SYLVIA LILLIAN BR













DMMPHBNTAL ST!TDIm DN 'mz MIPEROUS
"PBbICELIARIAE OF TB‘B ECHINOID

0. B Hﬁ;uii 'vqxix-n"svlzc;xu.-
¥ EMPHASIS ON THE
i SKELETON

5

‘A Thzsia subm,(etad in" paztial Eulﬂumen:
.:of .the reqmuments -for the deqtee of
Mastkr of ‘Stience”

Bepaxtnent of Biology

Memors.u nivezslty nf Newioundlnnd

mme 1975
‘




o

v W to understanda.ng the develnpment and ait erenc;ation Z

‘uf t:he skeletdl . elenents, mus les, sensory s.reas,n ne:ves
" “and venom glands. Specmens were’ studied usim; the light

" microgcope’; ‘the franemission. eleccer microscope, the*

ascann.mg electro‘n micrcscope, and \;he_analyl;ica;l‘ i

- electron mxcroscope.

-+ shaped: pro;ectwn on the test of the sea urchxn
tip gradually separates mm threé ' Save which conunue

to, merge w.th ‘each ‘other"at their basee. The, skeletcn i

xs one of che first componem:s tc evelop in the

appendaqe.

A skeletal elenent; is deposzted in eau;h -of

the three ]aws ‘and in the basal. stalk x‘egim\.

'zkeleeon xemains surrounded by.a cluster of cells chzough—

) aut develcpment. : ’l‘hese ceils send‘ out nume:ous prb-

e contlnuuus wiith -thin: areas of

jeu 1ons whwh

" cytoplasm surroundinq, ar near: : m:.tm:hchdzia

3 | in theey 0 n=mh~ pru ctions. ~X=ray




- Vesxcular Etructures, .md nucleil The term calclcyu

‘ th' epithelium on» the inner side of eac jaw. Ne_x"\_res

from ‘thy

ensory h:.llm:ks ente!' the skeletal

y thrqugh,a foramen. to innefvate t}\g muscles

.o, the: skeléton:
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. lacent:otus drobachiensis, showing.an
L L

J\ diaqram of a globiferuus pedicella a
of Stxongxlucenttatus.
Whole mounts ‘of | develop ng glabifatous

dicellari
drbbacniensis

‘Hléctron micrograph of, the épit heugm
of & globiferous pedicellaria ;({Stage- IV

or' V) “of Strongylocentrotus: dro’bachiensis.'
showmg £WO ty'pet_s o'f vacuolated cells ¢
. Electron micrograph of a glnhife‘
pedicellaria: (Stage .IV ‘ot V)-iof

‘Strongylocentrotus drébachiensis,. showmq
vacuolacea cells An tEe Eemis and"in the’

E].Iec:tr n mlctngraph ofa glelhlferous .
pedicellaria (Stage. I or IT). of ‘Strongy-.

Electron mlcrugraph ‘of the; efpith,elium ofia
...developing qloblierc\:s pedicellaria of '’

strongzlocentrotus drohach;ens;s._ '

Elac’tron micrograph showing & packet ot 3
granules in the dermis of ‘a’ developing
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tzo(:us drobachiensis 5 g i

Light miérographs of glob:fetous ‘ped
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Showing the leveloping;

drdbachiensis,
adductor musc.




“Tight micrographs of developing globe
iferous pedicellariae of S\:r ngxlocen- €
tratus drobachxensl .je

Light" micxogzaphs nf globl e ~pedic
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us 3

,Light microqtaphs of a’ q.lobifercus pedm—
ellaria (St ge. IIX) of Stxcngxlccentr tus. |,

drobachiens ‘

.. Light num:oqraphs of a glob.xfetuus pedlc—

‘ellaria (Stage IIl) of strcmyloaehtmtus
§ drobachxens;s :

Light mcroqraphs af a qlobitemus pedic— p
ellaria .(Stage IV) ‘of strongxlecentmtus

ax aahiens is.

'Li§ microgtaphs of a g;lobiferous ped;c—. -

el ax:ia (stage IV) of strongxlucentmtus
-, dréba 5 5

. 1ight mi::roqraphs of, a glomfe:ous‘ pedto-’

ellaria (Stége IV) of Strongy_locen rctus
. drobachiensis \ 2t

1ectron mierograph 047 a developinq glob- b ! S o
ferous pedicellaria of Stron locantmtus ety ;
drébachiensis, showing  the sEegecaI vaIve o i

‘enclosing & e develcplng nerve. "

lectrnn micrographs of a’ deve{a ing glob
ons pedicellaria -of strnngxlocent?otus
\ch: ensis, showxng deve apmg narveus

micxog:aphs oE dsvelop;ng gl,obiferuus )
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: ﬁ,a%léﬂ.fe‘réué b
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* X-ray microanalysit of'calcium in
developlng globiferous pedicellar]

e.
stronﬂlncgtgotus d:bba hiensis.

Run 1,

2 x—ray mic analysis (o
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y microanalysis of cnlv v in
developinq globiferous pedicellariaei:
locenbrotus drﬁbachiensis. .
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INTRODUCTORY, STATEMENT -
K ot > L%

; s v

. Glﬂbiferu s pedicellarlae of echinolds are defense
organs -equipped ‘with, venon ‘gland I Tt has been suggested
that “these organs fbctmn onlyonce; since they éhtotomize

after dlscha ging venom (Chla, 1969 1970a). I m there—

,echinoids, 1ittle acte?tion has béen: iccused on

ndages in st:omlocentmms dz&bachiensis ‘a

1 the develo 1 '_ of pedxcellazue

In the mature con—

y avaxlable.




ke globzferuus p%dicenanae of S.

£ In !ecent ‘years much interesﬁ. has ar).sen in

echinoﬂerm qalclte. It hae ‘the advantage of being Stranq e

and 11ght weight, and its poraus natuxe allows’ conservat-

“vion of ma:er,).al (Nlchols. 1962)

S mca globxferous

= pedxcellauae are small,| ’ *;he .st‘udy of the skeletal develop¢
‘ment ‘can be made possible by explou::mg the depth of focus

and the three. dimensional images obtacmed by the scanningl

_electron microscd| | The mi of the skeletal mater;al ﬁj
‘:m early developmental stages alsc :allows’ }ustoloqlcal .

and ul:rastructural p:eparatmns to%e made without

'becalcifieatlon. ‘Such material is therefore ideal for

the istudy of dlstrlbutlan of. Lalcmm in.the cells rthat are

. xnvnlved' in skeletal deposit:.cm.

: Tm‘s st\:dy “vias u‘ndertaxe

’ Wl.th ccnsxderatlon Qf the

-above points, to investigate the developmental changes in

drobachxensxs. An e, VB

attempt has also been made: to relate’ changes: in the s E
morphdlogy, of e developing appendase with its function .

‘as-a. mghly spec;alized §enscry and dei{enswe orqan.

< :




eehmoxds and aptemms.

Ped;ceuaxiae are appendaqes “found on .the tests of

Accordinq to Hyman (1955),

# they are z@.st developed and aluays present on t'he former.

; 1‘nternal skeletal valve or ossicle, to the onter sxde nf‘

<
which is _avg],andular sac.

- the basis of ‘their mprphology:

at theix ba eu, (i‘igute 1)

E‘our types of achinoid pedi.cfllariue are recognized on

tridantata, triphylous, :
ophmcephalous, and globiferous. All have' the same’

basic strufture, :onsistmg of a head reqion composed
of three nmeame ]aws, land a suppoz:ing ‘stalk Whtch

artlculates-vuth the ‘test of the animal. The common * .

2 q:een sea uzchin found in Neutoundlmd uttoral watéxg o

is 8. dra'hachiensis. it possesses all four r_ypes of

pedicellazine (Vcrtensen, 1943). The echmc:.d globlf!l-

.ous. pedxcalluia. eqlnpped Hith venom qlands to play a

dafemuve role, is :I:onsidered by Byma.n (1955) to be -t:he

most’ spe.:xanzed and interesting of all. [

2 The head reqion of the glubifex‘oua pedxcellarxa is
made ‘up of three moveable jaws which muQe w;th each othet

X Each Jaw j.s aupported by an’

xlled with toxic secretions




Figire 1.~ A diagram of a globiférous pedicellaria

- of Strongylocentrotus a

“The “three regions of 'the'éediceila’:ia - head;

; neck; and: stalk'— are shown, as'well as the Jaws, -

thf skeletal Valves, the skeletal rod, the adduct
; muscles,

a.nd the flexor muscles (after Hyman, 1955)

st = addbeHSr muscu(s

“£1'- £lexor miscles:

_sri - skeletal rod. ,
keletal valve

B







is: lmed by a secx'etoxy epithe]..uu- whxch relaaees .

‘vEnam l.l'ltO the 1uman of- the sac. Hamann (1857) and

uowever O'Connell (1974) considera this acellular dumen

to'be a fixacien a:tifact‘ B ue fuund the. vgnom glands in

stzongxlocentrotgs pur] matus (stimpson s prepaxed in a
ter, to be filled uich

vnxiety of ‘fixatives im sea

larqé vacuolated cells vu.t,hA ittle.cytoplasm, and basauy .

: dis'plal:ed nuclei. This a’gi With the condition shown

“in f miliarls by Chiu (19703), and 4in ;ghuerechinus 7.

gi‘unularis (I.amarck) by‘l’oettinqer (1581)

The n‘usclas of the glandulat aac afe mvuﬁ.ved in-

detail An:

“venom emissmn, which haﬁ been’ deacnhed 1

Parechinus an ﬂlcsus (Leske) by Cannone (1970). Chial 7

(1970a) characterised the discharged Ventrm of P, miliaris

Tas'a mucoxd, mn—nulphated acid mucnpolysacchaxide.v He -

]
3

allso; xepozi:ed that a layez of smple epxthalxum covers

e/ entire appendage.- The epithei;\m Jf' the head cnnns

B ot cuboidal or squumns cells, exn:epc on the innu surfnce ¥

of the Jaws, whera they ate tubcid;l or. columna . ]At_ the. -

| base of !:he 1nner surfnce of ach jaw, there is a:

,‘ hich is

. den oty hiuo m\\pased of el at.ed 'columnar

elial cel).s. Also present on-the ‘inner snrtace of:

epi

the jaws'are sm_a).lu ‘mechanoreceptor ‘and @mrecquo(




* aréas made of cu;at;d col_;wmg:r epithelial ceils, "~ - ... .

¥ |=h¢nita]. ana tactile -u.nuli hu been rdcantly n:udj.ed bR S

# . . S 2
In the family s:tréﬁgy‘l:;éenﬁfotidla, A11 the. z: 7 L7
globiferdus pedicellariae have a Flexible neck region ' ;
(‘Hzgun 1) -nn’ flexor m;scies‘ domposed of outer long-. - st
" itidinal and ifnex cxxculax fibers (Hyman, 1955); Tha : Y AT
neck is caplble of extendinq grantly when “the nppendgqe =

il sti-uhted. 'anﬂ r.ha hgad can be bent in all urocdon;

 ortensen, 1343).. T L Eemt : :

with a mbexcle on m 2 st hy nea.ns of . a
socket jclnt (Bv-n 1955)

" The _response of the glnbifcrous p-dicellarhe to - oos

An, dl!tetent )

ltilmli, uMch caueu i [to rju and apen 1t8 ja
exposing the sensory hj.zxock: on me I.nnn’ auxhoq.

Htmevar Campball and Lav rac ¢

un appmprhte ¢hem1¢n1, or" ntensa* o

mchm:u ltimulm. Vmon il diachugbﬂ only wheﬁ the




the. €15 of .the.skelefal valves:to pierce it'and lafge.

2 _ené;u’gn“m prevént . omiaiete clos'u';e (enia, 1'969).3.

0k globzfetous pedicellana functions only m&:'

After ehe verom ¥ d chaxgea't ap end;ge autotomxzes,

or remams attached. ) the, ::.ssue it clased on; (chia.

1969, l};ﬂa) Therefcre, the pe 'cellarxai mus\: be

ahd new ones must: aevelop ag:

replaced as they are 1cs

E}\e animal grow ‘For- these reas;ms globxierous P &

fcur types of pediceilariae are smiiax, as. shownfby. :

Martensen (1913), alt bugh they are modxfied to peziorm '

¢ wm,ch ds- be11eved to! be a sinqle crystal of calci\:z s

(N hols, 1969) ,Huwever, the skeleton J.E tygical,ly

na w 11 " strong, and 1so" prevem:s fractuzes alcnq




SN cissue,.asl well as for the passage ‘of nerves.: cellular
) 7 ;

LT and extracellulat w\ate

al may also be. found in these,

:Lnterc:"nnecnng ‘spaces. . - L il

The skeleton" of an echmom ‘globiferous Ped‘fm‘allaria

‘consists af four ossicles, and has been ﬂescxibed by

e . 'numerous sea ; 5. “such as. He 2 (1865), Perri.Fr
Z(u‘i‘b), Sladen (1880), Mor(:ensen (1927 1b43), Hyman -

(1955), Chia‘ (19708) ; Cannone (1970) and Can\pbell (1972)

'the globlferous hype, with .venom glands, has the

cxp oﬁ each skelétal valve modffled to form a qrcbved

tooth for plerc% and! injectinq— the venom. e’ boors S

‘. "is the'distal’ regioh of a centralw tubula‘k keel which

stxengthens tne valve, and receivés nerves from. the

ok

f and_ Z;. areas on the inner.’

surface of the ]aw. The nexve from the sénso mnock il

enters t:he 'valve by the middle fcramen (Campbell, 1972V

.v[ 'me prcximal regmn of ‘the vAlve {6 wider with.

nunerous rldges,, folds and perforatxons SR B T

v artmulaticn of ¢ the valves With* each uther, and fnr

t]\e 1nsertion of the muscles that Sintrol” ‘the ]aws

(Campbell 197” The: adduc or muscles, which close "’

he jaus upon contraction, dre inserted onveither ‘side’

BT of kne kel The ahductoxs, which cpen the aws) are’




smalier than the - adaulctoié. Each abductor” muscle

-txecches (m the base ‘of one valve to the .dj.cnnt

one. 'Both the | na ‘s forn.a. triangl

"in-cross: sections.of the pedicéllaria. . The po'inr. of

f perfectly cooxdinated mvementl - Campbell (1912) ulao e

_insertion of ‘the flex:ﬁ: myscles, which originate on .

t.h. diltal region of the skeletu tod of the :ulk, is
also on ‘Che bi:e of the valve, but ‘below the insertion
of the ai:duewrs; rhe ‘flexors are tc!ponll.ble fox
bendan the head 2nd extgndinq the n-cx of the -

padxcelluh. g -

mom..e o Cobb (19ssa). pxo;scuom trom the

much cel s pn s thmgh

e pezgs of the. lkehton,

‘and are mm-ted uume the keel.: A

The v.ival :ui(cullte with ea&h other by ‘cog~ " o

i Campbie11 (1972), insbre’ = e

cc’;oxdinated n\o.‘)e.l'ml\ts ut the ja s. 'I‘he cmtzax area

teeth, which according.

is xidqad and qmvad on, eif_hor‘ dn, 80 that e.ch

valva l:tic\llnus with the othex two. Coq-taaf.h- are; ullc
tcund lacauuy, R that the left sidl of one valve ukai

cohn:: wh:h tha ;1gh1: uide of the adj-cent vun. “The.

thgix- Mpl nna muu:\ua: contrnctienl telult in

-ugvntad ehug the teeth yzuvant vmicu nuv—.lrt of




elative to e’ach' other

the vaivesf

The- bﬂse ‘of the skeletal rod’ forms a socket, which

'armculaees with & tubercle on the test (Hyman, 195\"l




: LITERATUFE‘RfViEW | o S D e 570

Accordlng to Herapath (1365) D F M\Yllef, who Eirst
= named ped:.ce].lanae, belxeved them te he parasites, &

i creating the genus ngxcellat:.a. 'ro be more speciffc, we &

lgary £rom Sladen (1880)_that Mﬂller established o

/ :ecogn;'zea three species ‘," gmgifera, P trighxlla, FE %

alsa realzzed t:hatl these apgendages are: usefu]. n class#
-

icat ton of the

A method o’f Asolating ‘the

skeleton. 1mllar ‘to that used m the pxesent study, ‘was

also re 0! ted‘

Perx‘xer (1870) dealt with the hasic structure of v

pedicellariae and 'heiz skele;al pans, and descnbed m

,'dataxl those. tmm a la ;

& nnmher of specxes. lso

the classiflcation of sea urchins. Fouz- typas of

pedi:ellaxiae were ddentificd ‘pédicéllaires gemzfomss,"

'pedlcellau‘es ‘ophxcephalas pédi

P e Cpéatcellaires trirolids.




stand;ng of the hlstolcqy and funct).on of these appendages |

- He consideﬁed cheit main function tc be _the: discharqe of

lmucu .- for ‘the removal of offensive matter from the surface)

of the an1mal heing aided by “thev spines and water P

cun:em:s. ;o

i

Puet‘ﬁnger (1881)" expanded ‘our kno‘wledge-

hlstology. of the stalk glands of the qemiform lobiferous) .

qlands of the head.. ae found the Jaws o be: nade; up af

hese seczet:/u:ns wm[—e behéved to be formed hy i bringe

-fczm tion oﬁ ce.u inm a mucous substance, and _not Hy




enemy i huhe feet. Ha also recogmzed d’xe fact that these

gppendagg vare used only [once o

<




‘rpediceuanae based mam19 on the woxks( qlven above.

Fujivara '(1935) described the toxic effect of .pedic=

orbe ) 38, % s B
'ellarlaE'of Toxopneustes Eileolus (Lamax:ck) on humans and .

" mice. e found''the results o, be 2 relaxatum of usclas,

d1f£1au1ty of respuanon and drop in. body tempera ore.

