971a; 1971b) '
has suggested that CB inhibits membrane growth and/or .junetion forma~
tion betneen.blasﬂomeres, rather. than the activity of the equatorial
band of microfiléments.‘.Hahmervand her .colleagues (1971) have pro-

- posed a similar mechanism for ¢leavage inhidition by CB in Xenopus
eggs. If the equatorial band of microfilaments does .provide thé im-
petus for furrouing (see SectionAé),“the above observatlons suggest
that CB does not interfere with the functioning of these microfilae
mments in several types of cells,  The initial furrowing in CB-treated
cells might have resulted from a difference in.the permeability of
the cell membrane to CB, rather than fiom a specific effect of CB on
membrane functions. . ' '

Inhibition of transport of sPecific substances into cells
provides further support.for the hypothesis that . CB affects membrane
proﬁerties. In cultured mammalian. cells treated with CB, uptake of
glucose and glucosamine (Cohn et. al., 1972; Estensen and. Plagemann,
1972;_xle£z1en et al., 1972; Zigmond and Hirsch, 1972) and uridine
and thymidine (Plagemann.and Estensen, 1972) was.inhibited, while
other substancés were transported at the normal rates, . This inhibi-

tion of transport appears to display a degree of cell specificity,
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since the uptake of RNA precursors 1nto chick embryonic cells was
normal in the presence of CB (Maslow and Mayhew, 1972).
‘ When cells from-different embryonic tissues are combined in
~culture, they sort out, forming histotypic aggregaies. This process
was inhibited by CB in same. combmtioﬁsﬂof cells (Maslow and Mayhew,
19721 Steinberg and Wiseman, 1972: Sanger and Holtgzer, 1972),.but ;
~ continued n§rmally.1n‘others (Armstrong and Parenti, 1972). Failure
of oeiis.to sort out was. not merely a consequence of inhibition of
movement by CB, éince.thé initial aggreéation.was normal. Thus, CB
apparently interferes with.the sPecificity.of'recognition. attraction
and/or adhesion between cells of. a particular tissue,. These prdces-
ses appear to be functions of the cell membrane or of extracellular
surface coats. .. |

. Phagocytosis and pinocytosis are also inhibited by CB in some
cells, CB inhibited. phagocytosis. of bacteria by leukocytes and macro-
phages (Allison et al., 1971; Davis et al., 1971; Malawista et al.,
1971) and pinbcytosis of sucrosé.by Chang liver cells (Wagner et al.,
1971), while uptake.of colloidal gold or. ferritin occurred normally |
in macrophages (Hills et al., 1972), . Cell membranes ave involved in
these processes. However, a cortical. layer of microfilaments which
can bind HMM has been obserQed 1n4n6rmal"ﬁouse macrophages (Allison
et al,, 1971).. It seeﬁs quite possible that the inhibition of phago- --
cytosis and pinocytosis by CB was the result of disruption of these

microfilaments.
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In sumnary, inhibition of movement. morphogenesis and other
processes by CB. involves physiological effects on components of the
‘ cell surface, namely membranes and underlying microfilaments. The
: var;ation in CB-sensitivity of similar processes 1ﬁ different cells
ma& reflect. intercellular differences inlthe compositionvof membranes
and microfilaments., Alternatlvely, the degree of involvement of the
CB-sensitive structure(s) or event(s) in a given process may vary be-
tween difterent. types of cells, The pr;mary site and mechanism of
action of CB feméin.unceftain.. In many cells, the structural integ-
rity.of arrays of microfilaments was disrﬁpted“by CB; however, spe=-
éific binding of CB to possibly homologous actin filaments in muscle
has not been demonstrated, .Since both membranes and,microfilamgnts.
appear to be ﬁffected. CB may be interfering with~in£eract1§ns ﬁitbin
~a complex of cell surface structures which are involved in movement
and morphogeﬁesis.as,well as other processes, .

