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PREFACE

A causal analysis of development depends, in part, upon a know-
ledge of the plysico-chemical nature of a developing system, Histore
ically, basic analytical biochemistry and cytochamistry have served as
the foundation for further exporimental investigations. The egy of
the fresh-water pulmonate snail Limnaca is particularly well-suited
for the study of descriptive and experimental morphology {(Morrill,
1963, 1963h, 1964a, 1964h; Raven, 1948, 1952, 1958, 1964). Its cyto~
chemistry is also well known (Raven, 1945, 1946). Little, however, iw
understood about the biovhenistry of developing Limnaea. Therefore, I
elected to investigate the overall patterms of synthesis of three
¢lagaes of macromolecules -~ ribonucleie acid (RNA), deoxyribomucleic
acid {DNA) and protein. The purpose of these investigations is to
gain an insight imnto the biochemistry of developrment in Limmaea palus-
tris. &n attempt will be made to correlaie the biochemical pattemns
with cybochemical and moyphological observations. My technique is a
quantitative mothod to illustrate gualitative relationshipsy the
quantitative results are a function of the experimontal pavameters.

iv



TABLE OF CONTENTS

ACKHOWLEDCEI EN T  supsnvannssbnunsinerssunnosionssunnsonssnnasn il
M?Am. X Ny T F P e Ry L e R TR A R S E T Y o iv
LKZS’I‘ OF Ff@%m SEGEESEF B FEIFATERRERESE R F AR AR CS ST RGN i
BBSTRACT s samonswnsnnsssossnssvnsschanrssneuninnsnepnnssvsnasons Vil
mmﬁmifﬁ*»a BB ER R EER RS ERIRERA RS ERESBREF SR CE R ORI AT RN 3
ﬁﬁfm A x‘mm& [ Ty T e P ey e Y &
W PEFREERRPEPFVSERERR S ETEP A RR T B RBNERE DRI ERTEDER R RSP oS 11
ﬁm@ﬁ& HRHGEREERREERENCRF RN P RARERS A B ER RS I ARG RS ER N A L FERE S 20
wmm lumw LT T T e e e 2?
ﬁ?@aﬂﬁm II;&& EEEFRFEFFECER SR ER RN RN ASERF TSRS RE NS AR RFR RS RS F 31
APPEDIR IITeunasenuorisnnsnnnsnbobinonisesnrvsnsossisbnrnnane 34

BIBLIOCRAPHY s e s b as ks v s anabsvasbbosnessnssnshuss shnssnavansnnes 7



Figure

I,
2,
3.
&
S
G

7,

LIST OF FIGURES

Ayparatus for waghing YO T v nsusssssnsnnssnaneeis
Rates of incorporation of thmﬁdina«mtky!«ﬁ&ﬁ.“mm
Rates of incorporation of midimasﬁunﬂuuu.u*

Rates of incorporation of l-leucine=g, 5-HC,seeessnens
Burmmayy of ratas of precursor incoxporatiof.:sxsesesen

Anount of radicactivity not rxemoved from
contyol evbryos by thres extraction

LochniQUaCsesrsa s as s o istursissstnspanbanofasies

Effoct of concenkration on rates of incorporationiesses

vi

12
13

15

19

30



The purpose of this study is to investigate some biochemical pat~
terns during the develepment of normal and actinonyein-D-treated em-
hryos of the pulronate snail Limmaes palustris.

Rates of protein, FENA and DNA aym:heaaa wors detemmined at half.-
day intervals during development of patustris. Incorporation
of tritivm-labelled leucine, uridine and t dine was measured in the
zold porchloric acid residue. In normal enbryes the rates of protein,
BRA and DNA mﬁhema aye low and nearly constant throughout aleawa
and gastrulation. As the gastruls develops into & trochophore, RHA
and protein syntheses accelerate markedly., Protein synthesis ™peaks®
at the 2-day trochophore stage. A second surge of protein synthesis
occurs at the 3-day stage ~ a period of marked enbryogencsis and growth.
Prior to this stage, thers ias a high rate of RNA synthesis,

Continuous tyeatment with actinomyein-D {100 ug./ml.) inhibits
differentiation, The erbryos arrest approximately between the 2 and 3-
day stages. In the actinomycin-D-treated embryos uridine incorporation
is not deotected during the esarly stages, A low rate of incorporation
occurs in the arrested arbryos. Marked protein synthesis ocours durips
post-gastrula stages, but decreases with time, While the magnitude of
the protein synthesis corresponds to the ¥2-day pesk™ of normal synthe-
sis, it is delayed by approximately half a day.

The resmlts suggest that thyough the 2-day shage, protein synthesis
is under the contyol of "presoribed” RNA. Follewing thizs stage, genome-
dependent RMA synthesis is vequired for further differentiation and
growth,
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SOME BIOCHEMICAL PATTERNS DURING THE DEVELOPMENT OF
NORMAL AND ACTINOMYCIN-D-TREATED EMBRYOS OF THE
PULMONATE SNAIL LIVMAEA PALUST!




The biochemistry of animal development is currently one of the
most dynamie fields of biological endeavor (e.g. Weber, 1965). Systems
of curront interest mm sea urching {a.g. Guostafson, 19655 Oross,
1964), amphibia (Brown, 1864) and certain molluscs {Collier, 1965).
Biochemical investigations, howaver, should be extended to other de-
veloprental systems. Additional comparative studiece are needed to
correlate various biochemical and roxphugenetic patterns of developw
ment.

Biocherdcal studies have shown that early protein synthesis in
gea urchine depends upon ribonucleic acids prement in the unfertilized
oy (g.g. Monroy, Maggio and Rinaldi, 1965 Denny and Tyler, 1964;
Hultin, 1964; CGross, 1964), TForthewmmore, cytoplasmic particles cone
taining messenger ribomucleic acid {m-BNA) have been isolated from
early~cleavage sea urchin enbryos {Spirin and NHemer, 1865}, A marked
increase in the synthesis of RJA and protein ccours at fertilization
and increasas through the blastula stage {e.g. Hultin, 1961; Elson,
Custafson and Chargaff, 19543 Cocd and Brown, 1964). However, when
DHA~dependert m-RNHA synthesis is suppressed with actinomyein-D, pro-
tein synthesis only continues wp to the blastula stage, suggesting
that now n-RNA {8 needed for dovelopment past *k’h? blastuls stage {Male
kin, Gross and Romanoff, 1064 Nemer, 1964; Comd, et al., 19685; Gross
and Cousineau, 1964).

