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S II [y 13 S SR
The muaquar control of: cyccup movemontu in bhe

.crab Carcinus.maenas has~béen tudled by both extracellulqr?*

and 1ntraccl]u1¢r recovd;ng from Lhe nlnc eyecup musc]es;i“

Dach mu%cie ;nvolved £ Gv optoklnetlc muvemﬁnts‘jgil_ff;%
supplled by a Eabt and slow axon and’ each con,iqts of .
hiuoolochally mizxed éppotvum of fibres rang ng from :

pha&lc (“ibrll]ensirukfur) thraugh 1ntermedlato Lo toni

(Felderstruktur);f Muqvlc l)a, which onLy partlcipatcs
in the withdrawal reilex‘ccnsists of phasicwflbr¢s{9n1ygi .

In yenerat,‘atfdst axon preferéntially_innervates"ﬁhé

phauic fibraq and a slow axon the tonlc ones.

During optokinebic movoments Lhe musclcs are
ap#ivated by a complex motor'output prqgrgmﬁe;Awhich i%
~.qifferenp,‘ﬁoh ﬁere;y.the reverse forxr mo#ementé'ip ,;f
6ﬁpo$ite Qirédtiqgé. Both tonic and phaéic'ﬁq@@ie{fiﬁfpé!aii#
a£$~a¢tive ﬁut'?he latbter are only active af é}gétef
amplitudes of s%imulus.mévement, '.Toyic'actijiﬁ} ié‘

A e .o~

rospon sible for'maintaining,the.eyecup\positidn:in’spaéeyﬁ v,

dnd for lqw‘velociﬁy, small amplioudo movomcntn; : Pﬁaéié_ﬂ“

activity'is_racxuitgd during large amplitude mbvemant&*-féj

and is also respounsible for fast moveument and éyecup7

“Lremor.




The “protective withdrawai rofl@ﬁlé?err1g§qpényq
“_Qéhéf eyecup wovement and in%nlves the{fi?iugféftﬁwo
a§§n$ in the optic tract, Qné*éupb1y1ﬁé a éréﬁp'qf TWO,
ﬁﬁépéfﬁér a group of thieefmdsQlesg lfbne ofifhﬁfﬁﬁ36lbs
involved in'thia eyecun withdféwal movement away‘frbm'
.fhé.midnline is also active éﬁring horiébnta;'bptokinati¢_r
'v?méiéﬁeﬁts mfjthe eyecup bLowaids the mid«line;l. 1%}19
'sqgggstéﬂ_tha&_interpretaﬁio@ 6f e&eéup &u551e,activity-:

is more ihteliigible if the whole group of muscles,

3

rathor. than the individual wuscles themselves, ig regarded -

as the functional unit,




.SGVanlftypes of iarge eyecup movments.éré
féco cuized in decapod o“u taceans; Co1lowin ’ in
'réspénge,to a mpvéé@yt flLDin the vL%ual fjeld
.COMﬁcﬁsatory,.ﬁﬁén the,anlmaJ 15 tilhed or rotated;
proL CthG u;thdrawal, whon Louchcd neax tho.eyebup, and:
Tmoﬁemqntg of'ccntfal origin during walli e Thore is
-aisa a cl-s& of si 1lL eyécﬁp moveie dbs, tremor;ws.anningif

flicks andfdfift; “'Q ; o . 3§ 'j'; PO |

Mowtet7 LIOR

A-bvah ttlbod about its pitch-ox roll é#ig
Ioompousa‘gf.by mQV?MQHtﬁ of Lhc yecués, tehéiﬁg'ﬁdy
‘stubiliieﬁthem rolative h_ oho env¢ronmont (c]ardc ld96
Bethe ¥§97a); _‘Tho oycuupc partially maintain thelr
_pqsitidn”when the‘éarapace_is'Llltcd thvouph lOO in the:
Qitéh p}ané-hut oniy over 60° ‘of Lllt in Lha roli,pléng;'
Thc_compeﬁaatiqg‘;s nevexr éompjoto buL over a ventral
range of ?O theiéhangg in cyecup‘angle is 1955 thun a
tenth gf tﬁq chapgé’in body angle (torridge, 1966d).
'Sihildfi& ifAtho:créb is rotated in a hoz; ontal planc
then'fhé eYecupshlel move  in Lho oppostte d:recbion; ﬂbt
ﬁeﬁéimg to.whwbilise the vi;naL ficld. | If the robation
is.Qéﬂﬁiﬂﬁed;:nystagmic‘Qovements ocecur, with.ﬁhe'ﬁasp:

phase in . the same . djr ction as thé rotation and‘fhc,sibwfh




)

'.phaee’in the oppositc.A Ceo ssation of rog%éion may rosult
( in én “aftor'nybtawmu*" {DLJLgraa 1955), E Bothe (l 07b)
iobservod Lhat buttln ‘the optmc'uract had ﬁo effect-on
theee~movemvuud, whereas cutting Lhe ocuLomotor aerv;
Taﬁollshod thnm,_gxgept ior'some Sll hu compensatioﬁ du1§n
.plbch t13L¢:‘ Th 5 ié lmést oevbalnly due bo Lhe rotauion

 0£ Lhc munnan ylnte“by muscles nob innervated by the_
Aﬁ:goglomatQQunbrve.  llthvugh Be the obsorved Lhab these:
:‘movem&ﬁlr‘occur in a blinded wnlmul,,the aonse~organ
{{fQSDOnWLhiPAwaﬁ in»d§ywb‘ab bh&t lee. .~Soﬁé béiieved
-(e g. honscn 18 ¢ 3) Lhat thc stabocyst was a purely dudLLory
lOf dn; o?hgr;.bhat it wa bcth auﬁitory and uta{lc igg ‘
‘functiﬁh‘(é.fQ:} khe 1897) whlie otnera (e g Kre¢dl J 97,
‘l rk beéi b Levod jt Lo bo purely suat¢e 1n functian. '
;EPrentms (3901\ showcd haﬁ the statocyst does not runction
=ffds a true aud;tnry QT EANn, and L vprimarily an org§5 £or
‘mainha;n:ng eqv1lmhr1um.« ALthough statolitha wero.kﬁpwn:
:‘in.qémo docqpod- Labocysts (e.e barrc 18&3) it Uablnét :
ﬁgbi;'l95$'bh&t uigkgraaf (19561) ahow 2d thoir prcsonce {n
;érabS}ﬁiééiél)wed (19)), 19)6& & b) Lhnt %he SLdLOGY
:ﬁdsgﬁéyh;éﬁéﬁatic nd dynamic dcbector, Lhe thread hairsi
of ﬁﬁichﬁwére égnbibic for detecting accei@rabion and
athé h§ok hﬁjja‘pagitlau. Plimlnation oi Lhesc ha;rs