. .Effects of CB on granule movements.--Treatment with CB in=-

hibits saltéxory.movements.and cytoplasmic streaming in algal cells
(Wessells et g;.,.1971;.nebﬁun..197z; Williamson, 1972), movement of
melanin granules within melanocytes of frog skin (McGuire and Moell-
mann, 1972; McGuire et al., 1972) :and saltatory movement,of echino-
chrome granules 1# unfertilized Arbacla eggs (Van Wie, 1969; Belanger
and Rustad, 1972; Rebhun, 1972). . In melanocyte processes, microfila-
ments disappeared when granule movement was inhibited (McGuire and
Moellman, 1972; McGuire et al., 1972),
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‘In the experiments described herein, CB inhibited certain
movements of echinochrome granules, allowed others'to continue ﬁor-
mally‘and even apfeared to 1nduce grénule movement at one stage,

. This variability in response to CB reinforces the hypothesis'that
echinochrome granule movements do not occur by a'single.mechanism.

but rather are governed by structures or précesses in particular ré—

gions of the egg during different.st#geé. Thus, . conclusions regard-

ing the mcchanioms of these. movements must take into account the 16-
cation of the moving gqanuies and the. concurrent developmenta; events,

as well as the sensitivity.of the movements to.CB and colcemid. This
information is summarized in.Iable 2, |

Saltation of echinochrome granules in unfertilized Arbacla
eggs is rgndom in direction (Parpart,v1964).andvappears to represent
-independent .granule motion rather than a responSé to4cyto§iasmic
sireaming..lnigrat;op of echinochrome granules to the cortex af fer-

- t111zation. occurs by a similar process in which most, but notzali.
saltatory movements aré oriented toward the coftex;A Both of .these
"independent"” granule moveﬁents occurred.1n.the'presencemof cbicemid. f'
but were inhibited by CB.' If a cytoplasmic strucfural elémen£ is re-
quired for these movements,‘the preceding observations suggest tﬁat
microfilaments rather than.microtubﬁlés méy.be.involved.

-Pigment granules assoclated with the asters of the mitotic
apparatus display saltatory movements along the astral rays. However,
these movements continue in CB, but. not.in colchicine (Rebhun, 1973),

suggesting involvement of astral microtubules, but not microfilaments,



TABLE 2

ECHINOCHROME GRANULE MOVEMENTS
. IN COLCEMID AND CYTOCHALASIN B .

Associated

Movement Location . Sensitivity to:
Processes CB Colcemid
Prefertilization Cytoplasm Blocks No effect
saltation
Migration to Cytoplasm  Fertilization  Blocks No effect
cortex to cortex ‘ e
Aster-associated  Cytoplasm  Mitosis . No effect’ ~ Blocks
saltation
: '
: . |
Aggregation Cortex Pre-cleavage Induces Does not S
into clusters : induce '
Equatorial Cortex Cleavage . Enhances = Blocks
pigment .
accunulation
: "
Clear area Cortex . Blocks A No effect
formation :

* From Rebhun, 1973. Colchicine rather than colcemid was used in this

experiment,

** In colcemid-treated, undivided eggs.
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During cleavage in normal é;éggig.eggs, pigment granules em-
bedded iﬁ the cortex ténd to accumulate }n the fﬁrrow region'and be-
come less concenirated at the poles.. This has;been regarded as & .
reflection of cortical changes involved}in furrowing rather than as
independent granule movement (Bee Sectisn 2); In CB-treated eggs
which did not form furrows; the accumulation éf pigment gfahules was
much more dramatic than normal, resulting in an equatorial band of
closeiy backed granules. .Taus, coitical changes involved in migra:in
tion of pigment éranules td the equator during cleavage are not
blocked by CB. . ;

?he transient aggrégation of cortical pigment gramules into
clusterslvwhich was often inducéd when éggs were placed in CB at mete-
phase, waé~never seen. in normal br colcemid-treated egss. Thie might
reflect an effect of CBlon the cortex or plasma membrane, but could
also be & result of enhanced gffinity or adhesion between pigment

,granules; .