The structure of the pedmenana was also dascrzbed.‘ ¥

Peres (1950) gave waskasien acccunt of

he histoloi;y

vof ‘the stalk gla'nds and glands of "the head. in the

globxferons ped;cellan' e of 5. granulat‘l.s. He alsn 2,

] 1.4
= reported- on/thelr numbers dlstrlbutlun. autotomy, regengr-

atmn and pharmacolnqy cf ‘the verom.

Hyman (19551 Moy a thorouhh acéount of echmom

Lewis and Salu;a (19511 descmbed the shalk glands bf

__'the ophiocephalous pedxcellarlae of D1adema am:illarum “

i
)
1
H




& they apparently send sxonlgrprocesses ¥o the nerve tracts .
B of the ]aws.

* area of laterdlly cumprsssed eplthelxal cells belleved

‘into fingerz1like projections at each.énd, sorié of which'

attach: to the sKeletons' 6f the Jaws, while othérs pass

‘thifough the pores in the skgleton into the nerve Fibers.

. coftained within: = ! 7 i ® L5 R e

The fing strugture of the sensory system was

investigated by Cobb (196317) 1n- the trldentate and

qlcblferous pedlcellanae of E. esc\jlentus He stated s ¥

that, all eplthel).al cells ‘have’ a sensory. function since

“The- sensory hlllock was descxxbed as an’ - F 1 4

to he tECtlle and chemosensory in functlon Pa el G

: éhxa (15¢9). discovered the 'globiferou‘s pedicellatiae

esculentus, P. miliaris and !

drsbachiensis réact ,

to a_ nufber " of 'inoxqanil: salts in ‘a manner similar to the

zesponse to-predatory starfxsh. Ch:.a (1970h) also des-

oribed the. escape respcnse of 5. arobacmenms to-a

% number of . 1n9rqanxc salts. e co . . i i A

Land i cluded & brief report on’their, regenezacmn

2 reslearch T earlier hypothesis that the .groove - -




of 'the “tefminal ooth is‘sealed, enabling it fo e
a hypoderm.c needle o inject venom into the fc!elqﬂ
‘organism; - He showed that the veriom sac teminates
‘dlstally i duct, whlch 1165 within the ‘groove of the

touth

s R A detalled acccum: of. the anatomy and mechan:\'.sm of

venom emxsszon of glab:.ferous pedlvellarlae bf P‘

angulosu was g.wen by Cannone (2970)" Lonqxtudmal
| sectmns showed tHat at. the cpemng of the' venom @uct a

ring. of- auct mssuh encloses thid tprnihal tooth and duct.

nd the arrangement of the muscle fibers

Tt ds this'r

of the wall of: the Veﬂem -sac, that allow’, .the secretory

Vet | *o open’ uon contraction of the gland Lo, ” This

reshits in the Venom being mjected 1nto the pyncture
'made by. the terminal tooth. 'l‘he role of ‘the senscr)i ahd

" nervous systens in, pedxcellar131 ac(:iv].ty was. dlso dis-

campbei‘1 (1972)" was the’first to’study the funct:.unal

mcrphalogy of the skeleton of pedicel.larlae using the

scanning élactron, mic 5. He -wa§ gonc d with the

four, types of pedicellariae from E. eBculentus.

£ Larraln as72) descxibed the" histolaqy of the

g;obifemu pedicellariae of Hoxachinue dlbis” (Molia) ;.




_#t'8 benaviour, sang also the morphology of €S’ skeleton.

The anatnmy cf this appendage wa sedlas a basis £or.

classxflcatwn .

The,_ verom gldnd ‘cells in qlcbxfsrous pedicellariae’
: f'r'om S, gur&zatus were studled at both the 1ignt. micro-
scopxc and electron microscopic levels by O‘Connell
‘ {1971, 1974) Prellminary light microscopic,: hxsco—’
chemu:al analysls w&s alsq done, on the gland cells by

-0 Connell (1571)

Numero\zs researchers have been concerned 'vwith the

a1 1F(nat]_on inechi + Al though

relatxv 1y little is )uwwn about the process, and much
dlsagreement ex;sts ambng researchers, there is (’yeneral

bel;ef that alcite depcsitwn 15 under {:he control of”,

: mesenchyme cells, or-an orgahic: matrix prcduced by them.
M?st o rour knowledqe of skeletal development has ccme

£rom studies on sea. uxchln lurvae. Alnong the nost ..

impottant woxks are thos.e of Selenka (1879), Sﬁmon

3 (1587), Théel (1892) 4, weadland (1905)' Prenant (1925),

Onuda (193l), ,Runnstr m: (1931), von Ubish (1931 1950,
. Okazaki (1960), ﬁevelander and Nakahax‘a (l960),

Wnlpert “dnd’ Gustafsoﬂ (1961): angd. Raup (1966

|

‘Gihbms et al (1969) a.n an. electron mcrascopm

study of the 1arva of Ar ach p\mctulata Gray found the




.. were termed £ifst order. spherical . botlies.

frenbxan -Bofu}d skeleton to Se‘sugrouh&ed‘ by a-contimious © . . . il

cytoplasmic skeletak Qheath.

reported ‘the 1arval skel&:bn to be su rounded by a th

sheath of protoplasm, formed by ‘the fusion 6f pseudopudm 5

i from, primary mesenchyxpe cells.‘

!
pmungtan (1959) descrmed the skeletal ‘tissués of

't;he sPines of B scil entus, He called the cens occupy~

ing"the skeletal spaces sclerddytes, and proposed that f B

‘\

cytoplasiic prucesses extend £rom the cell bodies to the -

mineral surface.: He inter oreted. the fane ‘sury ng ¢

X _the skeleton Lo be cgn&muuus mch _that of the cyt\oplasmlc

kses and the s:lexocyte cell membrané.” “The sksleto

would therefore be 1ntracellu18r, ‘ana 1n dlrect contact

»v{m the cytoplast only in areas. where the-cytcplasmic o

processes  meet the skeleton Swp.‘llen ‘regions: of the. r"

nclusxons '

: 2 . ¥
. processes contaming mitochond:ia and’ va:mus

They are .

connectsd wr:h smaller second erder sphencal bodxes near.

the caicite suxface N

Knlpx’ath (1974} stated that 1n ‘the sea" uz]chin‘ toahh

ha

frum the 1antern of Paracentrotus hvxdus (Lamarck)

a_ menbrane bouna - ]

tskeletan qrows lntracellularly w1th1‘

space, . rectly ontn the inner coat mg of the surroundmg ¥ »




Z20- S

. membrane.’ Each calcified- part{ was_ found to he surrounded

'by three sheaths - cellulat menbzane. ‘skeletal sheath.

¥ The cell hoﬂy wa

uea:ﬁem-a'nq Travis: (1975) described the ultra-

and the inner coating Of the shedth. o o

_stlzuc:(lze of  regenerating spines of S. purpuratus:
found in'the dermis of the

Three types of cells were

regenerating tips. Precalcoblasts appeared to be:
oriented in the general di,rection of skeletal.gzowth.

somawha(: elonqated and .found tu be

.:ultrastn‘ucturany similar te carccblasts, of which: they

= ‘were censidexed ptecursors‘

Calccblasts were i cp‘;éreQ‘as! the active..
sxele:elguue cell type. They ‘extend a thin éy:opiamis
sheath around the growing tip of. mxuto—spines, howevez

the cell nmh:ane is nut nd]acent to the calcite surfuce.

T at pmnts where the cytophmu: sheath is dlscontuumus:

| ‘fore'e 3 1u1.r/ yew“(. o

ceils 4R Lhis area to' be of the 1

. the spat:e betyeen it and the skeleton becomes continuous

with the extxuceuuln’ spade _Bach micx_ospine 15 there~

-and no mlcxo—

-tubules were’ gound in’ the: shsaths. The - older region of

the skeletnn ‘was. found to be enclosed by a mémbrane-llke

‘ structure, ‘.l‘he authors 1nterpreted the t\mction of :he

I
)

‘oi the minexnl, possibly to. _&nhxbit dissolition of the




skéleton,, or further mineralization. . - .

'. The |third. cell type was the. éhagoc'y«: “These,

. cells Gontained. vacuoles of vm;mus sizes.  Materials S

;oo Of: varlous electron densltlss were fcund in these W i

vaguolég. 'l Sk Sandl e R g ‘

Several wm;kers have’ suqqested that m1tochondr1a gendh
o :

partlclpate in! calcxflcat).on pracesses. vasinu‘tor; and

M\ltghy (1961 1962 -and - DeLuca and Enqstrom (1951)

dlscovered that 1solateé mmcnonma can aceimulate ¢ . L

large.nét amounts of ca 2t “£rom, the suspenqu medium

zinung electron tranapcrt

Larzﬁe electron dlense deposxts

of rat nvéz mltochondm.a by ‘Lefininger et a1 (1963) -

Greenwalt et al (1?64), Bridriéy and Slautrerack’ B

(964, and Welnbach and. von Hrand\kﬁs) oA wotkinq R %
hypothes1s on the: poss).ble role’ of, mitochnhdria ins e 5

ualclfication was proposed by Lehninger (1970) i

was pointed” out that the. abx.lzty tn Form haxﬂ tissues”

is present ina, w:.de va!uety of. plants s, Snlpath,

both in, normal End patholng).cal cnnditlens He ..\'%

speculated that calcium ist accumulat d anrl :eleased by

m1tochondria, thereby requlatznq and controlhng’ i,

_'process “of deposltzon.‘




- surrolinding epidérmis ‘Of; the teik;

. fouowmg fixatlves 1

v EURE S e

MNTERIALS “AND METHODS |,

~Sea ‘urching (. drbhachiensis) were 'con‘éc'te‘a At Togy

: Bay, Newfoundland, and mamtamed in an aqnanum

Glnblferous pecuc uanae in' yaricus stages’ of; development

| were remcved from kh tests of sea urchms hav:.nq a Hest w

diameter of- approxi tely 3, cm.; mne fn:ceps were used

to remove the pedxcellar ae, as well as

damage to éhe

ppendaqe. 11 specimens,, except ttisna used for s\:anning =

'electtcn mxcroscopy, were Fixed for one hour 1n(vcne uf the

1 5
9,58 glutaraldehyde in Millonig
‘. Buffen PH 7.077.2 SRLLE L F

2.5% qlutaraldehyde in Sor_ensen's
" Buffer, PH 7.0~7. 2 % .

“.2.5%. glutaraldehyde in Sérensevn‘sv
Buffex, pﬂ 6.8 ~6.9"

l% osmium tetroxide xn gea” water,
pr& 7 n~ B

¥ sl!lall area of‘the‘




‘After- hxation. cxsmes were rinsed sevetal times in
huffer. and then treated Hl.th 1% qsmium cetroxxde xn phos~ «

phate biffer, pi 7.2. - el e

The calcaxeous skeleton of the pedxcella::.ae was °ftenl

found to make seétioning aifficult, this being most’ pro-

nounced in 1ater stages wher mo:e hard materxal had been

left:” 1n a

*ab posited. . In some cases, the spacmens wer

satutated sclution in wa er of diamino—ethane-tetr

i acid (zm:a) for tio to thiee. days,’ nfter !mication- This
breatment ﬂecalcxfled the tlssue withaut qreut:.lLy affecfxv g
the fme stru:tnze nf the soft tlss\ms. ¥ -

In all cases the‘ "f ns were ydrated in o

series of watez-ethanul mxtures to - absol.utn alcohol, uhera
ﬂ\ey remained for one: hcur with t:hree or m:r changes.
B Tissues were inﬁiltxated as descxibed by Luft (1961).

samples were: :ransfe:zed to pmpy]ene oxme for ohe. hour -

2 ‘vu-.h r_hxee of more changes. than to a propytene oxzde—eppn

. mixtute for two tb. thx‘ee hours. Tha Pedicel].al‘l.ie were-

then- allwed to in:ilt‘xate i epon Sor one co two hours at

roc tempemtux‘a, after vhich e x:lnq was done at controlled

acetic e

& atate wil




Sectlons were- then: sta}.ned with lf. alkalxne toluldine blue:

‘dx.vamond{ knife. " The sectmns were sta ned for one mmnte

‘(Hayat, l9_70) %

e L

uslng standard prccedures (Hayat, 19703.

ultrathm sectlons foz tzansmission elect’x‘on micrc—

scnpy were ﬁup on a Porter Blum ultramr,crotomé, usmg a

For X-ra,y mxcroanalysxs of calmnm. it was r}eéess_ary

o use- specin ns that ‘had not been ‘treated w1(:n EDTA. », - i

Care wis, taken to insure tha: at no tine. aurmg the pres

pazatlon dxd t:he pH’ drop below 7 0, smce even sla.ghtly

dcid soluuons wexe found to ‘réiove Some calcxtv secthions- i

i |
chropmhe analys.xs was done. at the Physxologlcal
Laboratory, cdmbndge, England, where the electrcn nu.cro-
‘sépe m1cro-analyser (EMMAT4) - facl-lltles were made

available faz a limted petlod. L

The EMMA-:Q ha,a pe’en‘&e‘velpgea" from ‘the standard “glectron

micr'oscbp'e; with bercsin*momﬂcat'oi\‘s" and. additions’, v}hich -




the mnu lens, can, prcducé a prb‘be of, dlameter 100 200.nm .

or greater: -This '¢an. be Positioned over Bny area af o

"iiiterest ‘in the specimen, ' When ths area is bcmha ded with

3 g 5 electrons, X-rays are emltted, whiCh are. detected By the :

WO cxystal spect:ometers; and dlspersed 1nto the

chatacter;stlc wavelengths for the elements—present“ THe -’

3 norr-d).sperqive deteiter measures the white count, whlch

can be related to the characteristic- ccunt for the element

to deternu e. mass.. Wher analysxng for elemen s known or

.believed o' be present in the specimén, the dptimum

. éxystal g selected ih each spef:tromete . Fgr 'amore!
% FR Y complete account of ‘fne. J.nstrument and its uses see Heavers

LA

(l?ﬂ.) arid Appleton (1974)

Additional data oni m:u:ropx‘cbe analysls was obtainad

thzoug the courtesy of JEoL-Lia., Medford, ngessachusee.cs, P B
United' states' of America: Ultzatmn secnons were analysed
in JXA-50A; electron pmbe mlcroanalyse:. The use af vanous
‘attachments ‘allows. transmitted electrun images to be .

. obtained, as well'ds x-zay images ! i ; Fas - @

SRR O

wire o LR, pré.paring the ‘skeleton for examinifion with ‘the

_scanning electron microscopé,: it was §irsf: necessary ‘to .

onthe ‘test)- . ..

iv1] Femove: the 'soft “bidsues. After removal j
a

pediceuauas werg, rinsed ‘in dis’ulled ter, and immersed . - .

Cin Javex (sodium hypochlorite) The blFach removed ‘the. sbft i,

tissues ftcm bhe skelecon, wmc’h was t%en rznaad thce EO




.stages of development, xe: was necessary co carry out the

‘ £he. develnpmehtal stages

.&one by. remov.mq several mat,hre qlobhfe:nus pedicellar;ae

until the appendages had reached full size. Howeve‘

stilled" water to remove debrls Jand bleaéh._ Speqmens werei

plpetted onto” stibs ccated with partially wet hc\isehold

cement. The cement was allowed tg harﬂen, thus secutlng

'the ossidles to the. stubs. L While, working With the earlier

entxre prcceduzs c«f remcuvlnq orqanic materlal and nns:mg,
the ke larintn Brcoysk: siip. 'I‘his permtted cpntlnuaus i
‘observatmn thxcuqh a, d1ssecci q mLcroscope thus pxevent»

1an 1oss of spécimens duran trarlsfe: £rom “one solm—.mn to

- . An attempt was, made to assiqn a: speclfxc t:une value

ito;

I

From.a sed b hln, and xammlnq th

animad: every/ day

.there

was 30" much fvddtation”in the's »ute o growth of‘t‘he appendages Py i




7t recognized;

o appendages cbnsideted ta be in St

i pedlcellaru. anards the end of stage Ia sllght Y e

_'diameter of the head region beinq app oxirnately 180 pm

I
; In this study of the globlfernus ped1

llanae sxx ¥

morphologu:ally distinet developmental staqes have Been

(Figire 2) . A nev'pedicellaria’is first

vv1slble ‘as a protruslon of ‘the apm.enus wh1ch covers g

":ne est lof. the sea’ uq‘chxnu The

ec. imen’ sncwm iR’

i‘igure Za.has been placed in’ Stage 1, aﬂd measures

y.- 110 pm in rH meter In this ﬁtage uf

develcpment the:e is ‘no dw:uswn of the tip into three o

T may vary ome—

what, depe dmg cm the exuct age of the developinq

xega.ons of the appenaaqe.‘ ;' L ore

'x'he speclmen shown ln quure Zb is ftnm Stage II,

and measures approxlmately 270 am in 1ength, with the

Bésides, the obvmus i

ncxeasevm siz over those _stage ]




- Pedicellaria in st:;i;e; I '1.3'ox :

cia in stage" 11, shcwmg ‘ i & l

et L

Ml e he separatmn of the up xm;o three Jawsy 130%.5

% Pe'aic'eilaria ih Stage 11 ote, ‘the

J_.ﬁurcnez lonqation ‘of: £he ‘three gsrws, 130%

o A g pedxcean stage b7

head [ neck, anﬁ stalk\ x‘eg:.ons, . osed’.

uox.

pnsxtlon of ‘the’ jaws.

reunded shape of r,'he Jaws at ‘their bnses. The

flexox muscles of the neck are v).s:.ble thzouqh’ i

08, B the somew};at transparent eplthélxum 130

bes. -des:F

_'aria inl stage VI
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I, there is also.a change in shape. The tip-of the

7ot . appendage has cleaily formed three projections; each ' .. . |

TR ;
_-one is.the beginning.of a moveable jaw. Jt N also

G 9 <c1enz1y shoun that' the pedicellaria is sliqhtly narxwad Tl
| havxng a diameter of. approxinhntely 170 pm ¢
R

shown tobe . | R

SOF ximally';

Thus the" fxnger—shapad ptojactiun 1

'differentiatinq gradually J.nto a sbeci.alized appendage.