A detectable change in RNA synthesis could mnot he demonstrated
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following fertilization in the amphibion Zenopus. During late cleav-
age, howaver, when DNA synthesis is wapid, RNA is synthesized {Brown,
1664). Although the maternal genome seemed to comtrol the cslls prior
to gastrulation, newly synthesized gene products were raquired for gas-
trulation. Tranafer and w-RNA wore synthesized in specific regions of
the blastula - particularly the presumptive areas for prechordal tis-
sue, neural tiaﬁrﬁe and endodern {(Bachwarova and Bm’idson, 1966} . Fur-
thumare, mpsc! rates of xibmam and 8@1!3331& pmtam amhasaﬁ began
at Slrmmay a&wa 18, the mmscular response Waw mx‘mm imd Caston,
1262), Untid t&a swlmmeing a“tamf no significant xﬂmsam synthesis is
necessary for further development (Brown, 1964). The data of Brown
and Littna (1964) suggested that total RNA of Xenopus enbryos does mot
increase significantly until post-hatching steges. These yesults sup-
port the hypothesis that early development is oot dependent. upon any
marked RNA synthesis and that protein synthesis darim early develop-
ment is probably under the partial contrel of “presoribed” RNA’s pres-
ent in the unfertilized egy.
In t‘:m.mrim md snail 13
until fust prior to the histological differentiation into a veliger
{Collier, 1961a). This skage is two days after gastrulation. However,
the insorporation of P°2 into RNA and the incorporation of C' -leucine

yanassa, mo net increase of RIA oceurs

into protein occurs prior to the stage of net ilnorease in ENA, Collier
(1861a) suogested that P incorporation is an inadequate oritorion for
detecting the time of RIA synthesis. He tentatively concluded that
1ittle synthetic activity of protein and RA occurs during the time of
carly developrent and that later syntheses are essential for histologe~
teal differentiation (Collier, 1981a}. Collier (1961b) suggested that



"morphogenetie factors®™ determmine gqualitative protein synthesis for
differentiation. These may be mosajcally localized in the egy, wiz.
in the polar lobe (Collier, 1961b). Indeed, "gene-activating factors™
have been localizéd in this region (Davidson, st al., 1968),

Electrophoretic analysis of sone hydrolytic enzymes of Ilyanassa
demonstrated that at day four of development new ensymatic bands ape.
poar and that gertain bands present at the Wliax stages cannot be
detected past this stage (Morrill and Norris, 1965). These phenomona
correlate with the n?mzvgm in protein and RUA synthases at, ax&&
slightly pmvm to, this 4-day stege of development (Collier, 1861a).
Similarly, electrophoretic studies indicated that several new enzy-
matic bands appear during day three of the development of Limnaen
palustris, In this spocies, thiz is & notable stage in histo- and
organcgenesis. It has boen suggested that these organ~specific bands
are associated with morphological and functional differentiation {Hoxw
ris and Morrill, 1964). Increase in RHA and protein synthases prior
to the 3-day “histogenesis” stage may oceur in Limnaecs ¢
Morrill (1984a) found that there is no significant change in total
protein of the erbryo or capsule albumen until the gastrula stage
{approxirately day one), Following gastrulation, the total exbryonid
protein increases at day two subsequent to the decrease of the albumen
protein of the eyy capoule (Morrill, 1864a).

The present sindy is designed to determine rates of eynthesos of
DA, RKNA and acid-insoluble protein, using ¢ritium-labelled procursors
during the noymal devslopment of L. palustrisy and to test the effects
of actinomycin-D om the biochomical and morphological patterns of this
pulmonate smail. This antibiotic distinguishes pericds of genoma-




depondent RNA and protein syntheses by inhibiting formation of DEA~
dapendent RIA {Goldberg and Rabincwitz, 1962),
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MATERIALS AND METHODS

The incorporation of tritium-labelled preoursors inte the cold
perchloric acid residue was used o indicate the rates of synthesss of
DNA, REA and protein. Il-leucine-4, 550 ( specific activitys 5.0 curiesf
millimole, 5 uC/mi), thymidine-methyl-HS (specific activity: 6.7 curjes/
millirole, 5 uC/ml) and uridine-S-H° (specific activity: 4.4 curies/
millimole, 5 uC/ml) wore cbtained from the New England Huclear Corpora-
tion,

Egy nmasses were collected from a culture of Limmmca palustris
maintained by Dr, John B. Morrill, College of William and Mary, Eme
bryos used for single determinmations ware dexived from one or two egy
TAOSeS .

Evbryonic development was timed from the onset of first cleavage.
Incubstion and incorporation were carrvied out at 24t 1°C. Incoypora-
tion was investigated at half-dsy intervals from the Z-ecell stage
through the ¢.5-day stege. 4t the proper stage, the embryos ware manw~
wally removed from their jelly mass by rolling them out on filter paper,
They were rinsed several times in sterile culture water. Thirty embryes
were transforred to a disposable plastic cup (Analoe), the water removed,
0.5 ml of precursor added, and the erbryos incubated for 2 hours at
2¢°C, The incorporation was stopped with the additien of 707 ethanol.
After 10 minutes, the enbryos regeived twe 10-mimte washes of 0.5 ml
starile culture water, The enbryos ware decapsulated manmally,
Twenty-five enbryos wers transferred to a Millipore filter {pore size:
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0,45 mioroms) with the aid of a capillary pipette., The filter was
placsd on a Swinnex adapter connected to a vacuum gystom. This appa-
ratus, diagvamved in Figure 1, wac used to process up to twelve same
ples at the same time. A wash f’iui.d wae dropped onto the filter and
whole %ryqs; the surface tension itself allowed the fluid to ramaimn.
Unincorporated precursor was rerovad from the whole embryos by washing
10 times (0.25 ml; for 2 mﬁmt.&é por wash) with ice-wold 0,28 per-
chloric acid (PCA) containing 1 ngfml of unlabelled precursor. After
gach waah; the fluid was drawn off and collected by the vammrn systen,