Movement of individual granules comprising clusters and equa-
torigl bands was also observed. This provides a further demonstf&-

tion tnat CB does not prevent movement of echinochrome granules within

the cortex of fertiliged Arbacia eggs. These movements might have

been similar to the "slow shifti;ga observed in the cortex of nommal
and colcemid-treated fertilized eégs. Alternatively, they mignt have'
reflected changes or movements of the cortex or liquification of its
hgaglh étructure. Since granules did not migrate hy Brownian movement

from tino cortical layer into the general cytoplasm in these eggs, it
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seens uniiﬁely that the cortical gel was completely disrupted by CB
f.reatment. - | | '

Movements of pigment granules leading to formation of a clegr‘
area in thé cortex of the presumptive micromere region were not in-
hibited by colcemid., When.CB was added toAcolcemid-treéted eggs as
clear areas were beginning to form, the movement of individual pig-
ment granules within this region was inhibited. The fo&mation of a
¢lear area may be the result ofi?independent? granule movement with
a preferentiél orienta@ion or of.éhanges or. movements of the "corti-
cal gel" (see Sectiop 4 for a discussion Af these possibilities)..
The sensitivity of pigment granule movements within the presumptive
micromefe region té CB suggests.that.they are‘more.similar to "inde- .
pendent” grahule movenents, . such .as migration to the cortex, than to
‘the coxtical changes 1nvoived';n cleavage which result in movement of
pigmentAgranulés. Alternatively, the process of clear area formation
might involve both. independent and cortical movements. In either
' case, the inhibition. of pigment granule movement within the presump-
tive micromere :egioh by CB suggests that microfilaménts maj be in~
vo}ved. | .

Thgs, the variation in sensitivit& of different pigment grén-
ﬁle movements to CB appears to reflect the location and general char-
| acteristics of the movements. Movements which were inhibited by CB
seen to involve 1ndependent granule movement, with or without a pre-
ferential orientation. Granule movements observed in CB either occur

in the cortex and appear to reflect movements of changes.of this
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layer as a whole, or are specifically associated with the microtubules
of the mitotic apparatus,. . i ‘

" The inhibition of independent granule movement by CB has been
A‘regarded as support for the hypothesis that microfilaments are re-
quifed for these mqvéments. Although microfilaments have not been
found in electron miqrographs.ofuunfértilized Arbacia eggs, they are
knoun.to occur. in the cortical region.ofnfertilizedwsemgnrchin‘eggs-
during certain stages.. In Arbacia, microfilaments have been obsérved
in a band (0.2u thick and 8;Ou”w1de.,Schrbeder,.19?2).just.under thé
plasma membrane in the furrow region during cleavage. The micrpvilli

of fertilized Strongylocentrotus eggs contain cores .of microfilaments,

which extend dowvn into the cortical layer (Hairis. 1968).. Very few
microfilaments have been observed in the microvilli of fertilized Ar-
bacla eggs (Schroeder, 1972), . However, éhey are present in the mi-
crovilli of ectodermal cells.of gastrulae,.pseudopodial processes of
of rrimary“mesenchyme cells.(Cibbins.gg 5;.;"1969;.Tilney and Gibbins,
1969a), and filopodia.of secondary mesenchyme cells, which are in-
volved in gastrulation (Tilney and Gibbins,.1969b).

The disappearance of the band of microfilaments in the fur-
row region in CB (Schroeder, 1972) demonstrates that one of the ef-
fects of this drug on Arbacia éggsvis the disruption of microfila=- |

-ments, Inhibition of gastrulation by CB in Strongylocentrotus and‘

Lytechinus embryos (Wessells et.al., 1971) is also thought to in-
volve an effect on microfilaments, Thus, disruption of microfila-

ments could explain the present observations of inhibition of pigment
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granule movement by CB. However, both pfefertilization sﬁliétion and
nigration of-pigment granules to the cortex occur at stages'in'which
microfilaments have been rarely, if ever, observed. This night re-
: flect.incfeased lability of microfilaments at these stages or they
might be present as a fine network, uhich would be more ‘difficult to
1dent1fy than discrete bundles. of microfilaments..

Alternatively, CB.might be causing a general effect. on the .
structural and/or functional properties of the cortex and cell sur-
faces This hypothesis is supported by observations of changes in the
appearance.of the egg surface in the presence of CB. The hyaline
layer, which includes the surface micr&villi..oftenuwas.hyperirophied
and granular in appearance after prolonged CB'treétment.. The surface
of the egg below.this layer often became wrinkled or bumpy in CB (hy-
_alineAlayér hypertrophy and $ﬁrface wrinkling appeared to be separate
phenomena.JaiﬁéemeachAwas observed alone as well as in combination
with the other). Although these.chﬁnges might represent general