&b0113h0d eyccup movemgnbs producod respe ctlvoly by rotatlon

:and,by‘tilh} -HoweVGr, some compénsatqry movements,can be




.‘v5gfzfﬁ
~ pvoduccd in anlmal5 thibh are. bofh bl1nd anﬂzwithout~stataqy3tég

“T‘bcee DLJk@TﬂHfVOQQQSOb are brougbt about byfcb$a1  ‘

prcprlaocpbor*.ﬂ"umulaueu by rotatlon of thu'bOdy:relative

23 to bh@ ic@s.j'

o SRS

,b) Lyeeum ‘Ovemﬁﬂuu &ﬁrln walking.'
AThe ;YOQQ)(MOVéMCHto nvoduced when' a cféb‘ac%ivély"

:ﬁuﬁﬂg éboutxa.vértiCal_axisaré not aff@cted by blind ng,
:sr bv vcmoval of iﬁé éiéf&éfsté; Before moving in a
parblcniar d!?ébb¢0n Lho érab first awings its GYbB Lr anb
.d;pgctiouu&nd then swings them baok and fvrth~during‘movemenf;t;
'.Abéofdfﬁé o ﬂeibe the e mnvementq do not havc slov and idut
 .eomgoneutu‘va Qggkpréaf has observed these., <D11kgrqaf‘
p‘sawacat; lhut Lhose movement 'are not elicltcd by énsoiyi
;stimulL, but tth Lhey aro primarily started from lehin

the cequaJ ncrvouq syqtum in. cloqc eo—ordination wlth Lhe»{~ :
'turnlng MOVOMGHta o’ Lhe 1egs. "These eye movements thus.. |
~lclosely paﬂ%llo] those of a dogf:sh durlng swimming (Harris
ﬁ196)) aud Lhouo 0? uome birds during walking (Dunlap & Mowrer
'f1931, ﬂhiteqide 1967) ‘ 1n all, oomponsation far body
ﬂfmovemenus 3¢ nOL oompl +e but in difjerent de re@s in each-

.servea to~stab11§qe the. oycs én obdects at visually i@por.antA

'distanceq;

0) ProLeoLjve U1thdrawal of the eyecup.
Proueotlve withdrawal of bhe eyecup was: notcd in 1860

: "by H%I““’Sh'- "BY a bedutiful pmvision. the mos t deln.cai‘ff?-. :':'f‘:;_




pérﬁ -Lhe nombinod cérneae ;:is almosb wholly t@:ﬁed'iﬁ'.
'toﬁgrag the hard shall, whnn the.eye is rotrwctod" a rpw;
;of Hairs (snmctiuu; ahﬁent), in addltlon, érobectv the
L;ttJo expo?ed wortion,.thué‘ omchtely bhi@ldlng Lt from
‘entorna? ingury, whilq;stili admitting of u:efnl v;slon.;
Tho force wluh which: bhc eye Ls retajned,‘whén'withdrawn,-ﬁ/
is ver? greah, ﬁnd xt wouid seem that atmosphprlo preqaure

“as .well ag muécular“tension'combined'tohkeep ib?. Bethg,'

N
Mo

(1897a) dea‘ribed“a ﬂniiétefﬁi refi&ﬁl&itﬁdréﬁal of the 3

,oyecup. , Thib couid mosﬁ oquily be elioitod hy mochanlcaz

stxmuiab¢on oP an area of uarapaco\suppl;od by thq
'tégnmcnvary uerver ziThe-areas of.carapace.innervated-by'g
vthe.two Legumonhary n;rva are bounded pasbovio xy by
‘Lhe oorv;owl @rQOVQs (Lormtnoiogy of - nodg as s 1952)'@ﬂd
-overlaﬂ sllghtly-in*tneimldéline.: nghf &txmulation cf -  :2&
 £ﬁis‘gféd éﬁfoﬁejéi&é aau oé wlthdraﬁaJ of tho'lst |
.“aﬁéﬂna-§ﬁd ovooup of thtt sido, whila-progressiﬁéiy
’ stf6ngér tlﬁulat¢on c;uses w1bhdrawﬂl of the 2nd a&onna'
‘aéiweiif .Qitharawal of borh Gyacups 18 obhwiued by
spi@ﬁiéﬁién of,the narrownarea~nf overlap-in the 6entre.
_Stiﬂﬁlation of an? of the. other brain norvoalwlao @OuUlbg
.Ln a mluhdrawai moygmemthL thé decup on Lhe aiﬁe stlmnlatud;Q
7Th§re Le ﬂd:gffecﬁ on Lhe contralateval-eyocup._

| Cﬁttin# the opulo traut was bhought by Bet hc (lu97b)

:to havc 1o oJfocb on Lho withdrawal althoujh he had showp

»




St

that: motor axons: wcro “present. ~Sandomon 7{1964b) showed i * ¥

pLECRPE

{%ﬁﬁt éaétidn of'%h optic: tra cL aboliéhedkﬁhélﬁéfiqx bu£ n

?”Lhab 3ééﬁién of thc oculomotor nprvc had 1ittle effect.

‘d) Wo]low¢n movements o théwevepggg\ Sl Vs

UL al] eye mavemenbu;*the following movements,

”: induccd by mavcmnnt in th visuél f&éid, have boen most

S . e v . i

3cxt uﬁ!velv abudia& A Opbomobor resyonsea,_as an indication

3

thab uhe movomeut has baon detecbad. have meen'uged it

_exnerlmouua en tno perceptlon oL calour‘(e.u. Von buddenmfock
_é) 1omedm<~h¢933), ac,wrty (o.,g-. I-I.e"cl'lt & mu‘ 1) 9), '
movemmnt nerc-ptlon {e.h. ﬁnsgeust@ln 195 1) nud in mummry"'

'caperlmonL ,(ﬁorr¢ﬁ & Shephcard 196@)

[

The stimuius;useq:in most "wn riments has been as o7 oo
~rotatin vcrhinully mﬁﬂipcdﬁdrnm; The re'pmmsG' praduccd
~vare Ldrve wnd 6bvibus{andfthesa factovrs tend tn ﬂutwungh

-WJSOMG of tﬁg ﬁerious diaadvaﬂtawos inherwut i trjpeu 'Tﬁff;ﬂﬁ;

"ngphttabn -on rnbatlnb druma;. ﬁmuma CEYL nniy mave in one _{\akﬁ

plane- ana cannot bp switcbed ﬂnobantnncaua;y:from,bge- pongt 8

pcsition~t0 anothore ﬁor LrLcleo e 3orim@ufd Lhoy'are

[N

diffigult?%d_gbmstiﬁct wtthont 8uDhWWzonﬂo& wh;ch can

ariééfffam:faultéhin the pattern dr.unavaﬁ{illuminatidnzg' A
Thay havo upper and icwer cd es which cnuid mwuduce - T e

»spu@iguspedgeteffectﬁ (P11h1 1ﬂ()) ﬂﬂd ccntre% wh¢ch

':caﬁnai bg aLi 1 d wlbh boLh oy ; They dluﬂ stimulaton.ujT




f111‘QXp0'6éfbaf%éxdf;the'GYe'éimulfaneously;'whon many
-tcyu are ﬁnown‘f§ havo differont proportlog in difforenti
:arohé}- aMlll liwhts as sﬁimuli:avoid ﬁhé&a(difﬁiculties'
‘éﬁﬁ uhe LoLioxln movements pbbaiﬁeé are smal}i(ﬂdfﬁi@ge
'iﬁééq). In ny experiments stripod~érﬁm;stimﬁiiihave 
-igéén the mo s © uséful because tﬁe‘rospQQSGs'pfodubed are
”;aﬁgé;