Subsequently, the washed epbryos and filter were transforred to a
scintillation-counting vialy 0.3 ml of Nuclear Chicago solubilizer
{NCS) was added; end the material dissolved cvermight at room tempora-
ture. A Vortex brand mixer was used to break up the filter and aid din
dissolution,

Radiosctivity was measuved with a Nuclear mﬁm liguid scintile
lation commter, Model Series 720, A toluene-base counting fluid {4 ¢
of 2, B-diphenloxasole, 80 my of Z-p-phonylenebis {S-phenyloxazols)
and 1 liter of toluene), found to be the most officlent in the counter,
was used throughout, Background was determined using a *hlank” vial
consisting of counting fluid, 25 unlabelled erbrvos, 1 Millipore filter
and 0.3 m) NCS-solubilizer, Althouoh the disselved Filter inparted a
yellow coloxr to the seintillation fluid, counting efficiencies averaged
batween 10 and 157 for tritium. Vial efficiencies were determined by
the internal standardization technique with a tritium-labelled tolusne
standard (New England Nualssr Corporation). The "channelswratio”
method could not be used for vials containing Jow activity. An impore
tant technical ohservation was the Paxcited state” of freshly prepared



Bpparatus for washing erbryos which have boen
inmubatad in radioisotopic precursors. Erbryos
are placed on & filter, supported on a Swipnae—
brand adapter. Surface tension allows the ice
cold 0,84 perchloric acid -mmm 1 mgiml
unlabolled precursor to cover erbrycs and Filter.
The fluid is drawn off under vacuws and collected
in side-arm test tubes: The manifeld connection
allows 12 sarples to be processed simgltancously.
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vials. Conktrol experiments by Dr. R.E,%.’EM indicated that this
"excitation” is mot dus to the vial glass, to the NCS, to light expo--
m or to the shaken M&w This mﬁ,:ed state way Msa From enargy
released durtmsme exothomic r@é&im as the filter, erbryos and
solubilizer dissolve in the counting fluid. The “excitation® of the
scintillation fluid decreased over a period of a weok, The ohaorved
counts per minute then st&bmimﬁ Consequently, before any radicac-
tivity measurements were made, frashly prepared vials wore stored at
room terporature in the dark for at least 9 days. All counting meas-
uremonts wexe made at room temporature.

Similar techniques ware used to study the effects of actinomyoin-D
{100 ug/nl) on morphogenesis and RNA and protein syntheses, "_Thel o
bryos were subjected to continvous treatment from the onset of first
cleavage.

‘The zesults of the present imvestigetion are based upen the meas-
urement of vesidues of synthasized materiesls which were not ‘8*?11!%#’.3*
fzed by the 7U% ethanol or cold 0.2 PCA, Theso residues are thought
to be essentially acid-insoluble protein, FNA and mﬁ; Acid~-insoluble
materials Yost through the Millipore filter, per g_g. could not be esti-
mated, Tyler (1966) used & filter-paper absorption technigue for the
extyaction nf_.m,_llvaé protein for sea urchin enbryos. The incubation
mixture was plated onto Whatman #1 filters and extracted with trichlor-
cacetic acid {TCA) and sthanol. The Millipore £ilter used in the pres-
ent work has & puch smaller pore size (C.45 w). The dead enbryos ap-
poarad to yerain intact on the filters. Tt would saeem, tharefore,
that the filter retains most of the acid-insoluble materisls,

Isotope incorporation studies should include comtyols for bacterial



contamination. This nosd was stressed in work on developing sea ur-
chins (Glisin and Glisin, 1964), Both the ganeral procedure employed
and the development of W within a proteinacecus capmle prevented
microbial contardnation without th@lmnaf antibiotics, Bacteriolog-
ically sterile L. gtagmalis (Maﬁl&. 1864) and Australorbis glabratus
{Chernin, 1957) can be cbtained by “surface” sterilization of the em~

bryos, proving the efficiency of the capsule as a baoterial screen.
During tho present experiments, encapsulated erbryos were reared in
sterile culture water to kesp bactorial-pretist poymlations low. In-
corporation of precursor into the encapsulated enryos was stopped by
the addition of 70% ethanol, Since f:harégm% embryos were decapsulated
and washed in sterile culture water before transfer to the filters,
any dead micro-organisms were probsbly left behind with the discardsd
capsules. -

Morphological chservations were mide on developing normal and
actinomyein-D-treated enbryos at half-day intervals. In addition,
whole pounts were prepared by g&%amm;im fixation, dehydration in
ethanol and olearing in toluens. Thin sections {10 n) were prepared
by l~hour gﬁnﬁaml%yﬁ; fixation (0.5 nl of 507 gluteraldehyde in 3.5
ml of 0.IN cacodylate buffer, pif 7.3), paraffin sectioning and heme-
toxylin-eosin staining.
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RESULTS

‘ of Thynidine-rathyl-i®
Ratorn of th;mi&im mx;mm{tﬁm ware measurad in normal erbryos.

The ratez arg gig&ttaé as a ;&m@xzxgx& of the stage of development {Fige
ure 2). The resultant curve appears to be an exponential (logarithmic)
funotiong i.g. rates of i@mwemmm@ par enbryo, incresse exponefie
tially, as & Ponotion of time.

“The first detectabld increase in the rate of thymidine incorpor-
ation oocurred at the l.S-day stage {late @mm&, just pricr to the
developmsnt of the trochophere, Subsequently, thymidine incorporation
yates inoreased ’rwmly {the slope of the curve represents accelera-
tion).