hysiological effects, or specific effects on the plasma membrane,
they could also be explained by disruption of. microfilaments, possi-
bly in the micxovilli...The.elevation of normal-appearing fertiliza-
tion membranes in unfertilized eggs exposed to CB.involves changes in
both the cortex and plasma membrane., . However, the specific struc-
tures on which CB acts to produce this effect remain uncertain., Ly-
sls of the majérity of pigment granules in the cortex of fertilized
eggs was sometimes observed in the presence of CB and could represent

an effect on the membranes surrounding pigment granules. - Since both
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parthenogenetic activation and pigment granule lysis can be induced
by a variety of experimental‘t:eatments (see HarQey, 1956), their oc-
B currehce.in CB may reflect either a noﬁ-specific or specific effect,
.In somé eggs, pisgment granules were extruded out ihto the hyaline
la&er after prolonged GB‘treatment..'This seemed to parallel the ex~
trusion of nuclei.observed by Carter (1967) in cultured cells, ‘?heA‘
‘mechanism for these effects. is unknown, .
Thus, CB éa;ses several .effects on the cell surface, in ad-

dition to inhibiting certain pigment.granule movéments.. Although the
cell surface changes,mightfinvolve effects on membranes or. other
structures within this region, many of th?se phenomena could also be
explained by direct or indirect effects on microfilaments, If pre-
fertilization saltation of echinochrome granules,.theirumigfatibn to
- the-cortex-and movements during clear area. formation do in fact de-
pqnd-on.cytoplasmic.structurai elements, inhibition. of these move-
ments by CB suggests that microfilaments are involved.

2. Pigment;granﬁle movements in cggs exposed to CB
before cytokinesis

Many attempfs to understand.the mechanism of cytokinesis have
been concerned with the site of origin of the "actlive force" causing
the formation of a furrow. In the “expanding membrane* hypothesis,
Mitchison (1952) and Swann(1952) proposed that the polar cortex ex-
pands, pushing the furrow in pass;vely. Alternatively, Marsland and
Landau (1954) suggested the “"contractile ring” hypothesis involving

active contraction of a band of cortical gel at the equator to form
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the furrow, and thus induce passive stretching of the polar cortex.
The . "astral relax#tion“ hypothesis of Wolpert (1966) embodies fea-
tures-of each of £he preceding hypotheses, bu£ reduces both polar
expansion ahd equatorial contraction to passive processes, ﬁolpert
proposed that material originating in the asters preferentially re-
laxes tension at the poles, thus allowing contraction at the equator..

In a wide variety of'cells, inclﬁding Arbacla eggs, a bundle
of microfilaments (the "contractile. ring") has been identif;ed be=
neath the plasma membraje of the. furrow reglon and is thought to
correspond to tﬁe cortical gel (see Schroeder, 1970; 1972). These
"microfilaments disappeaf or becomemdiéotiented,when cytokinesis is
1nhibited;by.CB in.HeLa'cells and Arbacia eggs (Schroeder, 1970;
1972), Tgis has been regarded as evidence that furrowing results
-from equatorial. contraction, involving "contractile ring” ﬁicrofila-
ments (Schroeder, 1970; 1972) kfor alternative interpretations of the
mechanism by whicﬁ CB inhibits cleavage in other cells, see Séction
1b). P

In Arbacia4eggs,_D;ﬁ (19513.195&) and Scott (1960) have dem-
onstrated that~pigment grénules éccumulate in'the'fhrrow fegibﬁ dur-
ing cleavage and become less concentrated in the polar regions.
These movements are thought to reflect the e@uatorial contraqtion and
polar expansion of the cortex and are consistent with all of the
above hypotheses,