Mwo bypes. of responses of the animal to constant
3 i) 13e e >

h.~
1-.'

rétatién of drwn .can be distinguishod; ophomotor

: and 0pboh!;0[i responses. In the fomrmen the animél'

imoven ltu wbalo body conflnuouqu in the same Qi Oppcqibe

'directlun as the movement. Optokinetic responaes

NG, R
% i

.ﬁwiﬁﬁﬁlv@ muvémdut éf‘qnly tho eye, if movable, ofﬂtpe head,
aéﬁﬁjéfé:éhéracégfiﬁéd.hy nystagmicAmoﬁemontéi.ﬁ Thg§e'
'§§ﬁ$i§ﬁfbf-ﬁwo phases; a slow forward phase in:which the
'ﬁé§§égp lowly tollovv the moVemént ofAthe,drum with an
é&gg}ihcroasin .140, 1nd a fast phase wh:ch re bu?ﬁs‘thea

'eyecﬁp 1uproxima!@ly to iLs original po 1ti¢n. { Bethe
'.(1 Q?b) has uhown Lhdt section of the oculomotor narve,
'faboll e} s"*hc following movements and 4this  is confirmgd:byA

—~.§gﬁdgman-(196kb). ~ﬂﬁilateral scetion of the optic tfaqt
'fdées ﬁot éerioﬁﬁiy affect these movements,  Thus the
:prjﬁéipdi wotbor axons mediating the ;0310w1n' Qhai

”ﬂqp@gensatqry move&ents run in the oculomotor neer“whiie

1

_those for the withdrawal are in the optic tract. -




Flectronhv%jologlcal Stvdlcs

PaLterns or mobew meulso& have been “Lcoxdédein

SR L

~the ocuLomztov uorvo of the ‘crab Gonilo Pulq (vaterman &

wierﬁma 196j) carrclatod with nyqtagml movements of the

oyecup. .In Gardlnus,(ﬁorridge & Sandeman lQGh) two types ™

" of moLor unit wore found. Oub showed.a progroséife
inqﬁ@&se iﬂ'ﬁréquenéy,duxiﬁglthe sloﬁ phass of nyﬁxagmus.
"*wﬁ%}e‘the-ﬁﬁhér:ggve é higﬁ fr?qneﬂgy burst duriﬁg tﬁé‘
:f:gééﬁ-bhﬁsg,- | -
“Afferént visual réqupﬁcs ﬁéﬁé also been sﬁ@diedl-'
hy siixgle mu.L ro O.C'd ing .’é‘x’-'o‘m the i)p'&:ic‘ 'i;ra,cts of a numbex

of docapods (WAtorman a W¢er€ma LQOB) but mure eapecially

 from th@ crab Padophthqlmuq (U aterman, Viersma ”Bﬁsh'lQﬁﬁ)

;and in Lhn crayfish kJio rema 1966,-w ergma & dedfﬁChL 1966} tf
Several c;asaeasof uniu arve rcrognl vl o | ustaininé unibs (wff
whidﬁ'alternfhéiy fi$i§g'frqqgencigs'ﬁo changes in_the.- ‘
ifiﬁ@egsity of iliﬁmﬂﬁgtibn; Tor any given_sboft period{nf'
L:Lme the :C‘_Lxu.nﬁoi‘tho:m .thai'i:f;;"»:ts constant ek always o
ld@é%@éséafwith ieﬁﬁéﬁ;of éxpgégra and may-decay §nt0 Q
:stntg.ﬁhéfé“f;gqéﬁ%%i;ﬁs"6ccui.' The units also resypond ta ﬁ?

moving shadows ‘and below a cerbain stimulus dintensity may
”béhayefas Noneunitst.,  Oftler units respond solely to- |

ﬁrluulunb stimulaﬁion.anﬂLﬁhus'may-be considered true "on',

Y

f"off"_er "onw ff" amits. ‘Movement sensitive units have

o



]proVbd‘more‘diffioult tO‘analyse because of their erratic
ithwen typu of-movemeﬁt'éensitive units are recog niéea9

'1aboun O OL /mec. and firc ex rat;ca]ly to Tashcr movcments.;f3fﬁ

'“-?) Units which re&p0nd Lo MQVLNQHLS at nbout 1 /sc ; and

‘_A numbor of Lhoso units bhOW lefcreanal SGnSLLLV1Ly to

OLher inmerneurapes hdve a mixed wcﬁaJ;Ly daputb ﬁasponding§ j 

iﬁo both vis ual'amd mechanoreceptive input

”of greater Lh&n 10 80 Lh;t theiyw input must'gbme Trom.

'uany ommdtidla, but tho uquipment of the movement fibres Jnfd“

Smalléf Lhan Lh@ ayflsh.:“$hls ha& a beha?idhral

pons q to fowoﬁ;tion of' the same stinulus, In crabs

ff]) Unihs whiﬁh FlV& opbimal rospon ses to mu#@ments of - ~ﬁ;

L

j) Units whlch rs ﬁond unly to fastexr novumcnbo off 78 /sec.'

.Lho dlreotiun of movemcnb and often the.greater responsefis

'Jobtained when tho tarbot movos hnrlzentaliy from latexral’ .

to médial. i ﬁili furbhor units 'respond to dimming of g,

Jiwht ~aud many roaaond to sore than one type of-visual
k . Yi 4 I

5timu;atioﬁ, but it is. a problem with all these experilients

t6~know'ﬁhother the correct testing stimulus has been used.

AL L}c un;ts so far exomined hnvo recopbive finlds

\

crabsiseems to be more precise, and the field size presumabl&jﬁ

'

,corrc ate in ihat cvab ,%how a bettor optokmnetio vespon«e'"

bhnn do cravf¢ﬁh. 035 e 5 » :':g

"Thc di$0r¢onbat10n of the visual LLojd dufimg eyecxp




vioual innvb (Ujer ma & EuSh‘l963}.' ﬁimilar'suppre$sion‘_”

._01 Lho VL“AHl irpu“ durmng rapid Lya movemnents iS'RBOWﬂ

N

Ju vgrtcbrnbuh (0 8 Dodge 1900)

}e oye movcmeut cuntrol syqtem
A0 T¥Awa’enoﬁ jof Lhe diro blon of the u&l JLimuLu
'iénihgiQAted:in shximps, rock aﬁd_sqnét Lobsters, héxmiﬁ
cfﬁbgfééd'mgny'iﬁ$écﬁs.,h5 pointin{vmovcments d?ftﬁé
.ﬂfdﬁﬁéhﬁae-aﬂ-thelobjepts.1ntroduced 1nfo_theﬂvi&ﬁal field.
ﬂifiéne eye.Of.é;hermif crah ié:bliﬁdéd and the otﬁer eye
forbiblv dO¢Iochd 1nLo a'néw pogitxon by up Jbo 909,
then‘no ggéﬂﬁgé 18 baken oE this qiup]ncoment ngd ﬁhel
ianﬁéﬂnﬁi?poiﬁ#mﬂg isléﬂrreépondingly’in efrbt;in the