2 . The EHiT meags of developlnenc 43, represented by
rigure 2c. 'rhe \:hree distal projeccj.onu, whlch are the

i 1l separated tips\ of the jaws, have become mpre dxstinct

3 externally. 'l‘he 1ength of the pedicellaria has'. increased

to appmxxmtely 320 pm. hwever there has been no com-

s .- " parable increase in cross ‘sectional arch. This fact is
* exblained. by a change in shape of the appmdaqe_ SR '
o 5 3

resulting from a change in the rates of development of

the, three regionis (head, ‘neck, stalk) relative o each

other: . This changes khe' pmpuxcmn of the total 1ehgth

‘contributed by each region. - The increase in' length -

S oo lh dtene ‘appendage has been mamy due to tlye elongation K

S *- of the )aws. " There ia‘ now clearlyla narrowi ng of. the i

appendaqeﬂttmaﬁds the’ base. The nw.k reqion is naa “




. Stage 1V shuus a further diffaxentiatloﬂ or the

th:lc regions of the pedu:euu:u. The. lqec:x.l-n shown

o R in Figure 24 has o length of approximately. 445 pm, ‘
- however there’has beeftno further increase'in cross -,
ol m:uonal'nrea. Although the stalk is still shot, it )
is the ares which is’smaller in dianetur. The neck
= LR region has -alongated and s ‘become more distinct from’ < L !
the head ‘and stalk regions.  The most obvious change in ' o :
© the head regionm is an elanqatxon of thn jaws. It is " !

in this' stuqe tbat the. three javs first come: to -meet
-each ot..her at thait tips. 'mxs is the| claled position.
.. reids uncertain whethier or not -the jaws hmye the ability.

to open at this state ef devexepwnt. Duri'nq the course - < s il
of this study none has begn oburvsl to show any- . s H
.ppncxahie movement. .

i 'nne next mrjoz chqnge, thac is aviﬂant in Ftaqa v,

u an increase in the cross uccional area of the. he-d .
l 8 . . : reqion Figure 2e shows t-.pa rounded bases of, :ho‘ jau. )
utne chntgé- ‘in the neck and nta!,k'r'egsena has  taken'
phce, ut.hough ‘the” tlexor _muscles. can| now be seen

© through the somewhat cnnspaxan: epithslium |The dia- * £z

‘mater 95 tho head :egion

f th_e,apea.imen‘ 1nlngu:e zé i
';1- oximately 235 pm: Gompared to Figure .24 ghich is,




of equal’ ledgth but has'a dlameter of’ 200 jim.  This-is '

the first major 1ncrease in cross secnonal area since”

; L

! Sbage VI -is rep esented by.a pedlcellarxa with all

grouth nas taker place dunng Stage T

essential components well fcrmed.' Each of the thrse

reqions is distinut, althcuqh the s_talk falak ‘First

shcrt. The flexor muscles in. the neck have been observed

n’Both., the ex‘tended and rel‘axed conditions, indicating

that the appendage ‘is capahle of benqu its head on the

stalk.. The pedicellarla in Flgure,jf has changed little

i_n shape from that" in Figure Ze, althuugh there has been

i relatx.vely large mcrease size, espec1a11y in the
'head reqx_on. It is only whEn the other components of

the appendaqe are welL formed that th tplk begms tn‘

elongate. The specmsn 1' Figuxe 2f Mas reached a

: 1ength of approxmately 1.2 mn and a dxameter thro\xgh
’ the base of the head of approx:mately 430 pm)

lli.stologx ‘and_ Wltrastrubture of the Egithe‘li\}m

-The eplthelxal layar covering' the" pedigellaria

. remains ccntin\mus wlth that of "the test. The mature

appendage possesses an. epitheuum conslstlng ‘of a sinqle

layer of cells (Hyman, 1955). ‘This is Erue in later &




devglopmental stages (Figures 3 and 4), however, in:

earlier stages the epm;eun- is sevfr-l cell layers
thick (ﬂq&e 5). 2.2 : Tt

i
The | al ' e of the ¢ epi:halill

caun is lhwn in electron nicrogn hs to possess,
numeroua -icmvilu, neasuriuq approxumtaly 0.1 pm

“in diameter ahd" 1.0 pm in length, as shown in quures

3% 4 s apd 6. occasmnnlly the. lu::ovxn.i are shown
to bunch ﬂ\ltﬂll’v temnlunq in an electron-deme
xip. A layer at tm- fuauentou utgx,ul coversthe’
-uxfaca ‘of. the pedic\sllaxia. i.n:arumnhctlnq the. diutal-
halves of thg mcrovl}h» (Figure 6).

] Mitochonaria“ana Golgi bodies are. common in -
y lpithelxat cells of -the develapinq pediaellnzh.

with racu es "and veucles., The

" fine nt}uatuxe o the ep;thalium of padkcellarh-

lc\xlem:ul was daicrxbed by th

(1968b) who reported .

.the" licxovxlh. are connected to' vacuo!.n fuund

thruuqhout ;he epi.thehnl. cells.  In the present -study

5 vneuqle‘ vue colqnn

ar the microvili'qt- rface, but

Cobb (1968b) \also found the epithelial cells of E. =

esculentus pedicellariae to be.joined by desmosomes for




glgqtrc

a globi

v of

vacuoles, with t:a
vacuole has‘sevex:a

¢ = 1abeiled"5pc jconta.

"_in

L e

abbieviations’

! f trongylocentrotus drbbachiensisy .. - . . & ;
Sho"’inl; twd type: vacublated célls: =, . 7 %

alphabetical order:

n miérograph of the ‘epithelitm of.:

ferous pedicellaria (Stage. IV, or

ces: of granular n\aterlal

X xounded- inclus#ons. The call

in' several dark lvacuoies, or

desiosome,
epithelial cell
Golgi body. - .
microvilli %

nucleus”, g

sphe: ule P e |
saherulated Gell S c
vacuo.

,vac\lolated cell







R h

Figure 4 - Electron micrograph f a globiferous
‘pedicellaria (Stage'IV or V), of

showu;g vacuolated cells i

and in. the. epidezms. |

'rhe vacuclated cell ['ve, in the eplthellum:

conta:.ns electron 1ucent vacuoles; while those, in
the dedmi’s, Spc, contain vacucles, ot spheriies
wlth extrémely. electron dense n\ateual (sjl) i thh

muderately dense ‘granular matenal (52) . and vuth

only small amounts of qranular matezlal (53) 7.

.v‘sooox 2 5 L

| ;
' abbreviations, .in, alphabetical order:

‘adductor muscle
basal body- ..
desmosome
epithelidl cell
- Golgi, body [ .,
microvilli E
‘nucleus
spherule’ containing extremely
N ..+ .dense ‘material

v 82 - spherule contammg moderately
. - idense material . -

spherule’ unntaming scattered
r'granular material

sphetulated celli” - 3
v+ vacuole - Sy

ve = vacuolated cell

§trongxlocentrotu drobachlensis, N




P’r



3 E‘:Lquxe 5 = Electrun mcmgraph of a g1nb1£emus

pedicella ria (Stage T or 11) of!’

Strongyl

Showing ah epithelitm. that 16 Hevaral

external s'utface

'elec:mn lucent vacuoles can bL seen, 6000X.

abbreviations; in

as -

g4.0a e
2 L
DRI

<
S
I

© nucleus o m
vdcuole

i "' cell layers thick.

No vacuolated cells ‘ontam ng .

aiphax':eci'cal ‘order: |

deamosome
epithelial cell
granule

“Golgi body

microvilli -

vacuo lated cell

dxgbahhi ensi







Fig\x:e e Electron nicrograph of  the epithelium 6E
a developing .globiferous pedicellaria of
o A I Tl Strongylo drdbachiensis. .

350w " ] " dlote the’ prébante ot mickviils fnickyana iy )
¢ L - electron.dense tips (c)., and -the layer of fibrillar

e . atérial (f). Also shown are desmosomes, mito-

" chondria, and numerous vacuoles and vesicles;
£724,600%.

- abbre\}«damons’; in-alphabetical ,ordér: gl WS Eet

mgure 7 - Plectron micrograph showing a packet of -
granules in the dermis of ‘a’'developing
biferéus pedicellaria of -

Js e S o ;

M W Note: also. £he py sence ofa vacuelated ceu
¥ 1n the. epuserm X

*'abbreviations, in alphabetiéal.order: . % e I

2 ‘%f TR






I

; aaj.eanz unbrgna- are clnsply :onn.end by.a sapl:ace SR i

these be..lnq septlte t the n:face aud the
: of the desm 4': 2 Figures '3, 4, _ -

and 6 uhnv the epxﬂlelial txllu uf dmioplng pedié— 2 : e

ellariae of § dzdbnch ensis to have mtbtce}dulnr ©
junctlunl similar to thoae' deseri.bed by c}’lqun usss)
for ‘the ‘tube feet of u-e egular echincid D.

tilllrnl. ,
There is an Lndentatim or “cup” formed hy adjacent * -

near ﬂle external zurfll’-‘e This hal nn

dclmuo-e.

ks e o
*“cobb, [(19685) found ‘each _general .pnnenn cell of :

esculent\u pedxcennxiae to' polse- -a ‘single ‘cilium

I
am:xnued by b’@hﬂg b{ melli uﬂ\mh the: micro- ~

graphs puuneed hare«io not- show cﬂ.il{ basal bodxes
Rave been found in the epithaun caul (Px;uze 4.

and one -or o, nuclcéli can 'tu\lnlly—be seen

“*Also preae.lft in the epuemﬂs are diutn:'t vamlated
¢ 8 and ab). . ltalnglc T
s, contai-ni.ng

l.nrqa uppnnk(:ly empty vac olu. Thny n-e T Al
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N add’uctor muscle

Light ‘nicodraphe: of globiferos, pedto-

ellariae (Stage T) of Strungxlocentrotus e

drdbachiensis.

- Longxtudlnal sectlon show;.ng ,thL dlstal
head regi-cn, and' the basal stalk region (the
skéleton is' indicated by arrows); note- the adductor
miscles, -and:th calclcytes surroundlng the skeletal
elements;: 500X. i

b
sshowing the

Gross. éection ‘through ‘thé Read region,!
skeletal valves; ‘calcicytes ana - .
note_the triangular-shape; SO0K-

- cross Sect.}.on thrcfugh “the base of ‘the--
head regwn, shéwing' the basal layers: of: the skeletal
valveés,. and the cells’ (calcicytes) which su:round

the Skeletoﬂ and flll its pozes, 500)(. N

Crosbrmection of the: stalk regi\m 5

1 4 5
. shomng the. skeletal rod .. Laxrows) and the calc;cytes,,
Inate the xound shape. 500 o o

[ g, Shaicis misele 7 %R L
. * ep 7. epitheliud § ‘

: 1sc' = layer, of skeletal ce].ls (cal:::.cytes)
: p  -+pore
By s skeleton :
: sc - skeletal: cells (calcxcytesi
Ve '~ vacuolated cell







_vacuoles may have been lost during the fixation process.
The  deeply staining nucleus is usually located near the .
pe:iphery of ‘the ceu ; - .
ot 3
«In elechn micmgraphs “the nuclquu xa shown to be
snailer and more ronhded than the n\xclei of the other

: enﬂiaemax cells: (Figires 3 and, 5). Both types have.

ixregulazly distrlbuted clumps £ chrumat.tn, hawever
ik in the vacuolated ceLls thers is usuauy a thicker areu [

of perinuclear chromatin. A

The va'c'uola:ed cells described’ above are found

n the epldeml.s, althuuqh thay occaxioqally

appear “in the desmis.. This® is _shecially’ true. in’the

eaxly stages of developmént yhere the Vacuollted Gells
in the dermis may om.nnmbex those xn the prdem:l.s
5 (Figure 8 Bb) . They may be found ‘among; the msenchyne

ccells, near c:nters of calclflcatxon, or even hetveen

muscle fibers (Pigures 85, and 19a) .

1ess frequent m lnter stages of ﬂevelopment, Vhere they

" may be féund in the dermis, although[not cloqely

.associated with ang tissue. (quure 19b) ., B PO

Packlts of gtanules ‘have ' been Lbsezved in "the: Fovnid g

‘ of pedicellariae/i-n various stages ai develapment (Figuwes

e :7 15b and. 16a). In both’ yistologicnl stud1es al d ¥ ¥

such a locadop. fa e A




_‘electron mi rographs, ‘the granules staln heavily; and =

APrLbably cortain pxgment Thes‘e<packgts have been . A,
observed‘ in the dermis, in the’ epidermis, andvoccasionally
ok H . on the boundaues separatl g, the two, bm: most frefquently

LS Vg ehe dermis.: They posslbly aré forméd invthe dernis:

and magrate' outwards.

Figure 7 dlso shows a vacuolated’ cel]_ in the"

l' ; eplthellal layer. . n; is s1m1ar in sike w6l shape to

the packet of qranules desct.\.bed abo e. The most

| obvmus difference is that oSt of the vacuoles ara

% electron lucent. Some Vacuoles appear to be: somewhat

3 L breken up.”mth' no d)stlnct membtana in ce:cam areas.

It is possible :hat thess are morpholoqically differe t

" ‘phasds of one &ell type, posslbly a pignént, cem.

t Ancther 'mo: hLlnglcally different vacuolated, or

spherulated cell has lbeen observed in alectron nucro-

" graphis, both in the Gpidermis;. ajid in’ the“dérnis (»mguxesr 3 s

3 and’4). The chromatin'naterial is congentratéd azy and

the penphery‘ of the nm:leusl thh onl;l' scattered clumps

in the center: Some vacuoles or spherules contain

adr, v w o extremely electrcn dense mater al (s1), uthers are ‘1ess

L gense (82) ;. while rothars contam,on'ly sx:nall‘amcn‘mts G ¢
" granular material (s3).




‘J. by LHRLrd

| of.a.pedicellariaat.the, stage where: it is: a f:mgex:

 shaped outg:clwth wl.th no jaws yet lseparated at the tip..

; THe dezmis narrows towards ¥ne proximal end. "fhe. com- |
o pensaun‘ Tharnasen thickress of the Epithelial Layer;

at the base, of ‘the appendage, obscures ‘this- shape

xternaLly, qxvlng the. pedlcellarla an almost “uniform,

& gy {dlametex thrcughout the length,

{The: proxinal'-part of the ‘appendage repzésepr_s the
stalk region, while the neck region. cannot. be

These areas

P distingmshed clearly from the. stalk

are x:ound in cmss~section (mguxe ‘8a) . The head is

b i the d:.stal region, and cross, sectmns show that thls .

area is tnangula[r in shape (quures 8b, and 8c)*, * Each’

.ape of the trianqular shaped head region, corresponds

tc ,ofe" of the devalopmg Jaws. The skeleton appears

Ge:y early ‘in the developrent of a globifetous pedm—

ellarla. The earliest 1nd1cat10n uf this in hlstologlcal

ections is a clustetlng GF cells arq.md the developxng

skeletal €lements. Th1s takes /Place in fuur areas'~-, .

. each' f ‘the three di.: ferent1at1ng Jays;" anﬂ to'a’ lesser

‘eXtent ln the stalk

see Figures Sa, Bb,IBC and '8d:




’ cells of t.)le dnmis. They hnve been :efer:ed ta as’

Each of the' skeletal élements is presumably Hhsm

shghtly in appearance fxcm the other mesenchymal

selexucytes, in sea u:chm spines; by Pilkh\qum (1989)

aéposited by these clusters of cells that differ s }
wh:.le Heatﬂeld and ’rraus (1975) termed  the active &

skeletogenie uells Sn regenerahng spines calcoblasts. '

The ‘cells us;eciated with the dsvelopinq pedicellarial

- skeleton are tarmed calcieytes in this thesis. mhe e %

reascms tor adnptihg :his ten\\ are Macusaeﬁ on page lzL. L ! 8

In lighc microscope studies the dytopl 'sm uf the

caxcmytes is” small and indistinct. The - nuclex appeal‘

more- rounded “than those of the other cell

“and one’ : ¥
ox more nm:leon an n'sually be seen. The nuclei of -
the calc.lcytea stain d’lfferenf_ly with toluidine blue

£rom those of the other: dermal cells~ “There is hore. .

clumplnq of in, with a tion 'aro;md the

nuclea: memﬁxane. nglng the’ nuclex a sharp outune in

these histoloqical séctxnns.

In 1ongitudina1 secticns ‘the neck and sta!.k reqions

' can: be seen to ba aaparated from the h d regmn by a

1aye: of cell.s, as described by chia (1970&) However

_this. 1ayer, show in Figure 8a, con!ums with t sh*pe

oE "h, skelecul valves, each e£ uhlch at this staqe ha




The 1ayer of cells ls composed of- calcxcytes under-

lying the skeletsl vIlves, which. are- »nriented wlt)’\

# their basal layers along the horlzontal plane of the '

pedmeuana (Figure sa) Wheh fuily developed the

base’ Of a skeletal Valve axtlculates la‘erally .thh
17 the other two. adjacént valves, and ali’ three meet: m

the‘center of the ‘appéndage, ‘but in‘ the very_earl’y -

. dgvelo'pmental stages,.as shown -in Figires. 3a and 8a,

_before the three' javs dxft’erentxate d.divide distally,.:

's ‘no aruculauon

“there

‘Behinoderm caicite is typically pczq,us of fenestrated,-

These pores in life a):e Eilled wlth cells :

(Raup, 1966) .