The ] ﬁc&mrﬁﬁi&n af U 553;;
Ratms of nmdim mmmnm‘kim wam measured in normal and actine

myainwmtmm& exéaxm. The wsulﬁa, summarized in Figure 3, chow
that incorporation rates in norral enbryos were low and nearly constant
throngh the 1.5~day stage (late gastrula). Following.this stage, a
marked geceleration of uridine imxyamﬁm ?tm;aﬁ accompaniad the dew
velopnent of the trochophore iw stage) _/ﬂ;s the noxmal trochophore
persisted {2,0-2,5-day stages), rates of incorporation were high but
constank. Development of certain adult primorxdia {2.5«3~day stages)

may have been accompanied by a small increase in incorporation. Between
the 8.5~ and 4-day stages, normal morphologicsl differentistfon and

-
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Figure 2. BRates of incorporation of i:hymidin&mthﬁ—ﬁg
into DNA in normal L. palustris enbryos at 24°C.
Each point reprosenmts 1 determination; the cuxve
passes through the mean value ak e;ah stage of
devaloprent., Gastralation commences at approz-
imately 1.0 daysj the trochophore devélops by 2.0
days; adult organ primordia commence development
and growth by 3.0 days.
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Figure 3. Rates of {ncorporation of uridine.S-H> into RiA
in norrmal and actinonycind-treated srbryos at
24°C. Each point represents one determination;
the curves pass throungh the mean walues at each
stage of development. Seo text for a descrip-
tion of the development of noymal and actino-
myein-D-treated erbryos.
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growth were rapid and wers accompanied by acweleration of rates of
uridine incorporation.

Aetinomyein-Detreated enbryos incerporated uriding at constant
low rates during early development, as did normal embryos. Contrasting
with normal development, the significant aeceleration nff‘ m::fmmuaft
after the late gastrula in treasted enbryos was suppressed. There was,
however, an increase in the rate of incorporation in the treated d-day
old embryos, which were morphologically retarded.

G

—-—

actinonyoin-d-treated erbryos. During normsl development, rates of
incorporation were low and nearly constant through the l.5-day (late
vasktrula) stage {Figure 4). Then the incorporation rate accelerated
during development of the trochophore {2.0-day stage). During the per-
sistence of the trochopbore {(2.0-2.3) rates of incorporation were some-
what lover. Following the 30-day stage, incorporation rates again
accalorateds The latter period was dharacterized by marked histow and
arganc~differentiation and growth.

‘Continuove treatwent with actinonycin<D (100 vgfml) significantly
affocted the rates of l-lencine incorporation and arrested development
at the #rochophore stage. Rates of incorporation {through the first
half day} were higher in the i{reated enbryos than in the contrpla.
Bince no overlap ccourred in the range of data between controls and
sxperimentals, this is likely to be sionificant, This phenomenon was
net investigated forther, bmt iz disoussed later, FBates aﬁ" incorpor—
ation {n the trasted erbryvos remaived low through the firvst 2.0 daye

14



Pigure 4, Rates of l-leucine-4, 5-H® into protein in nor-
mal and actinomyein-D~-treated erbryos at 24°C,
Bach point represents one determinationy the
curves pass through the mean valwes at each
stage of development. Ses text for a desorip~
tion of the developmont of normal and actino-
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1

of development. Follewing this fime, there was a significant acveler~
ation of lewcins incorporation. The high rate of incorporation achiewved
by 2.5 days decreased throngh the fourth day of mmmm‘ While
the "peal® of the incorporation rate was of the same order of magnitude
as the rate in the 2.0-day normal trochophore, the poriod of aceslera-
tion and mxa&&mgﬁmais was delayed by half a day. Im both mml and
'trqaaﬁ%d enbyyos the peried of initial acceleration was associated with
tha developmant of the trochophore. As mentioned, actinomycin-D (100
ugfml) arrested overall development et this stage. The inhibitor pre-

ndary incresse -c;f levcine incorporation rates normally
associated with adult-tissue differentistion and growth,

Developnent of mmil and actinomycin-D-treeted ewbryos from the
same ogy rags was obseyved at half.day intervals. lhole mounks amd
_sections of esbryos were also prepared.

Although actinonyoin-D stimuiated rates of leucine incorporation
in the early cleavage period, 1%t did not affect the rates of the sec-
ond and thivd oleavages. s:;mmmm poenryad after 1.0 days of de-
velopment in both normal and treated enbryos. Both types of embryos
showed active ciliary motion after 1.5 daye whem the larval endodern
eells enlarged and the gastropore Becare smaller in the contrels, In
contrast, l.5-day-old treated embryos had a large gastrepore and had
ne large endodermal ocolls, ay the day, control erbryes developed
into definitive trochophores, conmplets with velum, stomodsum, albumen
¢alls and protonephridia. A small ghell gland, a well-developed gut
and & small fook were present by the third day of development of



normal erbryos.

Developrent in actinemyoin-D-treated embryos past the gastrals
stage differed from the contrels, The treated exbyyos showed little
dovelopment beyond the txochophore stage. A stomodeum and velum ware
visible after 2,5 days of development., Unlike the mormal trochophore,
‘the large albumen cells were reduced in sizes Occasionally, slbumen
colls and tiny shell glands were chsayved in 3.0-day enbryos. By 6
days of age, protonsphridia of the treatod embryos exhibited crystale
line voncretions detected in polarized light. These erbryos usually
died before 8 days of age. Their morphological development had bhean
arrested at & trochophore-like stage,

Formal erdryos differentianted and grow rapidly after 8.0 days of
developrent. The shell gyew over nearly half of the body; the foot
became nusoular and adgkive; eyes began developings and pigmantation
eoccurved by 3.5 days., Turther differentiation and growth were rapid.
The adult kidney was presenty the heart bead conmencedy the eyes were
pignentads and the shell eovared moet of the body by the 4,5-day stage.

Thus, normal erbryos developed in two phases. The mmg phasa
consiated of the development of the trochophere. This stage, which
porsisted for approximately one day, was followed by a dynamic phase

of differentiation and growth of adult tissues and organs. In contrast,

actinomyain-Detreatad erbryos only developed to a trochophore-like
stage. The appsarance of this forn was yetarded by approximately half
a day when corpared with normal dovelopment.
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Sumnary of £he Results
The results of the precursor-incorporation experiments {Figure 5)
show that during the early developrent {gp through 1.5 days) of mommal
enbryos, vates of incorporation of L-leucine, uridine and thymidine
ware low and nearly esnstant. This period of dovelopment included
cleavage ami Mmlaﬁﬁn, As the late gastyula developed into & tro-
shophore tag.w:.a days), watee cxf incorporation accelexated, After
thig, while the rates of incorporation of thymidine ermtimci to in-

crease stgadily,

scgzleration of lewcine and uridine incorporation de-
creased. While the trod

hophore pexrsisted {2.0-8.5 days), rates of leu-
cine and uridise incorporation wers high, but did not continue to aceal-
exate. Then wkm the troechophors developed adult strugtures (after
2.5~day stage), rates of lewocine and uridine mmm&mﬁen again acosle
erateds Rapld aceeleration of Ieucine and uridine xamwmxistim ocourred
after 3.0 days of development. Rapid differentistion and growth of the
erbryo also occurred after 3.0 days,