'appropriaio dircction (Bulleock & Horridge 1965),

:éch&n@ (1952) showed that unilateral illumination

_of}ﬁhé hrlmp Pu?aemanehws causes Lhc eyes Lo uompeﬂsal
-Ejfﬁﬁ%ﬁinégtewards the 11ghu. If o similar stimalus isg
~{ép§iié&jtd.gn’éye fixéd i an abnormal posiﬁioﬁ'tﬁen the
oubral eral bllnuod ey@ wi.l l show a compou&atory movomunt—
d??egden&_én the ahgle of 1ifht reldtqve to the seeinyg eve
-andt@étrto ifs:angle'relative,tq the body. The. response
ltééééba#ﬁoﬂ_whiéh ommatidia are illuminated andfthére is.no
;é;iﬁéhbajtﬁaifthe malng 1inod forcod movcmvut is detected.
Th@;@bymal pattern 0£ mot0r impulses;océgfs in the

?Gcﬁlemdﬁor;nérv@fassociaﬁod with nystagmic movements,

3

_rc ardl ss of whether {the blinded eyecup is free, fixed,




“Withdfawnﬁdfievénflusent a]LO{ctnuv (Horr¢déc a‘“audamang'

# &

JQGQ) . Lheé;ﬁf;pcrtmonbu Lﬁc epfoklnotic-“ggﬁﬁﬁééﬁi§ 
: "drivnn“ {Pom c&éiégn#?ayaﬁe Al uoolng ey”:ialglhiiﬁaqéﬂf;
i ﬁnmd%ahle oyocur.wlii~e£ééé?é“thd;uiéw arids ¢13t;yﬁ;»é mov&mvxt{
? 'inlsynchraﬁs nLtH Lhrfq@eing}ﬁdé1v1n§U eyéqﬁﬁ;.lsHQWQyép ; ﬂ*?W
Clbves imléf\ epbje LrééL wh;ah convéy nuohanor;;cphmve}?v}ﬂ
"Tanﬁ pr&priooopbxve ini&rmation frOm thc axlaboralinf 2
;f§f”:;‘\wétéfman'é wﬁ.rsma 19uj) sud L;nhﬂaiaborll (bush, ?ier ma é

i

;~jﬁj'_“"ﬁ L rman 190%) c -‘“pgnrabus are. hnuwn, bub hllﬂerperxmoubﬁ‘“

X2

s

to daue ﬁavﬁ"xijou Lo re veni uhe uilbizatlon of auyfsﬁﬁﬁ A
".;[infoiﬁuxﬁiah-ﬁ. L&LGL@)IHOVLMOI 5 ~¢”1‘$' 5 '3‘ o © T R
'Tha wuvvmcnb QC the oyeuup ¢n Faijovln -Lho visuq1g”'

'f: field f“G“CG Lﬁ ﬁPparant mpvémént-offthaﬁ fjeid and chi"'

-i‘ﬁé the onjy fendbﬂck Jomg,_ Th&& loop can bo Openod by
f”fixing'thw inv eyeoup &nd bLindLn uhe movable HNnes

: ﬂ CQUmQ Lhoﬁr@cegtcr,-the meﬁlna,-is momuted O11 ﬁhe‘efféctnf'

a

- .d"f-thé eyebup,fthb real,s%iMulus fbf"movamemt'is txe diiiqun e

’bbtwébn;thd”dvum apood ana the G?@QuP vPGOQv AN ihl“ 2B

—called thahglip, paed (Uorr¢dye & Sendoman lQp&f.' The -

,following Suﬁmary'ig taken from %heir'analysis.->'This

llp speod isg 1juear1y e lateé to dyum ﬁpeeﬂ_nvér.a r&mgm_
'*vqudrum ,puedd from O OGin/so ta 10 /mOC., but hou%u
P { _ﬁhd“eyécnp;&&PQd ofben ey codﬁfbho alip apoed thore ls

2

nocd Yo pu,tvlata "volucgty amplificr“ in_#heybraina




HFThP gaju of thj ampliilcr Which Jq e&urom ly vqrmablo but

can bo as large ag: )0,,5. deilnod as Lho ratlo of oyecup
 i}speed to lep.apeed.:;‘The gre%bcr Lhe gain bhe morc clo ejy

‘ijl thu cyecup movem@ntiappr0\1matc'thc drum movcmen» and

ﬂétﬁinfinite*gain f& atian “ill occur w7 Thefgain”lncreasés

“réaﬁlfiat- 1ower drum 8 eeds and is maxlmal at s;eedo oi
P

;0 005 /seo.“ Thls meanS“that;theﬂeyeuis most sen51t1vo to

’;*movoment at abm;t uho same Sy(,ed as the '.;un o1 moon's

‘:mbvemeht acroés'the:sky; ; Dhnt thc crab can deLeot Lhe Bl o

movemenL of Lhe sun hao been couflrmod by direct Lest .';Tfnﬁf

;(Harr;dée 1966d) &nother abpect oi th1$ sensxtiv1ty wlll

be its efféetiven@ssfln sLabL]lﬁing tho oye over Lhe f'TIV;@EVb
‘%;1ongest possiblo per1ods of tlme.-. Thls is shown 1n momo:y

l:fexporlments when a crab i ;clampud at. ﬁhe'ceﬁtréfof a Lriped

)“

.drum and.nfber 30 ecs. to 1 min,‘the ]1whts are turned ouL

rand uhe drum ¢s moved Lhrough a umali;angléhin]the dark;u”

~".\fhen the 1¢§bts arefsw1!ched on again‘thc crab resoondb by('
'Cmov1ng 1Ls eyecupb 1n sugﬁ azway as’ Lo 1ndmcatc that 11;
Hcorrﬂlatos an 1mpression‘0f the fnrmcr xith khevﬂew4§0@i¢ipéi‘
 anu mo%éq 1ts eYecup% to ihé'ﬁo tion:of.béstfcoérelétioﬁ;?&JWT
:Mémory of S@é}I movoment; éqﬁ ]ast Tox up bo’20-30 Qin%..
.,(Horrldh '& Shephoard ]966 Horridgo ]Qéﬁa)

v . auyerimpoded on the above movements ére xéuf kindéﬁﬁ

of smdLl ampllbude cyecup movoments, 1,«?reﬁor 2, oaccadea.j,f

3 &cannln, 4 urmit..,~The$e diSO occur when thw visual
Ll ALY




 fio1d is %Latloﬁ ary. ol : ~'i :  1‘ o : 'tgéjf
(l) Whon the crwb is sﬁrruunded by a blank. vmsuél fleld l
%he oye&up tremors ab a-frgquency of 2—5c/seu. and wjth an
amplituae of O OJ-O ? peak to peak.- The tremor:movementéw
wh:ch are reduccd in a conﬁrauting vlsuql flcld and". boiishédi;i

'ﬂih the_dark;‘dre quue enaurh to be’ vjsually si nlflcant and

serfe to'sharpen-#isual'iuages (Horr1d$ 1966b)

(2) spont%neous paccades o ilicks als o occur with'ﬁuch“

AT

Xthe samc ampjlbuue as the tremce movcmenba but wlbh a fast

initial vise and a %low reburn phasc (Horrld»o 19669) : The

%accadcs appear Lo be pre@ermlned movoments 1mp0bod ccntral3y@T

'by a mntor neur o carryiug burstu of 1mpu3 es. "

[

(B)LWhen_atpontrastin ObJPCb is presented to a crab the
eyecups often show seanning movemonbs wWith: an: amplmtude of :‘1f

‘b}ﬁrlo ﬁeak to_péak‘bﬁﬁ'iﬁ'§ar01qga'bhese may be partlal

-¢w1thdrawal momaents..w

) In ﬁho dafk,“and when surrounded Vlth a. vlouai [LPld

-w¢bh little contrast, bho eyecups .show. 1rrogu31r wand@r ng VE;f
S moveme nto and mmy driEL away from their orxﬁxnal pOai{jon.