In the present investigation,. it was found that the accumula-

tion of pigment granules in the equatorial region occurred in the
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presence of CB;-even though no furrow formed (see Figure 14), As
pigment granules migrated toward the equator, blebs of the hyaline -
. layer formed above the concentrated band of pigment.(see Figure 15),
.The accumulation of pigment grﬁnules appears to correspond to that
obéerved during normal cieavageg.theAhyaline layer blebs probably
represent‘mateyial that would have beén distributed along thé sides
of the furrow, | | |
Froﬁ observations of the movements of pigment gramiles during
furrowing, Scott "(1960) has inferred that.cortical contraction in the
" furrow region consists of two componenté: longitudinal contraction
/(perpendicular to the plane.of the furrow) and latitudinal contrac-
tion (parallel to the furrow circumference). A plausible explanation
for the accumulation of pigment granules at:the equator in CB ié that
Jatitudinal contraction was inhibited by. CB-treatment, while longi-
tudinal contraction continued. Longitudinal'contraction would then
be independent of latitudinal contraction, wﬁich might involve "con- |
tractile ring” microfilaments, If.pigment Accumulation and hyaline
layer blebbing also feflect polar. expansion, this. expansion neither
induced (as predicted by.the “expanding membr#ne” hypothesis) nor re-
sulted from (as in the "contractile fing" hypothesis) formation of a
furrow in these CB-treated, non-dividing eggs. Polar expansion
coupled with longitudinal equatorial contractim may. be evénts which -
~ are independent of, and equally as. “active" as furrowing. .
Thus, certain phenomena assoclated with normal cleavage, in-

cluding accumulation of pigment and hyaline layer material at the
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equator can occur in the absence of furrowing, Normal changes in
cortical.birefringenoe and rigidity have also been opservediin cells
which did not divide'(Monroy'andAMontalenti. 1947; Swann and Mitchi¥
son, 1953), Houever. in such eggs cleavage did not occur becnuse the
mitotic spindle had been disrupted by colchicine treatment. In this
connection. it may be lmportant to note that no concentrated bands of
pigment or hyaline layer blebs were .ever seen in colcemid-treated.{
non-dividing eggs during the course of the present experiments, Thus,
these phenomena may. represent activities occurzing during cleavage
which depend. .on. the. rresence of a.spindle or. asters. e

In.eggs.of.the.clam.,Spisula,.treated.wi;h CB,. cortical
events associated with the cleavages forming;polar.bodies.also occur .
in the absence. of furrowiné.(Longo;.1972).u In untreated.eggs,.tho
spindle migrates. to the cortex, cortical. granules are movednout of
this region, a.cytoplasmic protrusion forms and is separated from the
-egg by cleavage.. Yhen eggs were treated with CB, all of'theeabove e~
vents occurred normally Wwith the exception of cleavage. The cyto-
plasmic protrusion was resorbed and appeared again at the. time of
formation of.the second polar body .in. CB-treated eggs.n The movement
of cortical granules and appearance.of cytoplasmic. protrusions may be
" related. to the presence. and movement.of.the. spindle, .. The preceding
observations. as well as those of the present.study demonstrate that
_ cleavage may involve a group of independent events. some of which can

be separated by CB-treatment.
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3« Differentiation of the presumptive micromere cortex
in the absence of mitosis and cleavage

.. During the 4-cell stage of normal Arbacia embryés, pigment.

' granulés begin to migrate out of the reglon which will become the mi-
cromeres of the 16-cell stage, leaving a.clear area on each blasto-
mere (Morgan, 1893). The present study.has demonstrated that this
pigment migration takes place at the normal time in eggs.in which mi-
tosis and cleavage were prevented by a variety of experimental treat-
ments, Clear(areas.wefe formed in eggs treated with colcemid or vin-
blastine.,bqth:of which.inhibit miiosis'by.interfering with microtu-
| bule fnnction.chqlbemid.canqeither.prevent.fiﬁnuclear migratioh and

éubsequent fusion (Zimmerman and Zimmerman,. 1967) or .block mitosis at |

metaphase (Sauaia and Mazia, 1961), depending on .the time of applica-
tion, Vinblastine blocks the same stages, In .eggs treated with
ihese agents soon after fertilization; a hitotic.apparatus was never'
.fbrmed and thus could hot have. influenced the migration of pigment
out of the presumptive.micromerenxegidh.upClear areas also formed in
Qndivided.eggs.which.had.heen exposed.fo puromycin, which blocks mi-
tosis in the early prophase "streak". stage (Hultin, 1961). Protein
synthesis is known to be substantially reduced in puromycin-treated
eggs (Hultin, 1961; Black et al., 1967),. but the mitotic inhibition
may not be a result of a deficiency in essential proteins (Rebhun