5 ' and other crqamc mater:.als, most 11kely clonnect;ve

‘This is evident in h:.scclog:u:al preparauans

tigsue

Smce the mate:

(Figure Bc) ial has ‘been.‘decalcxfled

[

t6 enable sectmning, thg.skeleton is represented -* {

by "empty" épaces. _The location of the cahcxcytes in

hxstoluqxcal SeCﬂlona currespcnds clcsely w1th :he Qores

of ‘the valves stidied J;th £he scanning eisitran nicro=’

scope, compa re Pigures\ 8c and 32a, and Figures 10b and

s L 33a. Examination of sectmns ‘of pedicellariae in: "
e e vannus staqes ci develapment shnws that these cells s

continue to s\urcund and presumably determine. tne

R shape of the skeleton. ‘ i e, N

a




" the tubilar Kéel

| i FELE LN

Nen:her the three’ basal layers of the skeletal‘
vaives, nor, the underlying cellular layer,, has been
demcnstrated in' any one cross secclon. 'l‘hls is ‘

F explamed by the fact that: these areas wculd be

$pyrcxin\ately 3—

um thick, making it 'necessary tc'
X orJ.ent r.he specmens very precisely while sectlonlng
to get.. an exau:tly transverse section throuqh tllle

‘-required regmn. ;

Exammation of "the' skeletal valves in'ihe - scanning. '

electron ml&,rusccpe shows that ‘the: bage is the swidest

"vpartr .and above -th

{:here x.s a gradual na:row:.ng to.l,

BZa and 32)3)- The'demis

at the bases $F the Jaws is almust entxrely composed c:f

<t inorgan] calcite ang

'however, the skeléton occuples a much smal‘le; area, in -

Lts org mc mahrlx. 'Dlstally,

‘ross section, 1eavmg the, 'spaces between the three

skeletal valires free 'for the development of ‘the adauc:.o:;'

ymuscles which close: the Jaws in :he mature appendage

" The cells, on ei\:her sida of each jaw'are early

develvpmental stages of the adductcr muscles. In cre's‘s,
:section (mguza Bb)  they can’ be seén to span e
d;stance between adjacent valves. The t;ells in thEse :
th:;ee areas g:adually elongate, beconu.ng spxndle shaped

E}eq\:ro_p mcrogzaphs show (:haq t_hig change in s_hag_:e_i,s

e

s Bt S R T A RS
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true of—bath the nuclei and the cytoplasm, and in Figure

; 9, srattezed flbrus caq be seen in'the’ cytoplasm._'-:n

llqht mlcrchaphs the cells are; Shawn to be’

rather . ldosely.: arranged, (Flgu:es 8a and'6b) , but as e
e 3

_more cells dxfferentlate a true muscle hundle is fomed.

i il e

k

The mdwulual ceils elonqate such that they appeax o

completely span the\ distance between adjacent valvés in, - .

histoloqidal Sectlons, But xn electron mlcrographs -
ol

they do-not appear to have 1nserted n the skelLtax

v'valves at this stage ( xgure 9)., &nd it is”’ not. kncwn

SR e ‘how carly they do'sg.

Th adductex] mu5cles appear ‘even before the’ three E

jaws separate at, the dxstél end (quures ‘8a and Bb

fid Therefcze. by the tme the jaws are sufflclencly

'dxfferenuated, the addnct;mes are well develeped

Jhe e g 7 Stage II: . One.important difference from the .,

previous stagé-is: \:hat the tip of the pedlcellarla ‘has

-
now formed three separate 3aws. as.'shown in Figurr_ Zb. A

"-No new tissues have- appeared, b\m the, muscles and.

"Skeletal elements ]have 1ncreased in s'ze to cotz‘elate

U witn the’ 4rowth L lERe" Eppendage; (Flgure ma). There .

is also some ;Lnd).catm . from cross 'sections r{rough

"the head region,’ that the sinple triangular shape seen .




Figure 9  Electron micrograph of globiferous -~ = . .0 i

pedicellaria (Stage'T or ) of..
Stronﬂlocentmtus dzohaon'ensls.
shuwing the develnying uﬂductor Rt

Py In thxs stage the muscles are nqt insetted

nn the skele:al valveSA Npte.the puse.nce of B

scattéred f_lh:i}s in the cytoplasm; 4200

‘gbb:avlu‘tiunvg,i _in“al_.pﬁabetit‘:_a order’

cytoplasm Kb i
x eliaithelial cel.l j i

granule
nucleus =
skeleton ' o

ukeleml cell (cnldcyte) ) R e 35
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“Skeletal vaives ake indicated by 2rroys; 500%.

T -54< -

Fxgu:e 10;

£

Light micrographs ot developlng

qlo)uferous pedxcellanae af

.Strongxlocentrotus dr bachxensis .

stag’e JE1; note the chan e in shapa i€rofm’ the cros%s

lsectlon of the’ pedxcellaria (Staqe I) ‘shown in

Fiqure 8b. Numercus packgts of granules are: fcu

in’ the demls near the ﬂkeletal valves‘ SeveraL-

vacnolated cells are shown in.'the eplthellum &

)

B Lanq;tudlnal section ot a peam

ellaria Ln Stage III showing the adductor muscles

(cut in crgss section) as well ‘as ‘the thrée ” ‘. I

e skeletal valves: and thexr me an Of artxculatmn. s

The skeletal rod and

S quanlc matrix can: alsc:

be sken; 500%. ¢

‘adductor muscle "\ : ;
~articulationiarea = - .’
épithelium’ 3 M
< packet of granules 5
skeleton . .

skeletal cells (calclcytes)
vacuolated cel







16 i breab W 11 be ‘graduall; fost, ‘s the ja‘ws inéfease.‘
in crosJ sectmnal area, x:he?( prot:rude outwa.rds, but{:;con=;

“tinue to merge at their bases. The shghtly ruunded‘ outex

sidg of e, Saws {5 evident 1n_i‘1gure 10a:

stage o1rf TIhe th:ee jaws have further d;ff.r,rentiated 2

in Figire nazl and it-gs: ‘elea¥ that the ‘sm\ple triangulai

shape of .thé head reg.lon has ‘been lnat. . As elonqat:“n of.

roc,eeds, mstaluglcaA sectlons ~shoW‘ spaces ¢ B -

betweeh\the three separated . jars ' (Figytes ua; an

fThe aem:rs cobtains mainly the’skeléton and. its organi

matrix., The cell; whmh‘are pxesumably responsible or.

skeletal deposition, “he" calcl.cytes, ari: Btlll obser ed in}

associat

; with the ossicles (Figuxes 10b 1 a, 116 128, .

12D, tha and 13b) A’ relatively larqe fimber, 5f caldcytes"

e found it the\nps of tHe. jaus wherq growth is ocduring

o 1engthen the valves (Fxguze ‘1la). ,They.are also_
CYONT

comm throughout he length of qhe

gels whe{:é 'q'ai-cieé :

kaletal valveé\r(hgure lzb). Besxdes

-of th}‘ fully fnrmed skeIetal ValVe'. These ridges and




nquze 11+ vight micxographs ofa glohxferous

“pedicellaria (stage - of -

e suongxxucentxoeus dxdbach1ensxs. ]

tips of the Jaws, at’ the 1eve1 of the develaping

sensory h;\.llocks, showan the skeletal valves

b . cro!s sectxon th’:ouqh a more pto;g_

'mn ares’ cf the sepua:ea' vis: noté. that ‘the

epithellum of the inner surface ‘of Bll:h jaw

-gzadually ‘increases in :mcknasu ~towards the
.centex, ‘forming the sensory hiuocm Arrdids
1ndxcat= _a skéletal- va}ve, 500X,

—od, weX g - A 8
«abbreviations, in’alphabetical order: . .
b 2 1 - -

apxtheu\m\ Y
skeletal cells (cnlciuytes
sensory hilldck i







Light {nicmqrapi{s ‘of 'a globiferous -

pemceuanae (Stage.iT1) of

- stlongy ‘tus drobachiensis. ©

7 al -w¥é.Cross fectxon of the area immed—

iately below the point of separahlon of e Jawsi

the skeletal valve is xndlcated by a:rows, 500)(.
5 i

sy Cross' séi

ion. of th base( of. the -

i <. itead region, shqwan parts of, the basal layers of X o5
B fET Ly kg skeletal valves and the calucytes surround:ng SR 3
them, 500X. - 1 ! ‘ 4 2 ) i

. 4 .1

* apbreviations, ih:alpm'_beticai order: .\ -

,ad —‘adduct 14 muscle % g g .

"ep ~'epithelium 5 L J
s = skeleton et

sc' - skeletal ‘cel ‘(calcigytes)'







glob1 ferous

‘. Pigure 13'- Light micrographs of :

* ped’icéuaria (Stage TETY of

scrongxlocantzocus drgbachiensis. .

Cross:sectiopn of the ‘neck region show- - v w

ing the' closely packed cells, and the txp of the

3 T i pkeletal rud_(in‘dicavtpd"by_:arrows), soux.

b .“Ckoss section of the, stalk regwn g am B R

5how1ng the skeletal rod (1nd1cated by arrows) and.:

‘abbreviations, . in alpr}abencafnmen : o T R AT

J- T L 'ep‘-‘eplthelux : 2
‘ sl s e reskeletal cens (calcicytes)
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. ment ofvmuscleg and connective ‘tissue, and passage Of
“nerve f:Lbers. THis, is described ‘in detail in a late) .-

sectxon.

It 1s not knqwn 1f the Jaws a:e moveable at t ;s
stage, howeaver in Fxgure 10b the valves: are shiopn £6

| "artxculate" with eank} other. The adducto: miscles

which are responsible for closmq ‘the Jaws 1n the mature
pedlcellLria, are well deve aped. the. abductors, which
open the Jaws, i vhe flexars. whsch allow; the head to’:
" bend on* 1ts stalk, db not appear to have £hrmea ‘at cms‘

stage. - % 5 . : oy

The ‘cells which are";!eposltinq the skeletal’ rod ot

the sr_alk tend- m be less compactlx clustered than :nbse

"+ which are forming the skeleftal valves of ‘the jaws

(Figures IDb and 1311) Thxs is in agx‘eement Wlth the

fomn of . this part of ‘the skeleton, which is less iconpléx,

more redculate, and is bemg daposxted at a sluwer rate
©in che stalk chan 1n the -head, regiun,‘ Examinatmn ‘of ‘the.

“whole moum:s in Flgure 2 demonstrates: that- elnngacmn of i

the stal [océurs only after the compotiénts. f the. head

e region. are well farmed. '_ « 5 N R =

The aréa between the stalk ana the bases of the

cellar;a.

vskeletal va1ves is- the nack‘xegxon of the pen{l




;B Kheysiater: ehes tip of: the skeletal rod ‘andits .

] o Lcnqltudlnal Sections (Flgure 10b) show, that! there:

5 |«
lis httle distance between the tlp at the skeletal rod

diam'eter. AL R R <. ' 3

It is nLt well, differentlatea at th.\s stage, but - in

Flgure 133 it is shown to contain closely packed cell

quanic matrix. can be seén. T
: : ; <
s 5 =t o) * o ndE :

and' the bases of the skeletal valves St the Savs. T,ms
s also true of the'fully. developed pedicellaria when,”
it is ¥n ‘the relaxed state; but, when stinulated the' neck

xegion elongates so that head’ ektends ‘toward the- "

'source of scimulation Therefore the distan.ce between e
the, tip of (:he skeletal rod and the bases of che skeletal

‘valves. is then greatly mcreasea. However, ‘at' the stage

of development shown in quurs lO}J, the necessary musc].es ¥

and cennectxve t).ssues which allow elonga:xcn and flexuze

-of the, neck are; not yEt formed.

It now becomes eudent that the neck region has o

1ncrkased ‘in d1ameter and thxckness in relation:td the

stalk (Figures 13a and 13b). This was not the caee in =~ = . 'f
earliér ‘stages where only the head region was larger ‘in

Cross sections cLearlp show ‘that..the epithel].al

layer of: . the pedn:elfa' La4 is:several cell layers thick in




*  proxinally a  “tubylar - structure. (quure 11p)

sensory

‘Keel of the va‘h}e} its Organic’matrix,

the decalcified skeleton it can, be seen that l;he keel is

g5 i e A E

the, head. region (F'iql'ues 11a, 1ib; ‘124 and 128): - Sections. .

t‘nrouqh & pedlcellaria, above the point of saparation ‘of:

the gaws, show that the thlckest areas:are on the’ cute:’
surfaces of the Jaws, and ém the.midd1lé of ithe infer
surfaces (quures lla and llb) There is-a’ gradual

1ncrease 1n the thlckness Jof 'the: ep1the11a1 layer on

either side of the inner surfice” of the Jaw, with the y .J‘

gr}eatest vwzdth ‘in ,the center... This cmckenmg is -shown

to form a distinct Killock, and is’the beginhing of the

illock’ of the matire appendage (Figure 1ia).

fn distal areas:of: theé jaw, (Figures,llaand 11b),’
it is shown that. nhe\ dermis is zepidgented.by only a i

small areaiii the center of each'jaw, contaming th?-.'

and a- few

undlffexentxated mesenchyme celis From the outline of

quuxe 11a.

at the level of the developxng sensory m‘nock, sl‘ows that

‘neze the i ner s\lrfaee of the keel 15 st111 cpen. " This.”

Conditian Ellows ’for the foxmatlon of’ the Eoral\'len through

I

which the nerves from the sensory hiuockJ pass, €

n(e ske;e'ca}, valves' have increassd

h is a transverse section throuqh a: mote distal region, ¥




intricate groovés for articulation are formed (Figures:
142, 35a.and 35b). - This development correlates with - ° -
the enlargement ‘of the :{dducca: muscles, and: the ~
appearance of the abauctors and flexors, the latter
“of which are !epres?nted By muséle f£ibers found”iri.the . )

neck reqion. runninq frqm ‘the basea l the, ske:ue:al

valves to, the tip of the skelacnj. rod of che stalk.

It is in'this stage of develcpment that ‘the
explanation for the tluckenea epithe[iul 1ayer coveunq

the outer sut!uces,_cf the jaws become’ evxd'nt, as it is

‘shown- to gradually differentiate into the' venom glands.

The epiﬂfe;ﬁ;;_ Rt iy AT ALk At ek reriany
.is only one cell .luyet. thick, see P&qu‘:e' l4a. This.is
,. the conéxtxon :haracterxstic "of the mturs Pﬂ'h.cel*ar;a.
However, t.he epxthelium on tha quter surface of each
' jaw is several cell layers thick, see Figures la, 154,

: 1sb, 16a and 16b. ‘At ‘the level 6f the addul:tox muscies, ' "

it is clear” that the epxﬂ\eliu\n of ‘the' mmmng two - g

‘sides of each 3w 'nés becor

one: cell 1ayer f_h.\ck, as”

3 ahown in Figu:a 15n. Thxs ama appears . asan infolding

Cin ,the wall: of the pedu:ellatia.

Ap\:arent’l.y, there 15 a tapid diviaion o€ cells in

the epithelium, causing the layer t:e projact 1nv.u-ds into




Figure 14°- Light' micrographs of ‘a qlomfemus
pedicellaria (Stage IV) of
“Strongylocentrotus 4 hiensis. |

o

Longitudinal section showing the

“skaiital vaiyens ekelbtal rod salologbes  adduckoy: .

‘muscles, and flexor muscles. : Note that the
epithelium in-the-stalk and necklregions:is only
one cell layer thick, while.that in the. head
“region is several cell. layers ick 320%:

b iu..+ Cross section of the base of the head
region, showing the bases of the-skeletal valves, .-

' the'cells and organic matémal (most likely
connective tissue) surrounding the valves, and:the

-abductor muscles. 'The -epithelium gradually.
‘thickens distal to'the base of the jaws,.‘as Shown
in Figure/lda.. & sllghtly tangeritiadl section ‘wou
explain ‘the presehce the. thlckened epnhenal
layer in “this nu.crogr

Fh,' 50

abbreviations,’. in alphabetical order: " . .. ...

abductor.myscle
adductor muscle
- articulation area’ . ! 1
connective tissue S
epithelium
flexor muscle.”
skeleton

skeletal cells (calclcytes)




~68~




et L MRS g &

Figare 15'-vLight=ﬁicxograph{s o globxferou,s'

_pedicellaria.. (Stage IV) o

_-strongyloce ard

‘a gy Cross séction of the ba%e ofgthe jaws

_dt the level of: the adductor muscles, shov(xng the s ..

thickened epl.([_helium found only ‘on the o1

§ of each jaw Note tqe areas of adductor: musgle

1nsert10n on the skeleta]_ valves, which are

1ndi=ated .by axrows. 50 X, . .

‘can ‘be'seen in thezdemis, 5nnxA S, e o

- adductor muscle
epithelium e
- indentation i
packet of granules; g
vacuolated cell G " Py 56
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i d I 3
o A, L, Figure 16 - Light micrographs:of:a globiferous
gk e Tl "' pedicellaria ' (Stage 1V) of .