Qespite Lhe xe&lbh of" behavjouraj Lnformatlon about tye;.ﬂk

"ability of'the QYeoup td-make.extremely small;»slow ahd

aceurately éoﬁtrdlled,moﬁementﬁ, there 1@ 1LtL10 phyolologchig

h,._

work to explain how sunh movemean can be control1ed by the

"periphéfal neurumusdullar.System- "The . eyeoup musculqturn

'of the AmorLcan blue crab 6a111nech es saplﬁus was dcacrtbed £

“a




15.

by Cochran (1935) and is éimilar to that in Carcinus. ach

muscle is described as being iunnervated by a brancl of both
tﬁe aptic tract and deulomotor nerve (Horridge and Sandeman
'1964), but beyond this there is no information aﬁout the
specific part played by éach muscle in eyecup movements,

Crustacean muscle

Because the primary data to be ﬁresented is in the
form of potentialsffrom muscle fibres, and the vesults are
inferences of nervous activity which céuse these potentials,
itiis important to set pnt clearly the eventé at the
neuromusculat juué#ion in crustbacea.

A gfeat.deal is now known of the peripheral
\oréanization'of crustacean muscle, wach muacie is supplied
by vér& few motor axons, usually a slow, fast[aﬁd inhibitor
axon which ﬁranch to innervate the fibres;nui}itérminally
'énd'polyneuronally. Hlowevexr 1t cannot be assumed'that-all
fibres in one'muscie are similarly innervated when mwmore than
one axon 1is present.(Furshpan 1955). There is at present
1it£le structural information about the neuromuscular
junction, especially electron microscopic structure, The
nerve fibres conbtinue to branch over the surface of the
musclq fibres, possibly becoming lost to view in grooves
on the surface of thé muscle fibre {(van Harreveld 1939,
Lavallard 1960, Peterson & Pepe 1961 a & b). Sohen (1963)‘x

has described two types of expanded structures seen in




af

'fconJunchon w;Lh Lwo cfteront nerves wuppLyinw bhe acccssorv
..1lexor muqcle .of Lhe meropoddte. One typg is a «0-40 1
rectnn ular“plaquo while the othor con st5 of g;group of

-sphgrés in;a cluster,gdalled'”en_grappe"“measnring:hﬂ j3

“the problem was. oxamlned mibh LntraoeL]ular elochodes (Fatt if

.slnw and iaut motor.axons does not producv sp;ke rcapouseo,

:dlstr*hubed Junotlonipotcnt1a1s (an analogue of tho Lerm
3 used ior dCthltY Ln\the sléw nmus cLe 1Jbres of thc frog

,(Ku?jler 8 Gerard 19Q7)) ]ed to Lhe idea 1hqt auring

3% 1_6;._' :':-‘.

M

win it atest dwqmetor. ; >
The pr ence of Gnly a fcw moLor axons means bhat \fﬁﬁ
'ygrudatlon oP contractlon is of nvce b¢ty more dopcndent Oft - S

:“uD@Cjilc pahbérns of 1mpulaom in those axonb and less on- Lhoi

‘"reorultmont oi moior unitu. "The study oi cruétacean musclgfﬁi
:1s‘thus espGC1a1iy concérned W1Lh the way 1” whioh‘grado
5con§r§§ticgs ape aohieVed. -‘Implicit in_mugh of the early
’WBrﬁ‘is.ihét ééhtrxctwon is a deJmcat@ly wradbd eveht,.buf

the influence of thei"allmorgnone" onCPpt ch later workens - <>

by

e o B o o il g e 8 RS et "“Jf?
©. to explain the'gradqd,contraction in terms of the progressive °
recruitment, by.facilitation, of indxvidual muscle fibres

':eaél mi?ing alluorﬁnone twitchés‘(e.g..Katz.1936). E'When‘"

Kdlz 1)33 a, b,;c) it Was found Lhaf LtmulatLov‘cf ‘the

but'smailjelectrical potenttals whlch do not djffer by more

'than a fachor of s 49 h when measured at several'points,élong

thc_length:and widLh'af a fihre. The'findinw of these




1200
repebitjve nervaf timﬁidtiOHEa.ﬁartigi cbntfﬁb#ion 6§cufés -
-:glénp tho whola 1enﬁth of thc fibro.;

| Thlu poebulate led to a COmparatlve study off
heﬁégmqﬁculag;t?éﬁsmi$sionfin~a‘Va$iety ofjdecapgd musclés
%(ﬂbyl33éfWieféﬁgnI§58, ay b & c) using ﬁhé-pgchpiqﬁe of i
sfimuiétiﬁéfgiﬁgléfa36ns' recmrding th% muséle fibre'fesﬁoﬁ5§§é
~5Lntr1§eljulavly and mcaeurlng Eﬁé‘teﬁsioﬂ ﬁfoduéeé;by thé-".

 whol mu301e. i‘A wjde varmnty o mechanical and elpcbrlcal

espon&es wcre found whlch not only variod from. pecies tq

"ﬁSpecies,‘butjeven within_a sinvle muscle bha responses
'uvocordod from lndmvxdual ber@s dlfiered., Attempts to.
urrelute the varlous Junctlondl eventu in a 31ug}e flbre

'-w1th th ovorall tou%:on of the muscle wvere not quucos&ful'

3

fand Led to thelprOPOSdl of ét“least‘bﬁo tranwmltter

Ubsthﬁoeé, ope for thc‘fleW"and-oneTfQ£ theA'fast'_aﬁgn.l:J(

i(cf..Wnersma 1961) | \

Atwood (1963) thcn re-exaaned the pdSélVM and

'[Edyﬁaﬁla properbi 35 of muécje fjbres of ‘the llQbs and iound
?Lhcy ou]d be vroupod 1nto three ma;n‘ ﬁge ories én the baéis“;

f?p? 1he¢r membrané prop@rtlés.'r¢Type A'fibrasa’whigh arg'a M.
7uu@ér1§al]y bmajl group, havo wembrane wifh éhdfﬁ ﬁimé:
onﬁétants wnd 1 hlph degree of’ elccb*laal excitablllty, witﬁi
ka tnndency to 'ive spikésvwhich can-be'gropagated. ' Tyne ﬁ
:fibrca hdvo loﬁg Limc constants‘and respond only pds 1vely

g

‘to;ﬁepolarizatiqn..< Typo‘c flb;eo,‘tﬁe Larggst group, haye~ /




interm diabe prOpeft;ca, with médéraﬁely 1§ng £iﬁé eonskantéffiz

and. g:vo a varlouy oi graded resyonses uu depolarizailon.