et al., 1969; Rebhun and Monroy, 1970), .The formation of clear areas

was also observed in Y-irradiated, undivided eggs. Gamma-irradiation
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of unfertilized eggs (Henshaw and Francis, 1936) or newly-fértnized
eges (Henshaw and Cohen,.19h0) éauses a dos?-dependent delay in mi-
tosis, This delay is primarily expressed during prophase stages
(Henshaw,.i9h0). A8 yet, the specifig'mechanism of the antimitotic
action of Y-irradiation is unknown (see review by Rusta&. 1971). |
Clear areas were also observed in non-dividing eggs which had been
parthenogenetically. activated by CB treatment and subsequently |
washed. . .In eggs which had been incubatéd between 4° and 8°C, clear
areas formed in the absence.of mitosis or cleavage,..but at a much
slower rate, Thus, the rigration. of pigment granules outAdf.the.pre--
sum%tive micromere region occurred. in both activated eggs and fer-
tilized‘eggs.in which mitosis and cleawagé.weie blocked at different‘
stages (béfofe.pronuclear‘fusion,.during prophase.or.at. metaphase),

. The .migration.of pigment granuleé out.of.the.presﬁmptive mi-
cromere.regioﬁAis the earliest. visible sign of the differentiation of
micromeres,. Previous observations of micromere.formatiQn at the nor-
mal time in eggs in which mitosis was delayed .suggested that the time
"~ of formation of micromeres isﬂcontrolled.ﬁy“a:cytoplasmic "eclock”,

which 1sAindependent of. the number of mitoses which have occurred
.(Dfiesch. 1906{ Painter, 1915; Harvey, 19563 Rustad, 1960; Ikeda,
1965). Ikeda (1965) proposed that this fclock" might involve rhyth-
mic fluctuations in.the sulfhydryl content of. a KCl-soluble protein
1solated from sea urchin eggs, which oceur. during each division
cycle, Sakail (1968) suggested. that these fluctuations might be the

reéult of exchange of sulfhydryl groups between KCl-soluble protein



-116-

in the cortex and a water soluble protein in the cytoplasn, ihereby
increasing the contractility of the cortex at the fime of cleav#ge.
If’miiosis was teﬁporarily 1nh1bited.by exposure to UV-radiation, di-
nitrophenol or nitrcquinoline oxide during one or more division,
cycles, the sulfhydryl cycle continued. In these eggs, micromeres
were formed at the fourth peak of the sulfhydryl cycle, regardless:of
the number of cells which were produced'ai that time (Dan and Ikeda,
1971). When the sulfhydryl cycle (and cleavage) was temporarily in-
hibited by 0.6% ether in sea water, nuclear division continued nor-
mally. <Howe;er. when cleavage was alloWwed to resume in these eggs,
‘no micromeres were formed at the division which produced 16 cells
(Dan and Ikeda, 1971).. This further supports the hypothesis that the
sulfhydryi cycle may be the cytoplasmic."cléck" responsible fbf mi-
cromere formation. | |

- _It.has not been determined whether the sulfhydryl egcle oc-
curs preferentially. in the cortex or the general cytoplasm of'repree
sents anninteraction.bétween the two (the KCl-soluble protein can be
isolated ¥rom both the.coriex and the cytoplasm). .Cyclic changes in
birefringence and rigldity ass§ciated‘with eleavage are khpwn'to oC~
cur in the cortex and continue in.non-dividing.eggs.treated.nith col-
-chicine (Monroy and Montalenti, 1947; Swann and Mitchison, 1953),
However, the relationship of these cortical events to micromere for-
mation has not been investigated. The present study demonstrates
that a cortical event which is specifically involved in the differen=-

tiation of micromeres occurs in the complete absence of mitosis and
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 cleavage.
Several other examples of "differentiation without cleavage”