3 E .+ * i strongylo ' drdbachierisis.

é - . - ] .
kP g . Cross sec'tlon SF . the three sepaz‘ated

he: sensory hillocks, packets of

ws'' shawing -

_'grariules and ;vacuoxaced cell (z.namated by 1z

°: [ ‘black arrow) 5
~ o
‘_ eplthelulm. the, skeletal vilve (1nd:.c ted by

§mallex axmw‘g) and the ne_rvq,f amen’; sqox.

their 1nner sides and’ are surrc\lnded hy ra'latively

2 latge ninbérs of calclcytes, xpdxcaqqg 'skeletal,

.abbreviations,” in alphabetical ofder:
Bty ¥ L ” . .

t ST ep - epithelium - T

?? ¥ ¥ fm p-nerve foramen,

. pg.# packet of granules i

s - ‘skeléton

skeletal cells (calclcytes)

gensory-Billock

_vacuolated cel}

lobed thickenlng of the







the dernis. .Theré has been little’increase in cross
, e sectional area since ‘the pxevious stage. However; . com- -,
panson of hlstolchcal features shows a marked ire~:

organizatien of tissues. ' The,adductor muscles have S

increased in-size by the dlfferenmatwn ‘of more cells, 'y

T % and by the fozmatlon of. numerous f1br.|.ls. The cells

. occupying. the deznus fiave: becone “less c]ampact, and there -

is a.relatively large space xmx{edaately 1n51de ‘the -

thlckened\ epithelium of the outer ‘surface, Dlstal to

this, ‘at the lsvel where the thxee Jaws begl.n to \m
1

séparate in the center of. the pedicellaria (Figure,

r,he eplthellum is cbserved e thickest on eqthex g

slde in-khe Sty aurtace of each- Jaw, This results :

in a bi-lobéd thickening, With ar AnacoCALIGn SRLEHE v

i}ectly'ou&side the keel ‘'of the

layer at‘,thé-center‘} ;.

o vy g skeletal valve. ‘A cluster ‘of cells is thus formed on

either side. However, " he Saw does nat take on ‘this

s |5hape externally, indicating that' the’ layer ot cellslgrows‘

tnvard.” o acconm\cdat:e thxs’herﬁ must ‘BY dn increase in

o N ' 3 ; the area enclosed by tnt epithelium o make suffmi.enc
L .

50 X space. for thape Gelld xnsme the jaw. . This is sug,qeste‘d +*

as the reason “for. the Epace between the epi hellal 1

and,the’ skeleton and adductczr muscles,\fo: the 1oose v

L i Sy arrangement of - the, cells occupying: the dernis, ‘as well ‘

asg for thev decrease -in thickness of the er theli\m\ oi the

3l
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inner sides’ of ehe Jaws‘ _These aevem;;ing venom glands

“give the. head: region a.rounded appearance wmch isfmost

. pronounced in the mature pedu:éuana, see FTgures 24, -
“2e and 2§ N o B / :

i) Thelcel1s-dE. the epithelial layer are similar to

“W'.: those described in & previous seotion. (page 33).. The

- vacyolated fells are sually fofha in the cutem{oat

¥ 'regi-on' cf’ the epithelium of the o{;ter Sides.of ‘the

Jaws: " They are occaswnally “found in the emthenum

o "  of "the ;mner sides uf +the jaws, I:pemany in the
région of ‘the developirg seénsory hilloek (Figure 15m . 2 ¥
" tike ‘the vacuclated cells, cne packets of granules e |

[ E‘J.gux‘es 15b“y@nd :

< Tare occasmnauy found in tha dermm

“16al.”  Vacudlated cells have.also heen Eound,y:l.n thew - ¢ B
@mkened lobes of’the epj.thelium, (indicated by arrow,. i &
Figure‘ 16a) » suqqestlng that as yet the txssue has IR

ko) 2 d‘true glandular area; bul

nDt di fferentlate

" ‘mexely a cluster of cells’ whu:h allows wandenng eeddE un s 2 Lk

., ko movg thz{mgh. BB N e 1

ection of the pedlcellarla .

Figure'l6a is a cross

through :the dey 4:mp:mg sensox‘y hillocks. The heryé

% Sy | foramens of the skeletal vaJ(ves can also be seen. “The

7

s, filled- thh!a matetial ‘that i.s

2y o 4 cantsr of eanh valve'

R probabl ﬂetvous ussue. It appearfto rin “£rom the i




N1so, nd large areas contain

Fagure 17 shows a cross sectlon ot the kéel GF"

th s)ieletal valve st 'the level of\the Herve foramen.

. The dt}vel!_:pl_ng netve found inside the'keel is also 4

shown ih 'oross section; : Cobb jnsea) desclebed the
irnervation ‘of “the. muscles of th tridentate pedlc' |
ellanae of E. esculem—.us at. the ultrastructura.\

levelA He found the mass ‘of nerve fibers  that fills

i cavity of. the basal :eglon§ oEEle, EKaTeiAL Yutvas | i v ey
to contain, between gne’ andl e thousInd axons, drith 0 o s
occaslonul £ell bodies. The éwns variéd in'size . %
bétieen 0.1 p‘m and. 2. pm in diameter: Apa_rtt'fz'om‘th \;
Largek; XFss dense areasJ the devel.oping" 'fibe‘zs%n b

in: Elgures 17" =id. 18a Vafy An size between 0.8 i ang’ o
spm in 'dumeter‘ The smaller p:ocesses are sxmlar

in size and 'shape to those shown by cobb (195&;)[ : 1
however, . those 's)}ow'nv hgre are. nore electron dense{ e

g scatéered ‘amounts - of ..

‘cytoplasm; (as showh i Flgure 1da), were demonstrated

in e prevmus study. It is suggeeted r.ha; chese are 7

ateas of cytoplasm that fave lior yet diffetentiated.. -y
In later develcpmental stages, Lhe axcns have been o

observed to be separated by 1arqez spaces, ‘making them b o

less closely packed: r.ogether (Figure 1ab). T

Crosq'secticna thtough the- pedlcallazia nedr..the.’




hguxe 17 - Blectron mlcrograph of: a dévelopinq

;! | globiferois pedxcellarla of

robachiendis,

; showmg ! e skeletal,. valve enclosmg

the deve‘lopihq nexve. " E e g

- adductor musele,

B b . 3 . ad =
3 s fm - nerve foramen . o B ;
i 1 < g. - .gramgle (Lpide); . ", i - :
i n - .nucleus . > |
it = nervous tlssue P
s t

skeleton
| P







Yol g 0 g 11 i i
g ¢ Figure 18 - Electrcn mlcroqraphs of a dEV‘elup).ng !

i globlferuus peﬂlcellarxa of

|- = P Strongxlocentrotus drdbachiensis - © T e 1

3 sl;xw;ng developing nervous tissue.™

Ty
Early deveLopmental stage of the

mffe:eﬁmaunq nerve;. note the presence of sl

’cytoplasmic areas and the ciosely packed axons,

’z’l,_aoo:g. : o g RRINLY

&k ese

Later aevelopmental stage sbomng

axons separated 5% 1axger spaces; 24,600X."

“dbbreviations, in alphabetical order

k-

axon A eI ey

. “nt - nervous ti}ssue
s el 8 = skeleton |







., comp, xison with the other qomponents of * the pedlcenana, .

'developed ‘and ate rattached

P

Taue bF the buter surface becomes ‘reduced dlatally\ i E ‘

“(Figure lsb). “No duet is, yet fer.med. N

The calcicytes, Jhlch are presumabl deposumq

 etie calcite, are still found to.be associated with 1

the ’skeleton, although now: in fewer iy bers‘ This is.

because the skeleton 1s already well developed in

Growth is Etiu taking place, but at'a mach slower SRS, W s

relative o the ather componénts. “The main change is -

B v
reflected in he fxlling in of pm:es in certaln areas,

the calcite becoming ‘more ccmpact. ’rhe ozgamc

3 mamrix remains, éven in the matura condu:;mn, pre- : ) fa

sumably to maintaln the calcite in qood condltl.on.

| ; 3 y
At this time- the necd sary areas ‘for inusclé * 2

attachment have formed. The adductor muscles are wellf

5 the skeleton (Fighres.

15a.and 15b) .. The 'abductors ‘have also appeared, and

The ‘progess ‘of differentiatlon pf mesefichyme .

cells into muscle H]bers is. similar to that -already
desgribed for’ the ddductor Imscles. At the sanie tine
other ‘cells. of the néék . form lonqitu inal fibers, which .

run fro the| bases oE the skeletal v lyes to-the tip of




1=
i s !
the skeletal rod (mgure 14a). 1Inside these’are Eibers

* running ::Jrcularly | Together’ they’ form the  £lexor’

- muscles which allow- the head to bend and extend tcwards
A scurce of stxmulatxon ‘No pedmeuana, «earlier Shin:
or" at thls stage in Jts develupment, has been observed

- to’ move in th;Ls study. . Thid xs trué:of. the ‘Jaws, "and

'of the. appendagé as’ a'wholé whxch in the mature

copdition ds equjpped with, 3, moveable b
i e o Y
stag’ e V. ) Important changes occuz- J.h‘:ernally
in this stage of aévelopmen:, \-The venon glands becone
a tissue dlstlnct from the epithelium, as’ ‘shown in
‘F:Lqure 19b. : At ﬁts preximal‘endl the developing gland . d

is seen- -as a. sinqle, compact group of cells (Fiqure

19a), somewhat thicker than ‘the. corresponding area in
the prev1ou5 stageA Alkthough. it héf a distinct bour}déry
on its' inner g, it is 'still mérged with the covexlng

-epxthellum on the, ouker side (mqu‘

192). ' Tt-also
Sontaths, vacuolated ch1e which: are presumably makmg
their way to - the O\ltErlﬂC\St cell 1ayer. The cells EEET\
at the inndr -edge of this tissue appear t0 Be, somewhat !
'e1onga ea. 'l‘hese - are diﬁfezentiating snto: £hb

‘muscles which su::ound the , verop gland -ip the A:re

pegiqenan‘a. "sthe muscle célls ‘are probably _formed £rom-

' the loosély arranged .cells which occupy the dermis.’




. Figure 19.- Light micrographs.of a globiferous
pedicellaria  (Stage V) of, :
Strongylocentrotus drbbachiensis.

el cross section™ throuqh the base of =y ¥ g 2 ’ il

the head rsgi , -showing ‘the developing wvenom ¥ 5 :
“glands, < Note the miscle célls'outside the . = g 2
.inher |boundary ‘of the glands, gnd ‘the slight . ' ' = . 4
‘indentation in-the glands. Vacuolated cells" 5 me S5 b
can be seen smong the adductor musclerfibers;

. . ifi ‘the dprmis, ‘the developing qlands, and % 18 =
| ' -+ ip~the eplthell.um, 500%. .; [& » S e

b .. Croés section’ showing the - 2
Bifurcation of the venom gland of each Jaw." SE

“'Mascle cells surround the glands, -except for. .
‘.occasional -areas where -the glands merge. with .'!
the epithelium (arrows). Note|the clear) vacuoles

-iff thelcells comprising, the venom qlands, as well
.as a packet of qranules, 500X by, =R

alphabetical order: = ~ ' .- . i

- epithelium
indentation

. muscle .

pacKet of- qranuxes
skeleton [ e
vacuole RN 8 T
vacuolated cell .. - "I, 77 b
‘venan gland Ko







e TN T T : o

N »
' The bi-lobed’ condition at’ the base ls seen #s -a w G

sllqht ;ndentano? in’ the\xn(xer bo\mdary of the

den The muscle cells follow

eloping gland (quuxe 19a).,

‘this path also. At b weydl wher@ the three Jaws:

-separate, they b}—lubed condition of the developing

. gland'is cnmplate, (Fxgure 19b) , . showinq a rounded

cluster’ cf ceils, insn,%e fthe ‘epithelium on either’side |

Tl g w, OB the jawi ~These. areicomplecely e osed ‘by muscle

o & e Leus, except for occaslonal a

as where the cells

; merge thh those of the epithel:.um, (1ndx ated: by

ax:x:qws i Figurs Tom); Th muscle cells»gradually

encxrcle the cell clusters, completely; cutting them

-
( 7 E off frcm the covenng ep1the11um, which 15 TioW clearly

ok b ‘the aisighe layer of cells typu:al o the mature appsndaqe. e

P s ‘Comple;e separation of the glands: from the epithelium

is fu-st found approxxmatew alf—way up the - 1ength cf

.‘the Jaw. sttall}': the cells merqe aqain with the T, &, W )

r:mly by ,nm igs ot th¢ ep’ichehal layer o g

No. muscle cells Are fomed heré at thig i

1y since the last -s(:aqe. Several

.areas, O




_‘1 -' inside’ the'venom saé, aLtr!mugh £he 'space sepazating the

are larger.and”"more numerous-in further developed areas, . v

where-'the gllands have separated ‘from the epithelial

1a.yer (Fig te 19b) .The ';isecietory" va‘cuoleg‘ aecreese'

Ji=
J.n number toward the tlp where ‘the glands ate less well

SE 7 ‘geveloped. Howeve:, the’ pzesenee of “these, vacuoles in®

*Nehis ‘specimeén indxcates et Lone ofsthe <cBlls.of the”

‘venom ‘glands-are alreaﬁy playinq\s—seére QLY o, e,

na

the cells have ‘begun to take then: charactetlstlc.

sition,. that 'of a 1a1er of secretory eplthellum
stde “the. muscular wall of. the venom sac.

IR “this stage glandufar mater1a1 is

stage VI. -

found at the level ofthe bas! S of the skeletal valves,

as 'shown: in Flgure zob,' or-even proxxmal to thls, and .
,the bL-lobed cond,ttmn 15 ccmplete Just below thedev,elv-
at which the innex surfaces of the jaws eeparate ., )

(quure 21a), The space betvjeen the' two lohes of, each

gland u\creases d1stally unnl they are separated by

of theI skeleton, which" Hie’ 1p us o

‘the'widtH of ‘the ‘keé‘

!curvatute and pnsihon in the Jaws, comes \:o 1id
directly: betileen, the: two lobes Of the venom sac (Fzgure )

RSN 21b). ‘In'basal areas'the: skeletal valve xemams just,

twa has decreased from the. p;ev;ous stage um:ll the. twa .

‘are touchinq. \The.-venom -glands. decredse in.size’ als;ally'

S
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E'xquxe 20 - Light mierographs ofs deve,lopinq 5 £ .
- globiferous pedicellarise of i

Strongylocentrotus drdbachiensis.-

. % Vuens Cross sectmn thrcuqh the dutal o
I = Ui regian of a pedicellaria in-Stage V,: showing that £
the glands are not a distinct tissue at: this £
3 5o . level, but are fepresented by thickenings of the
& - _epithelium. -'Note that the bi-lobed cenditian is -
) xaducedi 500%. "

. Cruss sectiun through the h:ae OfShe Hl o
che f\ead ragion of a pedicellaria in Stage'VI,. . i 5
o ) -ahowmq ‘the bases of the skeletal valvés, and 'the
% : ‘.venom glands. A musey lar' wall has completely
. sqlrrounﬂed the “venom’ glands -so that it no longer
merges with the epithelium. ' The nuclei and o 2 [
cytoplasm of the secrietory .cells are concentrated. * B
+.* inside thé muscular-wall, while the remainder of. - A
.- the gland 1! filled with apparently empty vucuoles . 3

320x.
£ . abbreviaticns, in al_phabeticul ‘order:. 4 :
S A lepes epitheliu’m/\ : : ;
& = A & “'m - |muscular- wall 5 =g e whoy
{ 5 STl e skeleton = S P 2 s I
IR .sc -'skeletal célls " (calci.:ytes) K
% A T s ‘cretory . epitheiium v LB TN
o v -~ vacuoles -~ 2 o
X vg - ‘venom qland SRR .
. g 5N >

TSR SR
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- vendm

adductor muscles 320)(.

strongxlocentrotus drcbachiensm .

-<. B &Foss seGtibn through the separated -

jaws. s}{ow_ ng! ti’la‘t" the 'skéletal valve comes: to Iié .
* between the two lobes of the veno. gland. N’ote”

,the tubular shape of ‘the skeletal valves, aqd the'.

enclosed cells, 3 20X

'adductct muscle
epithelium
muscular: wall‘ |
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until trey unibe ta fom a comm 7, tub o duct running

over- ‘the: curvld tip of the alve which forms _ £h erminal

3 b
; Further change haa taken place in the hxstnlo y of

B t‘he pedicellari since th prevxcuL stnge.' The vennm .

pedmellariae of: S.‘ gurguratué The maj’cr chanqe t}mt
t:he stalk, This is ,n aqreemene with the sugqest:.on nf .

°f. ‘_the heaq.are well develnp.ed. ‘,lfhis gquxgs _he 2

pedicellaria ‘to'asdime its defensive rold.




ture Of the Déilelohinﬂ venon éiands :

In electtcn x“mrographs, the early stages ‘of the

de elopnént -are, seiyna?

In Figur 22 the musculat wall L

ounded cluste s i

Vvenom gl

of dells 1n t:he ‘jaws,

rHs not'yet formed, 1nd1cat10n 7

1thnuqh there is solﬂ

that the. cella along che inner edge. of" the. gland are ol

) 'beginning to elongate.‘ presumably, they deferentiate

into muscle cells. An inte cellu]:Br sp!ce is shown |

%o separate the ohter “side.of the developinq qland S

'from the epitheliu T Laterauy the gland has not yet

B ,separa,ted tum the ep1the].a.al 1ayer.

5 prctrude into the cluster 5E" cells. Some amurphous

mal:erial, along with some electron dense qranulss, are’ R

found in this’ space (Fiqure 22). e —

Lazge eléctren 1ucént vaonoles form 'm»”the c'ells of.
hiié




: qlar\d frcm a glchiferous ped o=

' :enana (tagé' v) of - '_ . “E

: 'strgngxlocentmtus drdbacmenexs‘.

pihhel am. sevegal’ vacuoles have appeared dns

‘the glandular ¢ell: nzoox 8

-abbreviations . i ’alpiﬁabeci‘cal o'x-.ae'u‘

- epithel;um
glandular.cell -
1nterpe11ular space 3
- ‘skeleton * }
/% vacuole .
P vacuolated cell







fibrulaz material (vz) i

v2

bl

2,1 ,‘saox.

seaek

= vacugle -
—vacuole " *







2 ‘pqdiceufc uere stud).ed. i R

‘l‘.he vncuoles trom all the sec:etox:y cells were found

to fm the ccnte: of t_he vemm sac, rms was found

to be the _cne' in st;aqe VI, (ﬂgutes zub 213 and 311:).

= The. srr!.king tn, n; ehe aegree of vacuélatioh i

m:ene: de\:niled !tudies on developinq vem glands.