Continuous treatment of L |

lustris enbryos with astinomyein-D
(100 ug/ml) prevented the rapid increase of incorporation vates of uri-
dine which was assceisted with elther trochophore development or adult~
tissue differentiation and growth. The acceleration of the rates of
lencing mma:paza:fzmr% ocvurred as the treatod embryos doveloped into
trochophore-like larvae which arrasted at this morphological stage.
Howover, an inercage in the rate of lemcine incorporation sceurred in
thess aﬁmﬁza& arbryos {4.0-4.5 days of development) after a small but
significant inorease in the wridine incorporation rate (8.5-4.0 days of
developnent) «



Figure 5. Swmary of the rates of precursor incorpors-
tion. Curves ave plotted from mean values
of at least 3 determinations. Incorporation
of 1@3&&&; uridine and thymidine into prow
tein, BHA and DNA, respectively, are pre-
sented for nowmal and actinerycin-D-treated
erbryos at 24 C.
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DISCUSSION

in interpratation of the results ic based on thres a?mwpﬁiaaae
1} Rates of precursor incorporation roflect rates of EMA, DR snd aoid-
insoluble protein syntheses imawm 11 for discussion of procure
sor incorporation); 2) Actincryoin-D suppresses DiA-dependont FRA syn~
thesisy and 3} Protein synthesis is nltimately contzolled by DHA and
nediated by Bif. In view of these assunpbions, the results sugyest
that surges of protein and RNA syntheses correlate with both trocho-
phore development and the differentistionforowth of adult tissues,
Since sctinenyein-D supresses DNA-dependent RVA synthesis, the RHA
which madiates protein synthesis for trochophors development rust be
synthesized bofore first cleavage (time of the onset of treatment).
This Bmaats that protein synthesis, associated with troshophore dew
velopment, is under the control of “prescribed® RiA. Actinomycin-D
arragts demzczxm at a trochophore~like stage and suppresses RiA
synthesis. Thie suggests that furthor diffeventiation and grewth,
fron trochophore to adult, requires DNA-dependent KA synthesis.

According to this interprotation, the First phase of acceleration
of the rabe of A synthesis is not %&i&*@i}* aausally rolated to tro-
chophore development, sinse & trochophwre~like larva develops in the
absence of this acceleration of BHA synthesia, Bacause the trochophors
is nct corpletely mmal; gome DiA-~depandent REA synthesis may be re-
quized, assuning no secondary effects of the inhibitor {seeiAppendiz
11X for diseussion of actincoyein-D effecte)s The bulk of noreal RNA

)
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synthesia at i:m stege met be associated with the differentiationf
growth phenomona which ocour & day later. This svogests that a major
portion of the RA synthesis during trochophors development is wtil-
ized during later protein synthesis.

Patterns of protein and RiA syntheses sugyest that development of
L. paluetris is
his oytochemical studies of Lirmgea, Recently, Bedford {1966) drew
similar conclusions £rom her eytochemical studies on the proschbranch
gastropod Berbicium, Both workers contend thak in each gewn layer
there are two dsmm mm of colls wvhich arise during development:
1} larval eslls which cosse mitosis and synthesis and serve as loco~
motor and nutritive sitesy 2) cells which give rize to adult styuc-
tures, rich in DNA and RNA and active in protein synibesis, Raven
{1968) olaimed thet primary differentintion, givieg rise to larval
tissues, depends upon the segvegation of morphogenetie factors during
early developrent and that gastrulation stimlates the production of
new causal fackors for adult differentistion. The present investiga-
tion suggests that in L. palustris these morphogenctic factors ave, in
part, prescribed HiAfs and thet gasbtralation induces ganome-dependent
RNA synthesis. Thie synthesis offects protein synthesis required for
secondary c:iﬁfwm%@ﬁi@ and ¢gresth,.

At the prewent time, there is only cireunstantial evidence for

is bimiﬁi Raven {1948) nade the same conclusion from

rig

the synthosis and presence of presoribed RVA's in the uncleaved mol
luscan egys Crtochemical studies indieate that during sarly phases of
coyenosis BNA ia mmhw:@m in the nuoleolus {Bretochneider, 19483
Comedon, 1958, 19813 Bedford, 1966) and that the mucleolar contents acra
released into the cytoplasm (Brotachneider and Raven, 1951 Raven, 1958},



During later stages of cogenesis the VA activity of the nuecleclus de~
crogses while that of the cytoplasm increases. Cowden {(1968), werking
with several different mollusecs, observed that a change in wytepmr{mic
ﬁ%ﬁwﬁmtain corplexes pricr to yolk synthesis ocourred and that hi{s*!:am»
like proteins were associated with ribosomes. He suggesis that mﬁaﬁaﬁ»
11%5& proteins may mask RNA ressages and ray control the release of
masked ENA messages under the influence of proteases during develop-
ments The peonrrence of masked m-RiA’s (polysomes) has been reviewed
for several developmental systems {Berman, 1967; Crant, 1963; Kaulenas
and Tairbairn, 1966; Spirin, 1966). These reviewers have proposed that
information for early development is stored in the unfertilized egy
evtoplasn in masked w-RNA~ribosome corplexes and that these are re~
leased at different stages following fertilization,

Cytochemical studies support the idea that prescribed RNA's may
be prosent and mosaically segregated during early development. In the
fertilized uncleaved egy of Lirmaea {(Ravem, 1948), of the w‘&m’w
Suceines putris (Jura, 1959) and of Berbicium (Bedford, 1966}, high
concontrations of FHA are associated with the outermest cortical plasm.
In addition, the so-called beta and germa yolk gramules of Limmsea cone-
tain RNA. The beta granules are rich in ribonuclease-gensitive RHA
{Raven, 1945). Collier {1980) points out that this B¥A mey be due to
a ghell of gramules adhering to the surface of the yolk grammles as
reported by Berthier for the egy of Planorbiz. The gamma granules
contain less stainable ribonuclease-insensitive RNA (Jura, 19383 Raven,
1945). Since ribonuclease insensitivity has been used as a criterion
for distinguishing masked RNA {(Hunphreys, Pemman and Bell, 1985), it
wonld be interesting to know if the garma granules contain informational