' have been reported, Lillie (1902) observed that Chaetopterus eggs

placed in sea water.containing KC1 developed functional cilia and un-
 derwent other. cytoplasmic changes resulting in a structure resembling
the normal trochophore larva. These events were observed in.eggs |
which did not cleave; in some eggs mitosis occurred, but in oﬁhé:s a
single nuclear maés was present throughout. Harvey (1956) has re-
ported'the‘formafion.of cytoplasmic protrusions résembling.cilia in
"blastulae" from anucleateiArbaci; half-eggs. which had been partheno-
genefically activated, Although these “parthenogenetie merogonés"
contgined no nuclei, . cleavage did. occur during their development, In'

eggs of Rana .pipiens, which were induced to mature in vitro by prp-

gesterone treatment,4a‘series of morphogenetic movements resembling’
normal gastrulation occurred after the completion of maturation
(Smith and Ecker, 1970). No cleavage was observed in these.eggs and
the initial events of."pseudogaétrulation" éouldmoccur“in.eggs from
which the germinal vesicle (nucleus) had.been removed. prior to pro-
gesterdnéwtreatmentu: Thus, in.a number of eggs, including those of
Arbacia, .certain. events involved in differentiﬁtion appear to be con-
trolled by cytoplasmic processes.which are independent of both the_

mitotlic cycle and cleavage,
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L4, Characterization of pigment granule movements
during clear area formation )

Analysis'of the movement of pigment granules out of the pre-
éumptive micromere reglon of colcemid-treated eggs has been made in
order to answer the following questionss (1) Are pigment granule
‘mofemqnts within the presumptive micromere region préferentially ori-
ented toward its perimeter or are they random in direction until
granules become.trapfed.at.the peripher&? (2) Do the rates of gran-
ule movement within the presumptive micromere region diffexr from
those in other regions of the cortex of eggs at the same stage or in
the cortex of fertilized eggs prior to division?

This analysis has revealed that the majority of pigment gran-
ules, uithin the presumptive micromere region move predominantly
toward its perimeter during formation of a clear arca, Movements oi
individual granules in another reglon of the cortex of ezgs at the
same stage and in the cortex of fertilized eggs prior to division
show no dominant origntation. The rates of movenment of these pigment
granules are not substantially different from those of granules withe -
in clear areas. In addition.:treatment of eggs with hypo= or hyper-
tonic sea water revealed no‘preferentiai weakness of the cell surface
which might correspond to liquification of the "cortical gel”, allow-
ing increased freedom of éranule movement in the presumptive micro-
mére regione These observations demonstrate thax‘fbrmation of a
clear area results from preferential orientation of pigment granule
movements toward the perimeter of the region and does not require

increased rates of granule movement.
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Oriented movement of pigment granules’might reflect ﬁovement
-of the cortical éel as a sheet from the center to the périphery.of
the_région, carr&ing plgment granules with it. Alternatively, pig~
ment granulés might meve independently within tbe cortical iﬁyer in
" response fb some ;ther orienting process, Any complete éxplanation
of the ofientéxion of pigment granule movements within the presumpfive ’
‘micromere region must take into account‘all of the observations listed

in Table 3,. o |
.. Movement of a.§¢a;1 nﬁmber of granules.towaréithe center of
the bresumptive micromere region,.erratic rather than straight gran=-
ule paths, and mdependeﬁ*g movement of .initially adjacent granules
would not occur if moving sheets. of corticgl gel were carrying pig-
ment graﬁ%les toward the perimeter of the region; High concentra-
tions of pigment granules would also}be unlikely to remain in the
center of some clear areas (seé.Figures 8, 11 and 12) as a result of
such a précess. unless sheet movement began at some‘distance'from the
center-of the region, 'Thus,'the obsgrvationé reported here suggest
movement of individual grahulés rather than of the cortical layer as
a whole, | ' '

Several types.of proééssés,could result in the observed gran-
ule movements, According to Morganband Spooner's (1909) account of
clear area formation, "the red granules . o  move off to the sides
as though material from beiow was being carried to the surface.”
Thus, one possible explanation might be preferential assembly of new

cortex in the presumptive micromere region, forcing most pigment
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TABLE 3

. -OBSERVATIONS OF PIGMENT GRANULE MOVEMENT
. DURING CLEAR AREA FORMATION

—1.