>

e then‘ﬁhnwed”(Atwwo@.1969) that type A flhres‘are 1ﬂﬁG?VﬂfQ@]'

ipy the fast axons only while type B are inngfvated'only by

the slow ones.  T?pe'c'fibres,ére:inﬂervated"by,both.' On

the basis of;thaéa figﬁiggs he prépose& thatﬂthe.@émbrané
prcpérﬁiastof the-fihxeé'afe a”qignificanﬁ‘faﬁtbf_in'
cherm&nLnr the fast aﬂdtélow?rétea of coﬁtracfi@ﬁ.éadseﬂf
by the fasbt and slow axons. quﬁﬁof the_muséié7feaponses
couidxb§ explained Qiﬁhéut the need to'pos%ﬁlate_fwo- |
exéiﬁaﬁory.tramgﬁitﬁor éubﬁtandes.

ﬂp té.tﬁis-tima little was known 01 the - histola°30m;;;i;
Sbrumfurg of Lho muscle flbreb probably booduse as Pantin' :
(19)6) qald "I has lon bcen Lacltly assumed that ‘muacle
is musola"whqrever it i1s found amonw animals" .‘ COhcn (1)63)

showed that the fibres in the accesédry flexor mu cle of Lhe

Y

meropodite are of two main -types. In transvarse SGGtidnﬁ'

_Qhe.tybe-has a yuuctaﬁe appé&rahée of the &bril3ar matoriai,_u

while the Z-bands, in longitudinai sectionu,'aresoften'brohenj 

_aoroséfthé width of Lhc Fibres and aro @paeed ?mS A aparb. _ &

Thé=0ther.typa'ﬁas a lumpud arrangemeﬂb of it »fmbrlllay

matqrial-and_a sarc9mere length of-lO-lQ;pay The fibres Lhu&

éhow'résémblances to tﬁe 'fihrillensﬁfuktur' aﬁd elderstruk{

Ctur! musecle ;Lbres ol vertebrabes (hruger 19&9) 'H6WQver

thé.differqueesjbeﬁween'the,twp groupﬁ ;s-prpbab;y bnélafﬂ""'




'%dégfée"vgfh§r iﬁﬁﬁ'kind, and;the'twé.préﬁébi& ré§fa§éﬂﬁ'  <
the ekureueq of a &ide speatrum of fibre typou. ;iﬂdeqd"
'hymagy 1nh rmodiate Flbreq are found.

e

*ﬁﬂg1;~ﬁ;¢ I thb dl&tdl hedd Qf the acvessory rLexor muscla
.tcf ih@“moxapod he Dorail. R, j (1964) and Atwood & Dorwi Rad A
;f(196&) weie ~ahie Lo corr late the structura OF Lhe ?ibrg
Lth th§ r“@loctfiba! and mechanical pfopertiea. _
’irlbrxtlenutruhtur flbfes have high resting potenblalu wibh |
.electrical‘nroperties typicaiﬁof type Aﬁiibxes-and-g;veﬂf |
lﬁWltbh uantraoluons. ‘Tﬁg’fe;derStqutu? fibrbélﬁave'

"smaliar ve¢th? potcnhL als with électrical pr¢pé%ﬁi¢s tyﬁicalﬁf

“7of typc ﬁ,xlbres, dnd *iVe'leW contractidns. . The
“intermcélato flbrgs oorrospnnd with typo L fibros.‘ The . " -

“Complﬂc Pesponbes in thls muscle, innervabed by 3 alnbtc-,
’motar axon nu only bo ahplaincd by di;¢erent densitias of‘*"ﬁ?
b . 1nnervat1on ;nd diffqrent mombrano propertiou oF tho iibreg;ffﬁ

e

?Ef.'T '.,%;:,- The develdﬁmén of tochniques for recordlng the

teﬁslon deveJOpod by a si yle mus ¢ le flbre and ibu‘inLP&“
.ﬁcollulﬂr act¢v1Ly (Qrkand 196?, Atwoad prlé,&~$myth.1965} iT;
:has led Lo a mnyo campleto picture oflbhé Luu tﬁonina of* .‘ :if
EindLV1dua3 musclns.: ib hqs also‘ied to-ﬁhé'abandonment}qfq :;
féome QQ&LnlaLed mochanisma to etplain previou; 1nconb¢st§nbi if
i resuTtw.».Ona of thaqe hm& beon tho 'parxdox"phenOmanonl

*(Wierama & van Harreveld 1)38 Hoyle & ﬂlersma 19)00)

PRI




?0.

$Limulation 01 the sjow aXOﬂ to'thehélo éf~muéélp of" Randa]lla*

;_and Blcpharipada ab ?O/sec Jeads g appreciablo tens;on'

| developmont but only small e}octrlcal poteutna1s., on Lhu

'-gpthér hand bimulatlou»of the fast axon at thelsame{frgquggéigz
apfddﬁées lar&e e;eétrigal responseStbut;littleitégéidn;:' gl
Thiélfinéing:has béen:a:spﬁ@ﬁiigé'bldék to Lﬂe accepténce af}
‘,the idea th&t ﬁﬁé'dontréétiié méch&gismlls.§oupled to tho*ixr
3evoi of.memgrane dcpolﬂrJéafloa,:ag sugyc ted or verbebraro
qmooth mubclo (Eﬁlbring 19))) éna for the slow skeletal :
‘syst m ot bho frog (Kuiflcr 8 Vaughan Wi]liams L053) The i;&

'paradox' has been varlously expla:nod on. Lhc baSLS of a' t“'

_%pec:al dLTCCt efrect of th .alow bransmltter on ther—.

‘coupling proccaﬂ (Hoyle é iiersma 19)80) and by Dalk & “wtt
_(196 ) onn the . nO suble difterent t?me ooursos oi reloase of the
'itransmitters.from-tne dlfierent axons in relét;qnftgythe iii 
eépﬂcit#nce.of +he mOmbraneAqnd thc T'syqbem.' e '

o Hoxever, Atwood & ﬂoyJe (196)), hdve shown é;

"Spec1aleed group of muaclo fxbres in rhe 'paradoa' mﬁSclééﬂ@fw

whirh g¢ve large jpo‘Lo slow axon utimulahlon 'ailc Lha iasu

&g

.’x a2

Jps Ln thcse Iibres qre very small. 1L j Lhe relat1Ve1y‘

¢maJl number of these flbres ngLnG large &low Jps togcther ‘

w;th their obscure dmstribution whlch has 1éd to bhe paragq@

There is now nogbar Lo tho idoa of- cuntractlcn boiu 'opubiedﬁfﬁ
T ‘_1_ * \ . . ; . e e

ko thc lovel of. membrane depol riﬁat1on.'  That - th;s isﬁsdff;é

\can be dotorm;ued by measuring the extcnt of applied,~




'depol rigaiion n@cesaary to produce ten»ion."Thia'lévéi,’.
”the Ec; vai;eu in ojirerant f;bres buL JpS 4r0 of 8uf$i ient
~amplltudc Lo o%ceed thiﬂ levol.-tln vertebrates pre umably
;tho throaho d for bpwhe initiablon 1s bo1ow the Lb lcv&l. 
'f?Thus-the ﬁontrantlon of‘a wholo'crustacean ﬁu&cla will
involve th; progrossiVe'coﬁtraptiénuof flbres as, their e
';avols'arg_exGQGQed.‘Jt |