'ns.\.nq electron microscopio. Mstoch ical or. auto—




03 -n*' o3 30 }ipuq umur aq—.\ \uoz; suxuunz uess aq"

xaq'qj. ‘s‘;xe T® Tpn:rﬁ o1 .ua:.n oy 'satﬁzea PoIusTIO




{

) glamfemus peq i

5 stxongyxccentrsxus d’}o’bachlensls, p el gl 054 0 8

showing -the. skejetal areas and

O g fassocxated calcinytes‘ = Ml g

the CElCleteS, and ha cytoplasm surround;ng the iRy

: B ¥
skeletal areas; 6000%. - W 3 : e "

°
.
b it K

cytoplasm’ . ‘

& o
ct’ - connective tissue- 4
3 g ' < granule \
ics - intercellular space p
b s mit - mitochondria -
. g n. < nucleus . : e g o, 7
{ - ‘.8 - skeleten 5 . &
s¢ - -skelefal. cells. lcalc:.cytes)
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f. A~
alectx?ﬁ ﬁ‘x’cmgra'ph_o_f a develo ;
globiferous pedicellaria of :
trongxlocantrotus & & 5
" éhowing s¥eletal aréas surmunded % o, b

b;\cytcplasmc extensxc 5, ‘or

pseudopodia, of the. calcidytes; . P

“
5 ¥ 2 (
mit  mitochondrion - . 2 1 : :
s . - skeleton. ‘ et 85, ol 1
; e :
; 1 :
v . (.







F;qure 26= Electron mlcrogtaph of a Tavqlopan

glnbxferous pedxcellara.a of

Sfr ngxlucenttotus dmbacmen is.

assoclated wn’.h the skeletan, 24 600X...

€ cytopl asm
el connactive tlssue L
= -Gl Golgi bod: 7

mit =~ nutochondricn
me = micrptubules
..~ nucleus:
:s+ '=.skeleton




Efecton mcrographs showing stages 5 ’ .
of norphological. chanqe of - LA R A w,

mitochondria from calcicytes ot X

aeve lopinq globiferous pedxcellatiae

« of § trangylocentrotus dzdbachzens:s. ’

. Typicalmitothondrion;: 24,600

] 2 7 oz A e .
itochondrion showing loss of -soine.

7 241600%.

!... Mitochondrion ¢ontaining’

+24;600%.

Vesicles,. or mitochohdri Nefat

24,600

lost cristae;







,,/—‘"szz + .shape, anﬂ che presence of a few emnants Ofp/'

Typlca;

Lo morphology (uguxe 27

mit hdfial fLLuLmeu‘{

ng ‘the ‘two parallel = ° ‘

boundary embranes can be seen; such. mi'mchona'ri'a con- ‘
t#in.a number of tubhlar czlstae, an¥ a moderately

. electron-dense matrnh The' first recognizable chande

is demonsg:ag_eq by the 10s§ of, matrix:material, ‘although.

the bo’\‘mdary membzanes;and cristae remain’ iﬁtact. * The

S
-next: morphcloqical chiahge ‘is the gradual gxeakdmm

©oof the crxstae, and one, of the boundazy memhzsnes, . “

rost_Likely ‘the infier one. ‘In-later .stages’ 6f modifi

“ation they‘ can.be. mennnea as rqztochond:la by their

crlstae. Membrane bound veslcles of slmllar size
e

.7 shape contaxnlng only u—aces f less electron anse

mat ial are commnn in the “cytoplasm of “the ca1c1cytes.

Thess

re found in agsociation with the: meochbndua, am1

bgcause of their cempj:able size a d shape, it is squested

that these vesicles are modif;ea or transfurmed m;tochondri

!

8 . Electron m1erographs through the developing&keleton

often show sectxons through pseudopodia which are filled

" with clusters of nitochondria ‘(Figure. 204" They ha e










ptcxun].t'y of the ‘skeléton (Mgure 28b) . P olf
: I

In histoloqical secticms and’ electron\micrographs

- pedxcellariae that were decalcified By treitment vith

nn-m, the skeleton is represented by epon lnflltréted i

spaces which areappareritly empty, except fct remnants

.,' ;. of scattered amorphous material (pussxbly orqanic), as -

'showh Ain Plgures 24, 25, 26 28a and 28b. .In micro—

[ graphs of non—decalczfled tiss.ue, the ske).eton 1.5
Ediedentda by holes which are. cnmparable insize,
‘shape,. and position to the epqn—infxltratsd spnqes'

Bnth GonForm i

‘of décalcified- tissue (ﬂquure +30R)..

closely wn:h ohservatmns fade on the’mrphology of i

the xsolﬂted skeletcn, to be desc: beﬂ in & luter

section. ﬂpparantly the chleite in: txssues “that had

nci: been treated- Wlth ED’BR falls out durlng ultrathln

sectiomng, leaving empty ‘spaces. A simxla explanation

! P £ SR made by Gibbons et al (1959). Thﬁre is no. evmence,

that EDTB treatment after fixatmn in.aldehyde, al\:e&:s

gréatly the arrangement or hlstology of: the §cft cxssues, ok

. ', " In/mi s bf. ti;sues eparei in flxat).ve ith;

?H 6. B 6.3, the skelgtcn is: represented by large: holes




" Figiite 29, - mécti:cn micrograph of a “developing

glcblferous pedmenama o g

I S\:rongxlocentrotus dxdbachxensxs.,
- showing skeletal areas that had i

‘beeh: phrtially decalclfied

aurlnq Elxatlcn. ey

'x‘he holes, hl, and hz may represent two -

vertical strut& that became joined by the

fbrn\atxon of a hotizontal bridqe. The hewer

calcite posslhly dissolves “in slightly acidic

* conditions more easily; sooox e . i B

alphabetical ‘order:

BOYa oy ottty A
hale - 5 "0 s
= granule- - 5P

skeleton L Lo =




)

»hkely al E:agment cﬁ th calcxte that

. was. l,eft hehmd after fractuthng.







3 not {be dotamned if calc:fication begins. centrally, or 2 .

N % o Wi PR o
5 . -112- - ; = Y |

i
- % i |
fnen along the dqes £ the ‘holes.: Apparently part of the "

oL 2 3 :

b

i

i

l

skeleton h dxssolved gut hy auqhtly leidic condh:mns,
" resulting. m an epon’ xnfucuna area with the surrounding'

ceul. ranes, and ganic uterxal undi When

‘theypﬂ is kept above

0. the sidletin, tanatns in the -
€issue, but falls out Quring sectioning.

2 J

P
Gibbonl et al (1969): _suggested that uineralhatlon

ln anbryol of A. Eunctélata begin; centrany in'a Ill\.brlnq ,’
. bonnd space. ‘x‘hey interpreted noles chh were sur!oundedr .

i

o

by Gmbadding Mf—a‘ill as solid calcitc 'hich. had flllan

‘out o£ the ‘secti prath (1974),°

ying

the toom of ?. liv;dns,'beuevod nunnlintion to begin-

on’ the inner coat of the ° skeleta} sheath, with qzovi. w1
of L'hf crystal ptoqxustnq cen:rlpetally. 4 0

“prom; Ltie’ miczeqrnphs in ':r{e present ltudy it could

axuec;y on the 3 : " It is possibl

that -the ‘epon-infiltrated-areas in partially decalcified ~ ' " - ‘-

tfuucl r'op‘u;ent new célci’te that is -addud at. tha




- calcite.. This is_possibly dué to the formation'of a .
bnaqe between the two vertical struts. "rni's is.a

— - common event:in the developnerﬁ: of the -skeleton, as seen

in scanning electron microscope studies.

The Teadings obtained ‘when 130 nn’séctions of

pedicellanae were nricroanalysed for calcium. using

: EMMA- 4, are given .in Tables Lo, ‘2 and 3.7 The abta

»:eadlngs were taken over the'CaCo, sthndard, the ‘..

cytoplasm of eplthelial cells, the cytoplasm and‘va:iau's

e , orqanells of the ceus near skeletal areas, the holes ]

~ belleved Co rspwsent the location of. the ske‘,eton, 5 B

dense ohjects near the holes, ami areas of the. sections
3 i $. -
) . contaxring only xesin. ==

oot R Any area ngx{{q a peak, to background ratio (p/b)’
of 1.5 f.o 2.0 or ovet was -considered :o contaxn
. . significapt - of calcium. “The" eplthellal cells

gave neglquhle readings, whhe siqnificant nmounts df

* Galcium were found in a1l areas of -the cells in- close
it proximity of che heles repx'esentlnq the skeleton. Althaugh' 5

*the sttt 130 nm thick and ‘unstained; ‘the 1fme

Ui . stzucture of cPa cells cculd be interpreted reasonably
well when - ¢ mpared with ultrac}u’n sautions.- A'p, b

-
:acm of 2 76 was ohtained from m!.toch:mdria nedr areas:

of skeletal depoaitton. a ze).acxve_ly high p/b _rat).o




-cytoplasm of
* epitpelial ‘-
‘cells

- cyt:oplasm of

- 3 “cells near hol
2 representing

it LS, skeleton .  =-'°

CaCo, standard,

'The w!ute count (w) is measured by a nun-dupersxve detector, and’is
used as a measure of mass. The values for E'b x- 100 have been corzected
o, . for - secbmq thickness. ol WL




Area

S o * vesicular. ’

' © . cytoplasm.near. - .. v -

' holes represent-' ¥
ing skelaton

S rxon-vesicular
cytoplasm near
o b holes. represent- - =
( ek - . - 7.ing skeleton .. ' 31 %

dense object or’ ¢
granule near: hole -

,representinq & Lt
skeleton 5 15810
;! éytoplhsm v

adjadent. to:
- @ensé objects .
<t 77+ +-.or granule

L6

0.101 + 0.043




Cacoy standard 663 .
& e 3

center of- hole

-resinonly T 16

e de:ector, and

- *The white count (w) is
“used as a measure of mass.
for! !eution_thickneuf

isured by’ a on-d s
‘The values for -p-! i:
Wt R

et e S

is
x 100 hava been :ozrected




TABLE-ITT &' Pl 7 U

.. .0ll: . xeray microanalysis of calcium in developing globiferous

pediuenazin of, §:rongxlocentrotus drobuchianuu

V5 LB uning EVMA- 3 Run B o
! area. il Background' (b) B/b
. 1. dense dbjects v U & ;
“..+ .. or granules near L W S 2 o B =
L ‘holes represent-: > Lt
g . . .7 ling skeleton
§ SO nuclei of cells
" near holas .
: represem:lnq = £
0.298'+'0.082
c'ytcplasm of

‘cells near holes. '

74 + 0.045 "

. ‘representing’
skeleton -




—7 T
vesicles.nea
holes represént:
. ing skeleton

cacoy- nt@kxiaryi

: res‘ir:lb only . . °

*The white counf (w) i
thickness.

‘hole . . s

a measure of mass. The value ‘for E'b x 100 has bnen corrected fo:

eaaured by a’ non—dxspersive detecter, and’ is used as
r section %

~o1p- -




mltochondrla, but their morpholoqy in the sectlons

holes. b

5 during sectxe n

(3 04). came fmm vesxcular areas. These vesicles’

were comparable im size, shape, and ‘location mthlche

‘microanalyged vas not clearly aefmed. They coild
possibly b mltochgndua, or modified mcq[chondna ‘but”

.were not recogn;zable,clearly beyor_\d doubt as such.

Ax_leysis»of dénse objects) or ‘granules; nedr.thé
lieved to represent the skeleton gave readings

comparable o that of the, calciun standard (Caco,) used.

'I;‘hls is further e;\udenbe that ‘the skeleton was fractured

ing. Te iy suggested that' the dense‘v.

objects are rem’\ants of the skeleton stlll attached to

the séction.: Reaamgs “taken over the rersm only, and .

over: the holes were negugmle.

BY relatlnq the characterlstlc count for the
element (p=b)'to the white count: (W) the differences :

in mass, or* sectmn thickness, are taken :mto ‘acgount . [

This, valde - (22 w

- 100) “was calculated fqr each region

of the séction analysed. Whete more than oné set ofh T

*counts wa made for, the a:eas indl,qated 1n the _tables,

I The: cytnplasm of the eplthellal cells gavea dons

's1derably lower averaqe reading than the cytnplasm oE

the average values and standard dev:.aucns vere caleulated. 1




.-known-'to he ‘rich in‘aivalent €ations ,:such ‘a8 Ca’

Sl

the secretory-cells. The averaqe value (L x 100) for
thie epithelial cells was 0. oos +0:007, ‘The average
valies for. the Cytoplasm’ of the secre»tnry ‘cells’ were

;0 073 + 0. 039, 0. lOl‘r 0. 043, 0. h77 + 0.044;, 2 475!

and 0.174 # 0.045. ~Considérably )ugher values ‘came

£rom mitochondria (0.309 % 0.085), vesicles (0-0300° i

+-0.047).7 and nucle'j: (0 29& * 0. 082)." “The :\uuleus is

24

(Alfrey,- 1968).  Thé dense objects, or granules, néar ’

Utne holes ‘gave extx‘emely mgh values (34.089 and 72.707"
£, 070), mdicamnq that they. are fragrents of l‘he

skeletn EEE o L )

X—ray mapplng showed a concentratio .af calciu‘m'aver
the dense cb]ects, .and 11ttla or fone in''the holes. l:‘lqure
. 30a is the X-ray map_ of the section shown in* Figuxe 30b.

a compar),scm of “the two shows the high cnncentratlcn of -
grains corxesponds closely in shape, size and ‘position with:’
. ‘the dense o'b]ect, or’ granule The hole can be xdehtxfled

in th‘e map ‘as‘an area “of" s;m:.lar size! and swhape, contaimng

f “an exttsmely low nulv\her of grams..

The fmlttastiuctural\ and -ray ‘microprobe studies .

. 1hd1cat# that the cells assocla.ted with the skeleton are

involved in skeletogenesis. Pmungmn (l969), study:,nq-

the spmes of E.. esculem;us, used the tem sclerocyte




‘ogically distlict cells which’are possibly different phases

oE % slngle cell type. He stated that s {ne, or.all,.

the sclerocyte_’ malf be, amcebucytes of the coerlcmlc fluid,
% 2 Heatfield and Travis (l975), studqu the reqeneraung

spmes of S

Eurgurams, adoptéd ‘the- term; ‘scalcoblast to
refer to a specific:cell type; ccnsxdered “to be €46 hotdvel.
5 skeletoqenxc cell: . This was based solely on' i the agsociation
-af the cells with: the regeneratlnq‘ microspines. "S:‘mt;e the
cells ‘which permeate” the spaces of. the developing:
‘pgdlcellarlavl skeletan,‘hrave bj,een shown,‘ ;.n the present -

“'study, to contain significant amounts of ‘calciufn, the’ tern.

calcicyte: (L. calx, lime)-has been proposed to referto -

this skelétcge ic loell eypel .

By : o ; 5
' Large numbe,rs of. mltochondrla, containing sinnific}nt‘

.'amaunts of calnum} are’ often founa in these. cells.

may -function m the Galcification ‘pxocess, as

suqqested by. Lehnlnger (1974) “and othe:s.

From the mxcroqraphs of . tHe present: study, it could
not be defuutely ‘determined, if the. sreleton 6 titras’ o

Felinlay o extracellular., Heatfield and Travis (1975)

fotind developmg microspines to behex‘craceuumr. ‘The
calcoblasts “were’ shown to extend a th;%n cytoplasinic| sheath

around the. gmwing tip. chever, un11ke the’ comﬁtion

'found in the. present study, the cell membrane wa's nof

ST

M il o SR




a :elatlvjly large, ex\:tacellular space; , feu. mxtochondrla, )

spifies shown By Heatfidld ‘am Tiayit (1975) grow mainly :

"\ cesses are not simply nriented along the vertical axld

: ltissues for investigating the process ‘of. calc‘

Lono- #1227
adjacent to £he calclte surface, but separated from it by

and.no mlclotubules were found in e sheat

. The !ucr:o-—'

in one. dnrectxon, verncally, whexleas the ske!ecal

e;ements of the pedx llariae do no\‘: have thls sm\ple

onen:anon. This may explam why th cytoplaslvuc p:é-

in pedicellarlae. 3

Heatfxeld and Trav:.s (1975) deszribed precalcoblasts.

whxch were considered to be- precursors 'ofr.calcoblasts;

the thrd cell type fqund in the derm:.s was' the phagocyta

Ne;mer of these was fcund n develupmg pedxcellan.ae.

The .second order spherical badies of the Ec1emcytas,

escr:tbed in P:lexngton (1969) "as iying: close o the calcite .

surfaqe, veré ot found in’ the present study.

Early developme\ntal staqes cf pedlcellarxae are’ xdeal

1cat10n

Aumradmgrapmc techn;ques using ca®® fhay give mformatlon s

on how:.calcifim | is ‘incorporated :.n ‘the cells, ‘and. where it

b[ecomes locallzed._ The prehmma:y x—ray mxctoprobe .

analysis:of ‘the presént study may. be: followed ip by: the

. use of ultrathl.n "dry“ frozen Sectlo‘ns. The pxnceduze

wWould prevent.” the.removal, of soluble components that may ... - -




env.beddl 4 technligues. Hxscccnemlcytechnlques may

also prcve valuable in the study of chclflcation.