RNA.
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During cleavage the micromeres stain intensely for RNA (Bedforxd,
19663 Raven, 1946). Im Lirmaea darkly staining RNA granules fuse to
form large bodies in each of the four macromeres of the 24-cell exbryo.
These BA bodies pass into the fourth quartette of micromeres (Raven,
1948; Minganti, 1950). This segregation of RIA hodies may play an ime
portant role in the differentiation of the trochophore since the fourth
quartette of wicromeres gives rise to the primary mesomere and larval
stacstuves such as the proténephridia and larval digestive gland of the
trochophors {Verdonk, 1965).

While there is aome eybtochenical evidence of HiA synthesis during
the vleavage of palmonates, thir syntheeis is minor cwrmmd to the
total amounts of KA detectable in the cytoplasm {Jura, 195638; Raven,
1846). Indeed, Raven (1848} claimed that the total concentration of
RHA deecrcases during early developrent. In Chiton (Cowden, 1961},

Ilyanassa (Collier, 1961a) and L. palustris (present study) little or

no RHA synthesis le detected before gastrulstion.

The effecks of metabolic inhibitors on molluscan development sup-
port the idea that mejor protein and RVA syntheses only ocour after
gastrulation. Barbituric acid, a suppressor of RIA synthesis, arrested
the development of the pulwonate Planorbis at the trochophore stage,
but did not affect earlier development (Sherbet and Lakshmi, 1964a).
Agtinorycin-D, up to a concentration of 200 ug/ml did not affect clea-
vage or gastmlation of L. stagnaliz {Geilenkerken, 1967), These in~
hibitor studies also swygest that major RNA synthesis is not reguired
for early developrent in these molluses. Chlorarphenicol (an inhibi-

tor of ribosore-directed protain synthesis) arrvested the developmant

of Planorbis at the gastruls, suggesting that major protein synthesis



also is mot reguired for early development {Sherbet and Lakshmi, 1964b).
S’msm regults support this idea. Uhile uridine and lewcine mmmx««-
atim into 1. palustris erdaxyos is constant and low during early devel»
opment, incorporation rates only accelerate after gastrulation {Figure
5), In addition, sctinomyein-D did not affsct oleavage or gastrula-
tion, nor did it prevent protein synthesis during these stages. These
results suggest that the minimal protein synthesis during early devel-
opeent is under the control of prescoribed RIA’s.

’Xf‘hia lack of bajor protein and BHA syntheses during cleavage or
mﬂy gastrulation in molluscs contrasts with the developmontal pats
tems of echinoderms and amphibia {Collier, 1261a) and ray be due to
the spatial distribution of cytoplasmic “informational” material asso
ciated with thair deteminate type of cleavage (Harkert and Cowden,
18653 Verhey and Moyer, 1965),

The results of the present experiments indicate that in L. palus-
iris the Imik of FlA eynthesis during gastrulation is not associated
with primary differentiation of larval organs and that major RUA syn-
thesis begins during the late gastmila and occurs before the appear-
ance of adult organ primokdia. Gastrmlation in rolluscs marks a time
of RiA synthetie activity in the ectoderm and endoderm as detected
avtochemically (Bedford, 196G Jura, 1859). DUA becomes Feulgen pos-
itive during interphase in Limtacay DiA granules becone closely asso-
ciated with the nucleoli {Ravan, 1948). RIA synthesis begins daring
Ilyanassa q‘aﬁ&rﬁhﬁcn; one day before a detectable net increase in
RUA and the appearvance of organ primordia {Collier, 198la). Contrarily,
Couwden {1261) found no cytochenical avidence for RUA synthesis befoxo
the trochophore stege of Chiton. He concluded that newly synthesized



NiA plays no vole in primary differentiation of molluses and that the
R funetioning during pricary differentiation must be producad during
ooganesis.

ﬁn@m wander why RIA synthesis may bo aa:swmﬁéfi with mnmm,‘
gestrulation, but is not funckional at thet tire. In revicwing his o
cxperizents ¢n heat shock and Mthium treakrent, Raven {1963) stresced
the importance of gastwalation durimg the development of Lirnaea, Exow
gastrulas (gastrulae with overted archemtera) possess larval organs
but nover adult structures. He conoluded that new causal factors during

gastrulation are necessary for the differemtiation of asmlt tissues
{Raveri, 1863). These causal factors may include 1) the stimulalion of
RIA synthesis necessary for secondary differentistion and growth and

2) wm mﬂ:ﬁaﬁm associated with the induction of the shell gland -
(Raven, 1952) and possibly other oxgans. The results of the prosemt
studiea ave in sccordance with the idea of & ati@mmﬁ'im of RIA synthe~
sic after gastrulation. After late gastrulation, L. palustris enbryos
incorporate uridine at high rates (Pigure §). However, this RIA is mot
eausally related to the developront of the trochophore, Whdch will de-
Wi@ even when the sywnthesis of RIA 1s hlocked with setinompein-i,

It would seen that HIA synthesized during the development of the two-
chophore bocomes fmatimai: at & lator time in development, Kany en~

amples of ontegenetic presoribing of RiA's have been reviewed for
other species {Berman, 1967).