2.
3.

by
Se

Pigﬁent granule movementé are preferentlially oriented toward the
perimeter of the presumptive micromere region,

A small number of granuleé'move with the opposite.dfieniétion.
High cbnceﬁtratioﬁs of pigmeni grénﬁleé reﬁain in the center of
some clear areas (see Figures 8, 11 and 12),

Granules initially adjacent to eacHAother4m6ve independently;
Moving granules'fblloé tortuous, rather than étfaighf, paths,
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granules to move to the perimeter. Localized insertion of cortical
material betﬁeen pigmeﬁt granulés could expiain the independent move-
ment of adjacent granules, their erratic courses and the fallure of
all granuiés to leave the region, |

MeClendon (1910) suggested that the migration of. plement
'g:aﬁules to the rim of the presumptive micromere reglon was analogous
to similar granule movements in the cortex of other eggs during polar
bodi formation (see also Longo, 1972), and.to the aécumuiation of
pigment granules in the furrow of cleaving Arbacia eggs.. The resem-
blance between the concentrated ring of pigment. granules at the peri-
neter of many clear areas in undivided eggs (see'Figufeé'B and 29)
and the band ;f.pigment granules at the equator of eggs in which
_cleavage was inhibited by CB (see Figure'ib) concurs with thiéAanal-
ogy: The. pigment granule‘moveménts involved in furrowing appeai to
be a result of equatorial contraction of the cortex accompanied by
‘expansion or stretching at the poleé (see Sectién 2).' Localized ex-
pansion of thg qell surface could account for all movements of pig-
ment granulés observed duriﬁg‘clear area formation. In fact, expah—
sion of the egg'surface to form pigment-free evaginétions was ob-
‘sefved after prolonged incubation of fertllized eggs at low tempera-
tures, Whén these evaginations were reabsorbed (at room temperature),
"~ the region :emained free of pigment. Unfigmented evaginations also
formed when eggs were treated with hypotonic sea water or when part
of the egg surface was extruded through a broken fertilization mem-

brane, Thus, a pigment-free region can appear as the result of an
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-expansion process, but does not necessarily do so in the presumptive
micromere region of noimal'or non-dividing eggs. | o

| ‘ Individual pigment granules.might also travel -through orient-
ed channels in the cortical cytoplasm.i However, this wonid not seem
to explain_tne tortuous nature of grsnule paths, including monement
towerd the centeerf the region. for short distances, Failure to ob-
serve two granules following the same path is also inconsistent with
this hypothesis.

Finally, pigment granule movements might also be associated
with cytoplasmic structural elements such as microfilaments or micro-
tubules. The inhibition of pigment granule movement within the clear
~ area by CB, but not by colcemid suggests that microfilaments rather
| than mic;otubules ‘could be invalved in these rovements (see Section

in summary.-the charncteristics'ofApigment:grannle moyement
during clear area formation are inconsistent with movement of a sheet
of cortical gel and strongly suggest independent movement of each
pignment granule within the cortex. This movement might occur as a
result of iocalized insertion of new'cortex. expansion of the cell
smrface.tor'movement of granules through_cytoplasmic cbannels'om'in

association with oriented microfilaments,

5+ Conclusion

Movements of echinochrome granules in Arbacia embryos reflect
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4

cytoplasmic and cortical events involved in fertilization, mitosis.

cleavage and the differentliation of mlcromeres, Cnaracteristics of
granuie movement (rates. orientation‘and sensitivity to inhibitors)

vary with the location of the granules and the stage of‘development
of the embryo, suggesting that more than one process can result in

_ granule movement, Observations nade in the course of this study are
consistent with tne hypothesis that prefertilization saltation. mi-
'gration to the cortex and movement of pigment granules out of the |

presumptive micromere negion involve microfilaments. but not micro-

tubules, “ ' »

fhe accumulation of pigment granules at tne equator of '
cleaving eggs appears to be the result of cortical processes in-
volved in furrowing. _Appearance of a concentrated band of pigment
granules at the equator of CB-treated eggs uhich never formed fur-
, rows demonstrates ‘that cortical events leading to pigment accumnla-
tion are independent of furrowing. .'

Migration of pigment granules out of the presumptive micro-
mere region to form a clear area is the earliest visible sign of
micromere differentiation. Occurrence of this migration in non:di-
viding eggs which had been blocked before pronuclear fusion, during
prophase or at metaphase demonstrates the independence of this cor-
tical differentiation from mitosis and cleavage.

Formation of a clear area in the presumptive micromere region

involves oriented movement of individual pigment granules at rates
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no greater tha;z those occurring in other regions of the cortex at '
the same stage or in the cortex of fertilized eggs prior to division,
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