'Tﬁe,faoordih oi tanslon produced by blnPlO flb”QS

ﬁéé'al Lnéwifablv L d to iurther cateborization of: £¢bre.‘

M

ype% Oh the nmu:s of the following oP #Qnsion'upon

; elecbrical @PLlVLty.; @ovcn fibra typea are now roco nizéd-':f‘

.o

:ran@inL:irem qnlkxng ¢1br0° pivin only tw;tch contraetlona,

| fhrouwh fanrea glving praded electricql ovanto and phWSLC.gti
ox tonlc conbravtious bo pasaively rcspondinb fibre; givlnb “fﬁ
_only Lnnlc cont;aotzons. Qh propertieq of Lhc fibros are

.al 30 jound to- vary from cvxb Lo crab and are qamexhat

dependcnt on Ph01r aoulﬁ cyclo.‘ Thuékpossible hgrmonalfbr"
:otherglong‘tgx@‘raétqrgjmayzaffect ﬁhéimemﬁﬁéné‘pfoPéﬁfiGS@5“;-
-:ésvin gohé'ﬁofﬁobf;ﬁe mugcles (atrlckhoLm 966) 4

| Thoaoﬂfjndluga have also led Lo an lncraa inn
n"tendeucy Lo cxplain »he dlfferegi vaes of Lonfracbion:
‘produuad by bhﬁ‘fast'and}sluw-axons; more,on the dﬂfjereut‘
:IGUSlblou of 1nnervabion uF ftbres with dlfierent mombvqne

properties-and less Qn,the release bf‘two;transmifter




S S

.
\

Al

v

subsﬁanoés;' Howcver, strychnlne iﬁ iound (Pa arnas & Atwood

01966) Lo b&ﬂo@ rapld block ot the f btrsyqtem'but»to havé.

-llt Le offeci on, uhe sloW;or 1nh1bitofy ;§s£émé; 'NéTVQ mndi‘*:

musch rcma&n oxc;table so the effc t muau ho preéynapbio
‘Eor Ln the syumptic oieft.~1;ﬁlthough th? Pogsibl]lby of
,.uiffercnu bransuiﬁtﬂr &ubstance is agaln raised lL is

o posslb]e that Lhe nexve eudinws of Lhe two axons may be

2

':lifferent w1Lh thc slow'and 1nhiblbory endxnps pratcct ed by

§; ‘ ' Aidiffu jon barrlﬁrs.

Two'acﬁionﬁﬁbf,the inhibitory transmitter:are atb
C present recog nixoa. jThe‘moét Wideépread is ‘an effect. on
khéﬁpd L««;nqpt;i mombrene which resulbs Ln a'shift of the.

'imemb¢auo potcntial LOWdrdS bhe chloride Oqulllbrldm potenti&lﬁ

;(BOiSbOl i ?atL 1)6 )'”i The . second, Which'ls fOund 50 fara'

"only,in Lhe cLaw openor MUbOJG, occurs pr synapblaaily
fcauéinﬁ 1 reducb;on g & < Lhe amount of PlCLﬁaLOry Lransmlbter W

release anﬂ hence a ve duved J p. (Dudel & Kuffier 196&)

::ﬁhasicfﬁub cle: inreu.difjer in bhciv behB&LiV1iy to
lﬁhLbLuOfy'amoﬁ sleulntinn.', Somﬂ arp apparenﬁly inot

“4;nnévvwbnd by Lhu lnhibitor :AX01n whiln in otherw Lhe
'éxcituble*membrana'responsesware,moreusensitive‘than:thé ejpé;j
Tonlc iiure; éré mﬁrc denscly 1nnervabed by the inhlbitor;;. |

7,8 : K ; : -
'axong @ a$¥&cquently inhibitary;stimulation is more

“effective in SupprUbBLng a. slow conbractlon (Abwood LQGb,

AtWood;;Parnas h1erqma 1)6/)




By fixing muscle fibres‘which are undergoing‘graded*'“““

‘cdﬁtrgétiohs Hoyle (1966) has s gvestcd Lhwb “Lhe Jundamanbﬂl

4

'gunit,fdf a‘graded.contraétion.is_a part’oan%sarcpmare,'orf'

Lhab pavb of a flbre bupplled by a“Singléﬁglemeﬂtﬁdf_thef*4

..sarcopldsmic retlculum., Theqe uults have % rango ﬂf

'Vthresholds.and aS'theamembraue.potential is lowcred unlto

w111 be progresslvoly recruated cau»xng anal conLractiouu.
In a muocle i;brc gay 2 em 1ong 1nd 200 n in diameLer and 

'w1th an. qverage sarcomere longth of b p, there will bo:b X 10

units and a. vlytuel 1nfiulte rqngu €or gradcd contraotionu.«f

Althougb Lhcre is now. thls dotail@d knowledg of the

'mako—up of a'cruataoean nuucle Lhcre is inttlc work 80 Far oﬁ
'“fhowltho anlmai uséo tbeso-much um; ai ts dispédal dﬁrluw

'normal mbvaments;, Kennedy & Takcda (196 a & b) have stud;oaﬁlj
‘thé.réfléx contro] of Lhc flexox mus ¢ 1es of Lmo abdomen T4
fcbr:élatiﬁg‘it §iph theTreflax~cpnnéctioﬁs;Vthpﬂdischa?géﬁﬁ'ﬁ.

. pattérns.of the motoncurones and the responses of-the flexor

,musCIes;’

1n Lhc eyocup reflexe wuore tne behqv;our&l fésnanses‘

<

;aréhwell kthn‘it would he interesting to Lnow how theae f-;;f}g

movomcntb are broubht about by Lhe eyecup mu cles.' Thé

';prepdratjon oifovﬂ many advantiges 1n Lhat nzturai 1nputs

'1n Lhe anm of readlly contral]ad v1gua1 sleul; can b@ used{T}?

‘jlund Lhe output ¢n Lhe fo m'of the< yecup mcvement bdn alro bd

measpféd.;ﬂ,ﬂecause artl?lciql sctmulatlon is not uhcu thc




2k,

preparation should also reveal the mormal wmobor output to

: the éyécup and’the Qay iprgnich2the aniﬁal.uées its

”pexiphefal neufomu&cular éysfem, The preparation has the
:disad@gnthgeshﬁhét‘fhe.axohs f6~the individual muscles arve
.tgo‘small E e s diéecﬁ fgcbrdiug of nerve.imﬁulses, and the

.

tension produced by siugle'muscle fibres cannot be measured,.