The rooults of this investigation indicate that newly synthesized
BIA is necesgary for tho differentiation and growth of adult organs,
but not for larvel structures. Intevestingly, the onset of protein
and RIA syntheses in L. palustris trochophores which accorpanios



difforentiation and growth of tho adult organ primoxdia coincides with
the appearancs of new Wﬁw bands $n zywogram patterns of erbryo
extracto {Horris and Voryill, 1964). £An inorsase in dipeptidace acti-
vity and & neasureable inereace in total enbrye protein and in the
utilization of capsulo allmmen also coincide with tHs stage of devel-
opment {Morrill, 1964s). Therefore, the pericd of adult differentic-
tion and growth is gssociated with high rates of FilA synthesis end
both guantitative and qualitative protein synthesis. Because sctino-
ryoin-D arrested dovelopment at the trochophore stage, it wonld boe
interesting o hnow hew much of the arrested devoloprent io caused by
1) inhibited synthesis of enpynic proteins involved in the utilization
of tho alburen resorves and 28) inhibited synthosis of proteins dir-
gotly involved in the difforentistion and growth of adult organ pri-
o oes B30
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APPENDIX I
Control Experiments for Technique

At the onset of this project, a standard homogenization-extraction
technique was employed to dstect incorporated precnrsor, The amall
surber of embryos availsble for each determination {25-50) proseribed
rigorous fractionatjon procadures. The encapsulated erbryos wore
washed briafly and then homogenized. Cold perchloeric acid was used to
precipitate & residue, The supermatent was drawm off after centrifu-
gation. The yesidus was rosuspended in frech acid., Those steps were
ropeated up to 15 times. The acid-insoluble fraction was subsequently
dissolved and counted. This extraction procedure, amimd‘m remove
the unincorporated precursor, failed to displace all of it, The con~
trol experiment comsisted of incubating dead encapsulated enbryos in
labelled preoursor. The “trapped” radiosctivity of the various con-
trol conditions is presented in Figure 6. Since treatment with the
detergent sodium desoxycholate failed to remove all of the trapped
matorial, the homogenization techniguo was ebandoned. An investigation
of the nature of the trapping was not pursued,

A *precursor-displacement” techniqie was tested next. At first,
encapsulated erbryos wore ™washed® on filters with cold asid and un-
labelled precursor. This method was algo inadequate. Conseomently,
1~ and 3-day ernbryos were decapsuh ted manually (removed from capsule
and albumen) and subjected to precursor displacement on the filtexs.
To detemine pen~-specific incorporation {trapping) of the radicisotope,

27



some embryos {l-day stage) wore ohilled to & C, while others wore
killed with ethanol bafore they were exposed to the radioactive pro-
eursor. The alcohol-killed erbryos were incubated for 2 hours at 24 C,
The chilled erbryos were incubated for 2 hours at 4°C. The presence
of radioactivity in the washed enbryos was considored t¢ be non-spe-
ciffeally incorporated precursor. The displacerent technigue removed
nearly all of the unincorporated precursor under the control conditions
{Pigure 6}, Conparison of technigues indicates thek the albumen is the
site of procursor tyvapping.

" In oxder to determine offectsy of concentration on the rates of
incorporation, l-day gastmlae were incubated in various maéantmﬁam
of CMuvaline Yspecific activity: 0,2 curies/millimole) for various
lengths of time, The incorporated radioactivity is presented in Pigure 7
as a functtm of incubation time and concentration. The slope of a line
at a single concentration vepresents the rate of incorporation. Appar
ently, after an carly acceloration, rates of incorporation become linear.
Initial exposure to the precurser has a brief stimilatory effect, while
higher concentrations have & prolonged stimilatory offect on rates of
incorporation. These results indicate that the quantitative cbserva-

tions are a funotion of the precursor concentration.



Figure G. Ancunt of radicsctivity ot removed from
control erbryos by three extraction tech-
niques, Erbryos wore killed with 707 othe
anol before inoubation with precursor.
Raddcactivity rosideal after aztmtim is
“tyapped,” L, 1-leucine-H%; U, uridine-if’;
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Figure 7.

coursor concentration on ratas
of C.valine incorporation, Gastrulse wore

150 minutesn. Slopen

Effect of m

of the lincs voprosent
the rates of amine acid incoxporation.
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APFRNDIX I
The Use of Radicactive Precursors

The success of an experivent depends upon the validity and pro~
cision of the experimental techniques. Since the biochemical proce~
dures used in these experiments have beon simplified, an evaluation of
then is pertinant. The firet assumpkion was that the fritium of the
pracursors rem@ined attached to the ;;azmmax,, mﬁmh, in turn, ms 8 5408
corporated inte asid-insolwble protein, RUA or DNA, L-loucine-4, 5-3°
was used to dencts acid-insoluble protein synthesis. This amino acid
hes boon used extenaively for this purpose {Hultin and Bergstrand, 19603
Gross and cﬂmimﬁf 1864; f@\pirixi and Nemor, 1965), It is a relativedy
wnreactive compound, synthosized mainly from pyruvate and gmim rise
to no other amino acids. It is a major corponent of alwxﬁm. tiyolobin,
myosin, olobular proteins and certaln histones {Ewﬂﬁ&w, 1965}, Bince
the biochanical activity of leugine is xestri@a«:%-mmi# te protein
synthosis, the incerporated tritium essentially reflecks protasin syn-
thesis. Beecause the proportion of lemcine varise acvording t¢ the
nature of the protein synthesized, leucine incorporation may not 6%
actly reflect overall protein synthesis, In &d&iﬁim, the m:ixm;m
incorporation of various aming acids differs: during development.

Their individual rates of incorporation may not acveurately reflect pro-
tein synthesis (Silver and Cond, 1966; Tyler, 1966},

Thymidine-nethyl-H® was used to detect DNA synthesis. Since the

tritinn label is on the nothy) group, conversion of thymidine to uridipe
31



or cytidine would Toquire demetlylation, hence, loss of the label.
'The label aould ealy be incorporated tmto RNA 1f thymidine were con
vorted to Semethyl Miﬂmﬁ This Mmimsida is only found in
tmae ammts m $Q3&‘z}ﬁﬁ RNA (Neodham, 1865), Since neaxly 41l of the
mlﬁmm’&a& pmumm mn bs washed away, it io reasonabls to bow
lieve that the mﬁm@&%t&r reflocts newly synthesized, acidwinsol-
whle DNA.
Uridine-5-1% incorporetion was used to messure RNA synthosis. ‘

It has oftan baun ma; for this purpose (e.o. Gross, Malkin and Moyor,
196%‘; Spirin and Nemer, 1065). Ux&éim iy be mmxmng converted
to eytosine or thymidine (Neadham, 1985), 1f this ocourred, 3t might
be incorporated into DA, Indeed, Collier (1983) has showm that the
uff:ﬁimtieu of nridine for DA syathasis ropresemts a mﬁw mwetabolic
pathvay in the Ilyamasss emhiyo,

¢ The conversien of uridine into thymidine revmires the addition of
a methyl growp at the S-position. Such a tramsmethylation wonld ze~

guiro the Yoss of the tritius Iabe) from that position in urvidine. The

labol would probably be transferred to an acid-soluble hydrogen~accepe
tor, such as nicotinamide sdenine dinuecleotide {NAD), Thorefore, the
use of W;ana gbviaten the poseibility of the incorporation of
the label into DHA via thymddine synthosis..