P P "

roscope Study of the Cal

canning Electron M

“The ossicle in Figure 31a is a-developmental 'stage
of a skeletal valve from'a jaw of a pedlcellaria in the

ear].y part of Stage, I, It is suggested that! £fon the

ungmal grantila; iy - three b:anches (1, 2, % {g:ow in

the horizontal +plane of the pédlcellarla, and one branch,
4, grous vertlcally leading to, & tm—ee d&mengional
framework.‘ A comparison with Fiqure Jlb, wh

ra valve £rom another jaw of bhe same pedlcellat)a,

'h shows

aemcmstrates that oner nss1c1e may be at a sl:.qhtly

dxfferent stage’ of' develapmem: fx:om the other twou 'xhei

.arrows in Fiqure 31b . ).ndxcate he possxble dlrectlons of

qrowth. Branl:hes i and 2’ are shown to have branched

dichotomously, a;mough no such change has P—— in

in'a slightly larer part’ of Staqe T than prevxcus

examples Branch: 3.

s unchanged, althouqh there has

been much rebranchlng in the horlzontal !plane from

branchés 1 and 2. A coijarison’of left ‘and right sides ;-

4 ranch 3 The valve in Flgure 31!: is ftom a pedxcellaria 7

PR RNE PR IR 0 S R St N
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|

“Pigure 31 - Light’ mcmgraphs of skeletal valves ; |
from glebiferous pedicellariae. T 5 1
{

!

]

. drobachxensls it

L' '(stage 1) of Strongylocentrotis ’ ; B

A an. ossicle from.a jaw'of a ped-". g
1cellanae in early Stage ahches 1,-2;°3 i
“(in’ the horizontal plane 6f the pedicellaria);
-and Branch' 4 (in''the vertical plane) have
.apparently grown. from the central area, or ¢
“first formed granule; soox ; . . i

coi AN ossxcle sl).ghtly fur{—_he:r‘J
developed _than that. ‘in Figure-la, although

~“they are from the same. pedicellaria; an.—rows show

poss1ble directions of growth, 500‘){ : oz %,

1R, further ‘developed, osiéle from
arcriber pedicellaria fin Stage I., Branch 3'is
:;Zhanqed branch'1 has bifurcated to foim
branches 5 ‘and. 7, branch 2 has bifurcated to
form branches.6 “and ‘8. Newly formed branches ; :
in, turn ‘bifuréate; branch-7 forms,bran hes 11 . R
and 9; ‘branch 8 forms'brajiches L0 and ] an ik § :
inicomplete pore, 'P1l; is formed.as branches dghe T V0 -
7 and'9. curve ‘towards brariches 2, ‘8 and. 10v:. .. T
Other pores ax:e formed. in a similar manner, as = »
theibasal’ layér of’the valve continues to % i
‘develop inthe horizontal plane; 500X.: - . g

atibrevia_tiTns,r in alphabetical order: o
- & o, & - X . . .

g - ‘original granulé.
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! 0 s ©
-shows a scnkmg symmetry and the. begm g‘s of a v[ery

elaborate structure

In'the lxvinq appendaqe this valve

wsuld be or).ented thh branch 3.pointing JaTrzm the
, center of the ped'xcellar).a and b’ranch 4 extpnd ny toward
3 :

theupA 2 t g M . A

fie 51 s o

It .LS by t.he repeated blfurcatlcn and ]oxxu.ng of

prcjectl.ons that 'the’ basé of the developxng skeletal o

valve 'is formed. Th. F':Lgure 31c hranches 1 7 and 9 ana ™
bran_ches_Z,la and 10 can_be.'seén to forman’ 1ncomplete N
poré, Pl. -Th branches £rom either'side grow tovards
é'ach- ‘at‘her 1In a circle, .um:ll only 'a’shért distancd
separites their tips. They. axe stiown to “have fused i

:,Figb_r‘e 324 AlL e othek pores of: the basal layer .

| apbear o be, fo:med dina s:u-ular manner to’ that 'of pére:

Pi A comparison cf Figure 31c'with quure 324 (late -
Stat:e T shows ‘that the locatiom of the complete pores

in Figure 32a cozrespands iith thut of the mcdmplete

ores: of the. less well’ develofied valve in

iqure 3lc.
The process of bxanchlng and fusing of pro]ectxons
resu}.ts in the retlculate, or Eenestrate structure Of

e ealeis. o % P e, & o i

Fhe developmental stages desc

ment wlth the work ‘of Gordon (1926) on the ophlocepﬂalbus

B pe&icellanae of the pluteus 1arvae of P mxllar1s.

ed absie” are in agree- ©
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Seanning électron m;cxcgraphs of,
) skeletal ‘valves. from a globjferous
s, pedigellaria (Stage T)-ofr—

> ks Strongxlocen(:rotus drobaghxensls.

- 1

S 3 3 I

o BT - \. A skeletal valve sebn from.its
inner side, note-that the location of the'.com-
plete ‘pores in ‘the« basal layer. corresponds th}f;
‘that of the, incomplete pores. in.Figure 3lc.
Projections a, b-and d are apparently partition-
ing pores P1,.R2 and P4, respectively, while
projection .c has divided -a pore completely),
forming P3-and P3': Incomplete pnres are
indicated by axrcys, 1775X.

/ . -
b Sty skeletal valve sedn from‘the outer
siab, showing .the growth which has'taken place in
the vertical plane from branch 4.  ‘Branches 11, 12
and-13 arise from branch 4. A lateral process,
1p," is given'.off by both branch 11 and branch 12.
+ These processes branch ‘repeatedly. to form:a
" second horizontal: layer." The . vertica& components
s1, s2 and ‘g3, which arise. from branches 11y 12
and 13,° extend for 5-7 pm, at which point .they sen¢
out horizontal processes, h, which fuse with. .
those ' from adjacent strugs.: From the circle of, .
calcite. formed,’ eight or nine’ pro]ectlons, v,
grow verticallyi 1700X.

abbreviations, in'alphabetical orde:

\a,:b, d; ¢’ 'prujectlvns

h horizontal process
b3 . keel

LI S m s, = first. layer (basal)
L2t o R . —-seécond layer’ ..

1p 7 -.lateral process
P1, B2, P3, P3', P4. < pores
¥ s £ | = vertical prccess
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Althcughy the glcblferous pedl.cellarlae. to whlch this
study. #5 restrlcted, possess arekeloidn that is basmaﬂyl
.of‘a’ similar struct_ure, it'is modified.at early, and

later developmental Stages to-perform & specialized

function.

“from’ the innex edqe of ‘poré Pl. A& similar pm;eccmn,

b, i%.seen in pore B2, ,w,h,Lle pore P4 -has. oy & spgls
binp;, d, on its. inner side.’ An‘area of: caleite, <

o
separates ‘twa smallet Pores,,

T appears thab .

P3 and B3

- some of che pores become pazu:mnea b3

&

the fomation SO *

p:o:ectxons wmch grow from ene sxde of a pore to fuse -

with the oppesite side A such & prccess makes the

k:alcu:e stxonger and more compact, wmle stl,'Ll retaxnlng

the fenestrate structnre.

Gr'ow'ch occﬁ'zs}t he-feripherghot ithet i:asLl p‘latvé,l
arid in Figire 39 thrée ‘incomplete Pores can b seen in
areas where the projections have ot yet Fased), But. are -
appmacmng ehch Gther (arrows). [This happens on. the i
Jlateral areas, afxd on’ the inner edge of the plate onli.

No ‘néw projections are: formed along the outbel edge Eromy,

|
branches.3, 5 or.6. . This area can easlly be dlstlnguished

all devel tal stages, since lf is '£rom the .

area g thTt ‘the ‘main’ Vert:cal branch 4 extends. " A zone. '
. Py t




of more compact ‘calcite remains along the inner edge of .

*the \;%lve where newly forming pores’ are smaller .than

t?ose.found 1at‘era11y. .

\i/ & <% In Figure 32}: (.late stage 1), the valve.is 'seen “£rom

cits outer sidey shcw.mq the pro]ectwns wh:ch have £ormed

" from- the vertx al.branch 4. In addxtion to pmvxding - <

for elongab on Of the skeletal Valve tn cotrespond to * | i

Y ol r.he elongar.mg Jaw. w.‘mch it is to support, thls Vettlcal
" growth: also alloys the fcrmatlon ‘of a 'second layer.of

calcite, $Z; m ‘the horifontal plane approxmately

v

89 o i ol #6 and parallel with the first fc:med, ‘or

“basal lajer, 11l After excenqu 5-6 jam vern.cally, L

branch 4 glves rise to branches £kt 12 and 13 (Fiqu’re

and branch 12 give Off & Latebiy] | &

32b) Both | branch 1J

précess, \1ps Fepeated branch1ng in the honzu‘mtal plane

results in the fomatlon of a second J.ayer in la -sim]_ar A

manner to the’ development of the basal layer descr).bed

o L N i 4

Growth contxnues J.n the Vertlcal Iplace, as Strut-lxke

;
[,, i ! ‘projections. elongate, dnd 1ncrease in number by branc}unq

‘Distal to ‘the fsecona horuontal !ayer:, there are. tliree

ver\:xcal componems, lahellei as.sl; s2 and-sa (quure 32b).

he vexmcal bxanches fox:mad

'rwc .of; these, 51 and s2 are

by the blfurcatlon of branches 1L and IZ, wh).le 53 is: a




* continuation of -branch 13. .The 'struts, s1, 52 and s3 .. R

extend-foi apprcxlmately 547 jam, at. which point’ they -

Z branck;. Each sends out’a hcrizontal process, h," thch‘

! grovs in a ‘slightly curved dlrectlon fo.fuge with.a -
Ginilar process from the adjacent vertical branch,.
(E‘xguve azb) 5 thus formng a complete clrcl]e, see Pig\xre A

) 2a. “As shown.in Flgures 32a. /32b and!33a, eight or nine
< strut—lutke pzojeccmns, . gmw vertically frcm ch1s

circle. “These vertmal Struts form ‘the basis for the -

K evelopment of a hoTlow; " tube-like strurztuxe, which
» beccmes the r:entral kez]. of the skeletal valve.. This_

conflguratxe -is! made fore sturdy, and less open by, the

% formation of horizontal brldqes which’ Connect adjacent

’struts ‘as’they elongace. One such: develqpan,brldge, or

ip P o VakeEa T PEotLaE). En ThATGR R 50 strdt in Figure 33a.

This, valve 'is from .a geaicéu'azia in ‘stage II. -.In more’

advanced stages of development, where the struts forming

3 ax f',_(:he tubular keel have . incxe}sed in length -both’ completq f .

1 .

fus, T vandd xnccmplete hotlzontal bndges ‘cah b seen (F;gure i &
i i it = 3 :
| ! ¥ VT

- 345) .

‘ = 2 s A companson cf Figure 32a (Staqe I) with’ F:.gure 33b

(Stage ‘1) shows that’ qrawth “has aise taken place in the

_hcnzontal pladein'the basal layer ‘of the valve. The o

* width from the center.of one side.to the opp_'os"lte edge’

has' increased ‘from approximately 50 pm o| 70 jm; while '




Ly j e ,skeletal valvés from a gla\nferous

pediceilaria’ (Stage II) ofl

‘s ro:{glecentr tus drdbachiensis.

lan mcrease in the’ length of he' strut-nke pro---

]ectlons fcrm:\.ng the tubular, keel.‘ Note the.

- developing. lateral process’that w1l1 eventually

“ Link ad;a#ent struts. The pro:ectlons 1nd1cated

by @rrows mark ther heglnninq af the blade cf

the valve, 1360x. T g

: b e Valye' showmg the basa{ Layer‘ “
New{y fozming pores are 1nrhcated by arrcws
Ne thé' change in size Bk the basal 1ayex,,and

' the yncredse in-the. fumber of pores since eatlier

stages; azsx.

J‘t '

abbreviaticns; in .alphabetical’ order:’ .
g i L s

e L N horiznntal progess
ki 4 el [
Ll - first layer (hasal)
L2 . = second ‘layer
| . ip .. ‘- lateral process
51,82, &3 - struts’
24 % w verucal prccess

5% Va].ve seen from outer side, shcwinq %
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E calumns lndicated hy arrows, 1?00){.

 Keel,

: showlng “the famatioh 1atera1&y cf Ef third -

‘Figure 34 <.Scanning electron micrographs of

‘skeletal valves from a globiferous

pedlcellarla (Stage 1T ox III) of - - S

g Stxongxlocentzotus drsbachiensis;
v i g AL »- B «
B ool valve seen frcm the outar side, i

two basal layers 4

Note o complete o ins:

and the- xncrease in thé size of che )

blade; IGDDX

Inner- su‘le of ‘the base of the vFlve, B I

hbrizontal layer. Two ccl\zmns have Ecrmed ‘From-. "

‘the second . layer  “and have become lirked by

hdrxzontal pru]ections. Note the smaller

alphabetical. order:

blade

el = column -
' L1~ First 1ayeL (Ba: o
12 ~ ‘Second layer: ",
L3~ third layer. '
1p.- :lateral process
v = vertical strut







i

o

~formed pores, The,

the a'_i‘sta‘nce from the outer ‘most pain, the inner. edge
fas incréased from approximately Ispf to 45 pn.: The' ..

number of po:es in the layer has more than tripled by

the fmrauon and. joining) of new. ptojections t the

periphery, and’ p:y the. parntmnmq of some of che ealeest 5

‘axea alonJJ the. inner edge remaxns

:exauvely compack, with only tiny pores. In: Flgure b

33b evezal newly fc:med gores (Lndicated by a‘ ows) can' -
be s£

en alenq the inner’ edgd where the projections have o b

[
not. completely fused. Unlike “tt:ose whxch are seen -on

the periph ry Ln 1atera1 ax’eas, and ‘in t“he earliedt

) staqes ef develcpment, the* pm;eccmns on the Anner edge

v and parallel with' the basal layez desctlbed above, however s

-often

" and-more compact, as the surface area is iicreased.. The

v'rlayez T2 o Segat i

are not long and slenﬂet, but are short and thick “and

Te :ecegnued only» by suqhi indentaticns in the

'penphery of the caicite _plate. Accozdinq to Raup

(1966) .pores -are coarser in zones of more rapid- éalcite i

depositién. . By this pxoces ﬂle caleite is made stronqer

outer edge: f the’ bual plate, between Brarches 5 and 6,
shows no chanqe in: shape, af\d Little chanqe in lenql:h, if

any.

similarly, there has been, an 1nc:ease inthe] surface ol

atea of the second hor‘lzontal 1ayex‘ that is' dis:al to

thé second “Tdyer remains anhtly smaller than the basal




“Figure 33a shows projections that are growing

¥ dz.stally from che second horlzontal 1ayer to fuse with

g’ £oward. the base. This ig_the beginning of the
TR blade of the valve. ‘Much further brancmng and jommq
of projections resulbs in’ a complex eatmork, Witk e
‘calcxte being added at the ‘periphery ‘as ‘the. pedicellar)a

vcont;nues tL developv

¥ S In Figure 34a (Staqe TIA11T), lateral’ processes

have completely hnked ad]acent struts: of ‘the. central

|

‘keel, while m:hex:s are J.n Umplete. As t“ne struts

y " elongate, other bridqes cr lateral processes form at

g tervals alonF the outer élde Qf “the keel.

1t Can be clearly seen in F:Lqure 3ta. that cclumns
“have, developed, connecting the Pirat dyo Horizoneal.

ayers of the |

;se.» These cclumns later become .areas g

for attachment. of muscles :

| tHie beginning of & third horlzontal VR, e,

“seen on lateral areas:of the valve, shownin Figure

! G R e pan (Stage II1) . * ‘Columns grow distally From the' sécond:

',vhorizontfl layer, Py apparently send ot horizuncal pro—

']ecnons which fuse whtn thcsb fxom adjacent columns.

‘cthed pro;ccuons fram the central keel which ‘are qrow— o




o lety oox t=p38%

34b, qradunll.y develop into colunns, as shuvn in quures
“35a and 35b (early Staqe V). A.third basah layer- is

thus formed by the linking of ad]gcent columns from the
upper. side of. the second hezizontul layer: yzo;ecuons

also axise fxDm the blade to fuse with the basal layexs.

thils styenghteslng’ the baxé of the vaive.

"In Figure 35b.a cnlumn, cl' has. grown: from_the third. %

-’iaye: F:om the tip of ‘the column, horizontal branches

‘orm’ in a si.milar manner to. that. encountered in the fam—

. atibn of the thitd basal 1n‘yer desc: 1bed above. Huwever:'

the pxcceas .\.n this case remains confinedﬁ to ﬂ:e lateral

7 _-ameaF. It s n this manner that ‘the. lateral cug-teeth

5y which the’ valves a_rucp;ate w;:h Tch ochez are. tomed.

"1In.the mgantime the central teeth are also developing,
#i. % ina sinilar maner to that described above, except for
’

s " the fact that each succeedmg horizohtal layer is

- narrover  (Figures 35b, - 368 (stage V) “and 37a (Stage vx)i

'l'hey gtadually taper to the thicknesl of the u\edxiln Hall
. above che keel (Piqute -37a)
Xe < ¥ ¥

? . s Figure 35a shaws ‘that he median wull has: formed. izom

the inner side .of the central eel: xe b avident ‘tha

the oyter side ‘of . the, keel is lenqthening atla fasue:

ra.te ‘than the inner-side.’” Although ‘the Keel is a_domplete

thlow tube at its base, ‘the'distal énd remains open on.




gt @ : E‘lgure 35 Scannlnq %‘Lectron mcrograpns BE"

a skeletal valva from a

S0+ T qlobiferdus peﬁucen_ana (stage "

iv);of Strongylocentrotus

Inner’ side of the valve, shouing

“the' cD].umns which ‘have formed from the secohd

'horlzunta]. layer,. ind the horizontai prodesses .

which are’ linking them _to__form a’third layer.® Al S

"The Eentral ke'eT ‘has élongated ‘but. remains ‘open.

b ... column,_cl, has deeelopea from

the thira horizontal 1ayer as the lat&:al cbg-

teeth develop The develop;ng central teeth

E also shown; 575){

7 ik N . e : " b . ¥
abbreviations, 'in-alphabetical’order: . e

T o e b P &

& bl -~ blade - - .
el - column: 1o
s , "+ 6t - central‘cog-teeth 7

= hor;zdntal process
k- = keel g
LL. = first iaye: (basal)
12° - second layer
P D ]LB-thtdlY B e . . i
- o 1t - Iateral cog-teeth. - .. -, R Fis
¥ ey @ 7w -.median wall : s, s n S







electron

2

a ...., The outer slﬂe of a. s){eletal valve:

note that _the basal layer and the dl.s\:al half of

pedicellariae (Stage V) of

skeleta-l vulves £from- ql.bbiferous

Y "Stxonfxle: ntro drdbachiensi,

th_e keel ‘has become less porous. To..allow

1atera11y 51 Baptainy, the inner edge of the

.‘b

|
the nerve toxaxnen

-articulation with thT other two

_abbreviations, in

= basal la.yer has pecome po‘nted, 410)(.