Uridine may be metabolically converted to cytidylie scid and eyto-
sine (Komower, 1982). In this case, the tritity label could be ro-
tained and {ncorporated into DHA, wis ovtomine. Collierts data sug-
gested that this conversicn in Ilyanassa was of minor importance (less
than 267 of all oconverted aridine) as ﬂ?ﬁw@ﬁ with convorsion to thy~
midine {Coller, porsonsl a@mmicaﬁm 1866}, In L-#izsue onlture
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mlm; the conversion of uridine to vytosine was on the ordex of 25%
over & 2-hour period {Rake and Graham, 1962), Thus, we may assume
that uridtnenS-i imm@mﬁim in the Lirnaen erbryo represents RNA
synthosig,

It is diffioult to evaluate guantitatively the chmerved rates of
Pracursoy immmm@im beoouse the valunes of the rates of incorporaw
tion ave, in part, a remsult of the Wﬁa& parameters. Although
all tncubstions weve carried out at 24 C, a comron experimpntel temp-
aluctris (e.g. Morrill, 1964a), these embryes will de-
velop over a range of tenmperatures and shsolute mtme of developments

erature for L.

hence, synthesss would wvary accordingly. In addition, the concentra-
tion of precursor alse affects the rates of incorporation {Figure 7).
The stimmlatory sffect of M?h presuzsor concentrations has alse been
noted in Howrospora f{?ﬁ&i@ﬁ:&;ﬁ, 1561) and in sea t‘&mhin anbryos {Markman,
1961 Mitohison and Cumming, 1966}, Farthermore, ﬁml type of precur~
sor may yield different incorporation patterns (Tylew, 1966}s These
and othey W&m‘&gw make the results relative rather than absolute.

I have, therefore, chosen to vegard the dota as quantitative measures
which express qualitative relationships.




APPENDIY IXI
ERA Synthesis and the Action of Actinomycin-d

Kadowaki and Maruc {1968) showsd that the degree of suppression
of RBA synthesis dopends on the concentration of inhibitor, The results
of the present investigation indicate that RNA synthesis is not totally

pprossed by continuous treatment (Pigure 8). The concentration of
(100 ug/ml was selected because it errestod L. palustris
trochop! mmlm stages If was desured that syntheses previous m}
this stage were gotinemycin-D insensitive,

Actinompoin-D is knceen *&xa BUPPLrESs mmmatm Ezm mm&m
{Coldbers and R Rabinowite, 1962), It dows, hmvax, have other effects,
For ewample, mgh mwm%mtmm of f:his inhibitor suppress DNA syn~
thesis {Hu‘m:itﬁ# gt g&w. 19523 mem, Fortin and Sounchorn, 1966}.

Chromosomal breakage and growth suppression may also result from trest-
ment (?mm#@, gt al., 1966). It may cause a decrsase in cell poly-
sore contont whidh is independsnt of the inhibition of REA synthesis
{Roval, ot al., 1964). Oeneral toxic effects unrelated to RNA synthe-
sis can contribute to the suppresaion of protein synthesis (Sodro and
Brmos, 1966} Likewise, othey typas of swppression of protein smi:haam'
may be unrelated to the affect on tenplate RA synthesis. In this caae,
suppression can be eliminated with the administration of gluscse (Honig
and Bebinowitz, 1965). Lowry and Williams (1965) have shown that this
secondary metabelic effect is not the result of the suppression of
purine nucleotide {ATP or GTP} founmtion,

3¢
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While side effeots ray ocour, this compound ezhibits a variety of
actions directly on RIA synthesis. In addition to supprossing m-RNA
synthesis (Goldbery and Rebinoritz, 1962), it will alse inhibit the
synthesis of soluble ENA (Merits, 1965). Several workers have found
that ribosomal RiA synthesis is rove sensitive than w-RNA and transfer
A syntheses ’ff’?em; 19633 '?mmc‘?i and Mueller, 1966; Tyndall, et al.,
1685), In view of these findings, one cannot use aschinomyoin-d to supe
prass any single olass of RHA aéimﬁwly; and experimontal data must
be interpgeted with each case.

Bekivomycin-D stimmlation of the rate of leucine incorpomtion
during cleavage was cbserved in the present experiments {Figure 4).
This effect has haan desaribed in lens protein synthesis {Papaconstan~
tinon, ot al., 1966}, in alkaline phosphatase synthesis (Nitowsky, et
al., 1964; Rosen, ot al., 1964), during bacterial synthesis of certain
anzymes {(Coleman and Ellick, 1964; Polleck, 1963), and during carly
protein synthesis of ses urchin developrent {Sross, Malkin and Moyer,
1964}, Twe hypothes lain this phenomencns
1} Stiewlation may result from an increasad availability of ATP for
protein oynthesis. This ATP would otherswise ke used for ENA synthesis
{Poliock, 1963). 2) Stimulation may occur because of the suppression
of the synthesis of repressor proteins {Garren, ot al., ?ﬂﬁ&h

Bocause of the linited amount of erbryonic material, I could not
emparimentally seoragate the olasses of Rl synthesizged. Various
mechanisms of the translational sontyol of protein synthosis and devel«
cprent have been reviewed recently (Berman, 1967; Singer and leder,
1966)s The reviows emphasize that a rigerous amalysis is essential to

distinguich the nature of the control of protein synthesis in guestion,



Actinomyoin-D sannot be satisfactorily used to discern these classes.
Hthout the necessary data for such an analysis, I cannot dafinitely
cemolnde which types of INA are mif&mﬁ.ﬁy mthmim& or preseribed

Iy ‘;'ﬁ development .
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