The lnner side of a valve, sylowing

 2ud tubular kbel 175%.

al.phabetic’gx o_‘x"dar S s

add tox muscle insertion

bladt

central =og-teeth
foramen

keel " ;

first 1ayer (basal)
lateral’ cog-teeth -

.1ves,7 both







'Figuré 37.- Scanning’ electron . micrographs Gf " | <. . - |

cem:ral cog-'teath‘ and areas for muscle'

v1nsert1on. The distal end of the valve has- ° o

piercin

: abbrl:vi.atvioﬁ's,' in alphabetical order: -+ . \

1 Smse et 8 b

, ¢ i skeletal valves from thé’ 5 4
" "_globiférous. pediceilariae (Stage’

VI) ‘of Strongylocentrotus

T by ]
drgbachiensis. . ' . T 8

.. Inner-side of the valve, shoving. .

a well formed valve, with lateral [ceg—«-_eem,

become mcdlfied :un:o a grocved tooth for

T85%s, 7, s o B B DR ey 2 !

B Latetal visrior the: valve, s‘howing

the terminaFL tooth fox piercing, -apd the .

‘articulation sreas of the base: ‘Note ‘that the A

‘calcite has beccme less- porous than in ea}ner

stages; 170X -

adductor Tmuscie insertion - : C ' 5
centraliéog-teeth . .

fm - nerve foramen.
. k = keel - ; T S
. 1t - lateral cog-teeth L g x f ! %,
.7 tt.-"terminal tooth e







o S T

Hus way preparatxon is made for ‘thdnmidala fozamen,

which' receives the valve nerve from receptor aréas, on -

“.the inner.side of the

.armcunte;meh each othex, both centrally and l_a_terally.

. (Staqe vy, hor1zonta1 brldqes have 11nk the vertical

Changes: fave also taken pla[:e i'n “the outer side of
thesvalvess, a compansan o‘f Piguré 34a with Plgure Teul
(Stage V). shows a mdemng ot ‘the blade and.an elongaixan
ot the keel, which also becomes less porous. The porcus
ares of the basal layex is becommq relatwely smaller,

as those pores. toward: the “inrier taga ‘apparently become

fllled in by calcxte daposxt).on, Df'ten leavxng sllqht

1ndentatlcns (quure 36a) . The inner edges of the basal”

’ layers rhavé become" pointed, to.allow the three valves to

.
> In Flgure ass, the dxstal regign off the keel is

. shown to be ‘operi-on its™ inner side. In Figure -36b

il strats . making the distal part a complete;. although

porous, tube. 'However the middle part of’ the valve.-

remains open, and this is’the important netve forgmen

‘through: which ‘the ‘neryes from the recéptor :areas on'the

- inner surface of thg jaw enter- the keel to Hderouel the

muscles which insert upon it. ‘Smaller ner\r'esjr‘o_m sensory

papiliae may’ alsg -enter’the pores distal to the foramen.
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PRL Y L Ak £irsk’ the central keel is rounded distally,. as, in sl o 5 @

Figure 36b, but later an extension. grows. upward and

' “iawaza- o, FornEhe grooved tootH which' 14 ‘used for

piercing (Figure, 374). The droove forms. the Fishe ok
.the ven‘éﬁn duct. nlthouqh the valve u:self l:.es putside
‘the’ venom gland in the livindg appendaqe, the gxoove

oot ) of "the termxnal tooth'’is sealed by a rmg ‘of dust

' tissue which' allows. the'tooth to act hs a hypndermlc

needle - (Chia, 1970&)

. The oy 3 further 'change' o take place.; in'the'valve . e

is’ thé. strengthening af ‘the structure by, further catcite. .

deposition. In Figute 37a the spaces between the layers "

" with pores betiier :them for, muscle insertiof. B com?, "t T ¢

. |
% q of the b.—i\se have fllled in somewhat, fnmmg rLdges &

| .+ parisbn of Flgures 35a, 360,572 and. 37b shoius: the calc).te

‘becomes 1ess. povous in'all areas. 3 - I %% e

.The sk_életal’ ro_d of thé Yealx (Figure~38a). is-less

complei than the valves. Strut-1ike tr‘abecurae

bifurcate, grow in. léngth, and become Linked by cross< s’ | 5
bridgés; forming’ the typical fenestrate pattern. ' The '
\- = e process. is similar to the' development of the' central keél,

of the valve, ‘although. the rod remains more hlgh],y

reticulated and, lesd’ mmufxed. The processvof development

has not been investigated:in'detaily, howpver examination




'pud.icellutiae of” t
o strongxlocent:ctus dréhaL:h:.ensis

skeletal tod from a }evel_gpinq_







|
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of Figure BBb wh:.ch 15 ‘a ﬁully developed skeletal rod, o

'shows that it" becomes® a cyl;ndr;cal structure with the

base somewhat enlaxqed According to Hymah (1955) the

base nls cencave to artxculate with a tuhezcle on “the:

© tést., The prcxm\al end . is rounded; and of qreatsr dla—

meter ‘than the rest of the rod.. The pores at the base
of tlus rcunded head provlde ‘areas for. insertion of -

the flexor mucles and! connedtlve tissue.




*become easily recognizable externally. However,

ol tases Lt

SUMMARY .OF DISCUSSION ’

A globiferous pedicellaria begins ap a tiny

finger shaped appendage. - As it incredses in’'length

‘and dismeter ,’ three projections form .at the tip,

each one representing a jaw. .The distal region .

becomes larger in diameéex than the basal region.

’ Furgher Ancrease’ in length in-early developmental

stages is malnly due to elqn?audn of ‘the ]aws.

The l’}&ad, neck, and stalk regxons graduall e

the stakk réma: shors until thE-head and ‘neck

re well ‘aevexcped. ‘The head region

l.ncreases in -diameter as the jaws becone ‘rounded *

at cheu b?ses The. neck becories. more aistinct

asi the Elexor musoles develop. The result is a

globxferuus padicellar).a With: the 'shape 6f the

‘ mature appendage; except “for th@ shorter stalk‘ K

- Tie 6aly further change 1Ty is an increase

in-size.

The skeleton’ is'one of thelfirst structures
-to be-formed in a’ developing pedicellarla. Th_é

stalk and its supportxng skeletal rod grow at a

slow rate, untTI la\:et devalopmental stages, when




.all the components of e hekd mge weld fored, it
early appearance.of N e e |v‘
explarned by the :‘}act that they ate necessary for(
theé support and movenment . of the Jaus . The adductor

musc]:es begin .fo alffexenmatge,arly, but they. cannot

" funétion until the necessary insertion-areaslon the

Tskéletal vaives are’ fome‘d. The' articulation areas, -
and aréas for insertion of abd\xctur mascles, flexor

Hdevemp before 1

mu?cles, 54, eonpeseive Eissue:, must

the. jaws are capabl’ oE openmg and closing‘ It is '

after these afeas form on’ the: bases oFf ‘the ‘skeletal
valves that theshaller abductors and , £lexors develop
Due tu the small Euze of . these muscles at thls stage, /
¥ u; is likely that e ]aws “are not capabl of any
extens.u}e ‘movements. .. This is in agreement with the

N faat: that the’ pedmenana is not equipped to play a
deFenszve role at'this time pecages the venom glands,
sensory’:azeas, and terinal testh for p1erc1ng have
not fbrmed.‘

41’

'r

_The sensory h:Lllock Eirde appears as’a thmkemng

nner. sutface of each jaw.

“:The inner side ‘of the keel of the skeletal valve remains

open to pe:mit che,developmenc of the'nerve foramen,
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enter’ the Bkeletal vnlve. At tha tuu wh&n all the’ Fee *

*| .+ ruscles have forinta and b veiom glands are beginning -

+" 'to Aifferentiate, the sensory hillock.l aze di.cinct‘
mnded -ran. and nervous tissie can be seen runninq i
. from it to enter the valve via the)nerve tcungn

Ultrastructural stud

% L_nd.ica:e these are devel,gplnq
asons. The immer-Surface of the keel then closes

diseally by the formation of " eross bridges, leaving = 4

et ¥ o me foramen open. However, the tlp ‘of the valveat™ - . . "

uu/u(u-e is still rounsed. - ) N

The mature pediceliniu possesses an gpxmuq.

= ~ |
a0 42 . thit is one- cell layer Aﬂuck. _In early devglepngnt-l

% g stiges kt-'xs several cell layers thick, bu‘t-;:adn.;iy

- narrows in all areas except t.he outa.r syrfaces of the '

ws and me nnsozy hxllock It 1s from the ep’.theuum 1

of the buter surfaces

the javl that the venom qland: 1
" differtntiate. The first i indication of this &s the
- famation of an inaenqauon 1% the inner ‘boundary. of "

the th.{ckened epithelium, distal to’the pnlrt oF n® = 3

uP-tl‘tlnn of the jaw 5

In the mature condluon the

venom, gland. is dihale at its:base, o but then bifurcates,

u‘uug -gau at the tip\ As. davalopmanc p:‘eceed- o3

nuscle cells.

an ‘be aeen in the . pzuceu of 'fur ;nq a -

e a1l outside the inner bq\mdary. . Tne glana umu.n--
Ry single ‘at its'base, but distal to this 1€ separates |




Completelyrinto—two lobes whch gradually beeome enclosed

‘* by muscle ceus. as the muscular’ wall becnmes complet:e, 5
|

the en;ue) ‘venom Gland is separated from th eplthellum,

", which: is then one  cell layer thick. Vacuoles devalbp /A Y

in: the cells of the venom qlands. They are at first few ?

L in number, but 1nctease :rapidly. When the venom glands
M ey arey complet+ly enclosedkhy a musculaz wallL vacuoles.

a)lmcst £111 ‘the glands. The nuc1e1 and cytoplasm OE

the secretory ce11s are vasaily dLsplaced, and TiFe

L
z &ErT . ‘the' vehon ‘glands.  lpy. thie ime the venom: glands are
¥ ‘wells deyeloped, the tlp of p;he Skeletal valve has 3 o
- become. modlf:\.ed to form the tetmlnal tooth for piercxng i %
v e aa injecting’ the vénom. Yok
5 n =, Harm e

The fxrst tructures to’ bé fofmed are the

skeletal valves and’ the muscles whmh are mvolved in "

Y apenmg and: cloﬁ;\.ng the, ]aws.» WHen these are fauly _»i i T

well dev@loped ‘the- sensory areas, nerves, vencm glands

and tezmlnal teeth de‘felop,‘ These s\:ructures make the

pedxceuana a: Very spemalued apperdage which * plays

an.impdrtant defensive role. Judging: from the laz‘ge :

changes in the hxstolugy of thé glandular axeas from

‘Stage - WV to Stage vI; vacuulatxon and toxln biosynchesxs = ROy

is apparently a rapid pxocess, cccurmg after the basic’

i
- Vo supportive jaw components have developed. Tbls squesuon
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L ‘was made:by b'cOnneql (1971), who found! the venom ol
glands of ‘globiferous pedicellariae,of young S. |- , %
s E Eurguratus (3 mn test' diameter) to be well: develcped, £

" hoiever e did not study deve1opmg, pedlce).larlae

z;acl-r'éf the :h‘zee skeletal vales 28 Belzaved 1

Cto. beqm as a tiny qranule of galcite -Frof. which three.’ L
zays grow in the horizontal piane of the pedxca1larla,

.+ ‘and-one.in the vérti

) plane. anﬁ further branch.\nq
i e -and joining of proje'cuons, layers form in the 2

'horizcnteliplane, representing the base of the valve,

~while vertically the central k!el devalnps. e The

S e, O elonqatwn of the krels of the skeletal valves

correlates Wlth the elongation “of ‘the’ jaws: Exaborate.

oy %2 structures for artienlation of: the‘valves thh each

/nther fqr muscle and u“u' ive tlssue h ’

and fox the passage.of ‘nerve f:.bers, ddveldp at the

AT L bases of the skeletal valves. “Examination of aevelopmg N

skeletal valves shows that these rldge - grooves; and

pores are shaped by the formdtion and ‘joining of: pro— : N

]ectxoﬂs,.whlch is the basxc method of, sk letal growth

+i:' in.echinoderms.. The process is not ofily important in

% s prondmg i

retxculate._or fenestrate s:x‘-uccu:e typical o

of echlncdﬁm calclte, but’is also the means ich L.

‘the’ skelétal valves becah\e/shaped to play a very’

d . specialized role. i ; '. ST '




Tesss U
S R - 3 o QR e
. Th¢ skeleton:is sﬁrfounded by slusﬁ?rs of cells

throughout all developmental staqes. In electron .. - :

m:crographs these cells afe shown mo qlve off pro—

ject)ons, wh1ch are’ cont;nuou with areas, of cytoplasm

. s \
,surrounqu, or near the skeleton. These proj_ect].ons

theix lonqxtudxnal axis. . s

E- sEg _oftﬂn contain mlcrotubules oriented: patallel to.,
i
f

Mitochondria aré numerdus in the project ions.

“+ Many appear £0:bé in vanlous stages of ‘change in : '»r

morpholoqy, It is- sugqested that many become-‘

[.‘ s mudlfled or transéorn\ed into Veslcle-llka St!uctures.

r Electron mlcroqraphs throuqh the” develapzng i

skaleton often, show; cytoplasm;c projectlons which'

are filled w1tﬁ clusters o mitochonde i They “have

also béen found in ‘the’ {:hJ.n cytupl?sm;c sttamis in -

: close proxlmx:y of the skeleton. 1c is possible that
Y <
,mltoqhondrxa functlon ‘in .the calc1flcat10n pzacess,‘ H

as suggested by Lehnlnqer (1970) and othezs. 3

n sectlons of %ed;cexlariae that were + L " 4

decalcl ed by treatment wlth EDTA, the skeleton is

represenxed By ‘eponi inflltrated areas that corzespcnd

closely thh the shape and size of the skeleton studied

wlth the scanfiing. electron mfcroscope. . In nonaeqa1c1f1ed‘

s tlssues the,skeleton is represented by holes whxch are Bad

x




‘Apbaxently t.he calcir.e falls out dun.ng secuoning.

acidic eonditinns. SEE ] =k

"in close pmximity ‘of the: holes kapteaenting the

: the gzem—.ut ‘amounts. of calcium weke mitochandzua

: J.ocltLon tc “the mitochondr:ia, i

comparable \in sin, shape and pﬁlition to tha apen— E

lspacenef decalciﬁed tissues.

In specimens subj-cted o very sughuy ncidic

condidions, the holes representing thz ska!e:en are

su:rnunded by thin areas of. e-bedqu nteriax, S = B

suggesting that -the peripheral, or possibly newly

dcpoli:ed calch.e. becomes “dissolved Aby the :liqhtly

nicroanaxyus &ux calcxu!l uuing EMMA-4 showed
no, tigniﬁcnt wunts of qalcx\m in. the epleheu.al

cells,’ siqniticant nmounts in all areas:of the cells

SRR WA

!kel.ton and neguqnue xeadinqs over “the hole-.l 3

Anllyns of dense objects or grnnulu near r.he hnlfl o

gave e 1 highr , that these [ ,‘

were. fug-ents of the skeleton that vere left beh.ind.

Connmuen o this effect ‘h also ebr.ained by

x-rny mnppinq. rl'hn areas of the cells that nhwad

and, veuicles thut were sinu.].az in ‘size,’ shape and 3

ut could net

recognxzed clearly beyomi dqub: as uueh. 2 L vl e 3

u).uu._tx"nétuxnl ~nndv xLx_ﬁy'micrppiobei uéi;p ol




e 0T T e B :Lndlcate that tha cells assoclated ‘with thé skeleton/ .

o N o2 B g e ate invol.ved in skeletogenesis since they: e been

» shown to conta slgnlf:.cant amounts Qf ualcium, the -




©, shaped pro:ectxon w‘uch as’

‘‘three jaws, a neck, and a s{:;lk.

5

coN'cLusIst S s

The followlng canclusiuns reqard]fng the development

1
the present study. | ;

in Stra locentrotus drdbachiensis can be drawn from

dlfferantistes mtu three reqlJ}ns 4 head composed of -

‘froma tri-radiate spiculé by the formétioh ‘and joining .

of pro)ectwns, ‘resultxng in‘a’ poraus structure. By

¥ the same process’ the ndges and pores necessary for.

att;.culatlon Qf the valves, ‘muscles and connectlve tissue

attachn\ent, and passage ‘of nerve flbers sre formed.

)

. 1 o
The ‘venom glands develop £xém ehie eplthellal layez

covering the outer surﬁaces of the ‘jaws. ' The glands

hecome enclosed by muscular walls. Vacuoles appeat .m

_the cells of the venom glands and increase rapidly in ’

nand G

% number untl they aln\ﬂst f).l]. the gLands, The nucle).

toplasm of the secxer_ory cells become basally

displaced and:ling the veriom, glands. n




'mxtochondzxa huve 'been located in, cl se proxuuty OF
2

"uzc’hm skeleton st a mxtochondria ediated p:’ocess,

- which x.s in kee

) anmals._.

it theix d 1 t the ske)etal elements’

ar_e surrounded by cells which' Lare responsxble for ‘ealcite..

and maintenance. 'x'heue chls have cytoplasmxc RO ¢
pro ction Juzroqndinq the skeleton and clusters of .. *

ing
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