MR T HODS

;7.Caréinuﬁ-maenaéy:ﬁhb?éo&mbn-sﬁoré_éfab; ﬁds;béén

uség‘bhrqughugp the - ﬁxpcrimental programmé..:M51e'crabé‘
{wikh afcafapéeo width of.: G—d cms;.were prcdominantly éhoueﬁ.
'ﬂ;Hnaégie#ﬁi“imeﬂtdl coﬁdiblous thoy guvvivé well out of:watar“ﬁ

"fob'several hours at‘room ﬁemperatures Qf\l7~20 C,:'

quNATONE
The musculatnre of the eyacup and eyeqtalk WRE .
je amln&d ;n crahg thuh had been fixed €or 1w hrs in %ea._'

Watgr:Bouin, -TBJS $0£Lens tho exosk 1ebon and eas os

-fufther dLuSOCtLOﬂ of the now coloured and harden@d muaclééiiﬁ
The SﬂierbCu were bost observed in unfﬂxed animalh.fj

The-muscles Wer flxed for histolo ical sectionjng

by porfusxng tbe oyecup with & solubion oE glutaraldehydc
Ain 5 ea. water (2000 of 12 lutaraldehyde, }300 of 0 2h
':3081um%cacodyiate and h?cc_of :ea water, bufferea to pH 7 &)

Aftor haif an hour tha musoles were dissected out stlli

‘Lattached to thc'ewoskeleton qnd were pnst flxed in. solubionf-
of 2% osmic acid 1n sea uater. After Araldlfe embeddln Ql‘ft
p qunbver e and 1onﬁ1tudinal s@cbions of eaoh muscle

S

'were cut from the aame block, and sbained with toluidine hlue.f

' The pieccﬂ ar exoskeleton onabled tho mubcle to be orlented, wf

‘.andzlﬁ-waa possjble to idovcify tho same rxbres in both T




| 26.

SﬁallAlgngths’of the OptiC‘tfathaﬁd oculomo ton
nerveé were Tixed in a 2% solution of osmic acid in sea.water
aud embeddod in.Afalditg. % ' transvérse sections were cub
'aﬁd stained wifh toluidine blue.

The nerva‘supply to the ﬁuscles was demonstirated
by”éfaiﬁiﬁg:wiﬁh me%hylene blue (Gurr's vital and flﬁoréchfoﬁe);
The muscles were ?KPOuOd by removing part of the‘OQeryinv
.etoskole ton with a high  § red’ dental drill and the cyecup
was immersdd in seca water with a few drops of 0.5% methylene
blue‘added. After 12 hrér the oyccuﬁ was quickly dis scctcu
and then.fixed in ammonium molybd&te solution.
| Thé plood unpp’y to tho oyecup was revealed by
injeﬁtiththé ﬁaiﬁ vesseis'as tﬁey leave tﬁe heart‘with
_ihdiaﬁ‘ink from whiéh th§:shellac is‘removéd (Gunther Hagﬁer
ﬁPélikan“fCll"(lhjla).

% 1414] (3?‘11()1?115’“> i()l OGY

Pnr ClOCtPOWﬁYuLOlO ical recordlnw the intact crab-

uas'rigidly”held at the lateral odrns of its carapace by

B modifiod‘refort clamp. blanﬂeu prcvented the linbs From
Louch1n~ the‘eyecups. The crab was arranrcd S0 thdt its

tran)vorse axis Was‘uorlzoutal while its long itud1na1 axis

waé~rzi§ed 150 ébové the horizonfal at "the anterior end.

.Tﬁié position a proximat 3 & Lhat assuuned by,a resting cfab.
ﬁxtrapellul@r‘mu501e potentials vere recorded fLrom

bhO Treely moving right eyecup, whose movements were also




1.

sensors

S

'»Arrangement of the recording electrode and the

eyecup movement sensor. A coil of 50 n silver
wire carries the sine wvave signal to the wand
and along its length, The wand is fixed behind

- the cornea on the medial side of the eyecup and

moves between two ball sensors over the crab's
back., The electrode wire is also coiled so
that eyecup movement is not impaired.




‘ménitoréd ai‘fhe same'{im&. H&lés“wéfe drilled'with“smalii :
entomeleogical plns through Lho oyecup exoskeleton OVQ' the
'gppropgiabe muscle. The ond of a small c011 of 50 »n ullvar'

wire, inaulated}buﬁ'for 1F Lip, was jnserLcd throuhh Lh

hole and into the”muselgj The electrode was rarely-dislodgéqifﬂ

by eyecup.mnvgments_ané the'free'jdint allowed tho electrode ...

to. be moved to obtain optinmal recording conditions, After
the experimeit the electrode wire was cuit at its entry into

the eyecup and'thé‘uyecup was removed and fixed for 12 hrs

in sca-water Bouin, Di: ect¢om “then xevLaled the Lacaonn
of the eleactrode bip. Tho 1ndi£?eren1 olcctrode was placed

~in'thc qubfs 1ivér‘regiqn. The muscle poﬁentials recorded
ﬁy this\méthquwaré uéﬁally 100%200'pvlinramplitude. The
signals we?effeﬁ into:ponventignal Aen coupied pfenampliﬁiéré”
befaore displéf dﬁ.an ospilloscope{.

\?o mén suRre ﬁhe_moveménts of the eygcup ayﬁ Mg.wand
éf'QQZme‘nyignhtwiné_ﬁaé fixed‘ﬁifh_ﬁastmaanlO éﬁhééive7
to the madiﬁl sidé“éf the yecup and oxtended over the back'
of the crab. -ln catl of )O a silver wire car@;eq‘a'stable
O Kc lOvaeak to pcak sine wéve sighél to the-wand and
along its léngth (FIG L)W IThé &and'ﬁoveﬁ between two metal'
balls plaoed’qvaf the érab'é-baék?‘which pigﬁéd up. the
signal and fed it to,a?differenﬁial a«cAcoupléd amplifiér.
The oubput of thls 1mptiflcr was.theﬁ campérédfwith tﬁe

original ﬂO’Kc,signa&?and-converted into a DU voltage signal e




F1G. 2.

Oscillator

O
soxe U — ’
O

l_ ‘
]— Amplitior _1
I I
L

Circuit diagram (modified after Sandeman,
unpublished) of the apparatus used to measure
eyecup movements, A stable 40 Kc signal is
fed to a wand on the crab's eyecup, and moves
between two sensors, The amplified output
of these sensors is then compared with the
original signal and is converted into a DC
output voltage. The DC component of the
movement is displayed on an oscilloscope and
a second trace is ac coupled at a higher
amplification to reveal any irregularity of
the movement,



28,
in théuéixéuit-sﬁéﬁn‘in FIG. 2, With a wand length of 2 ot
the;éyéﬁém-will measu&é ayeoup mﬁvemanﬁg linearly ovexr a
.raqgg éf‘Qﬁo-aqd wiﬁhlaixesplutionlof 0.01°. . The frequency
“@ééponge:;sbflgﬁ betwcen;o;oﬁl CiPeBe gﬁd 10 Q.p{s; One
oécilloswoﬁé-channel was_uéed toidisélay the DC co&ponent
of.fﬁe_mqvgﬁemﬁ whiie'another was AC coupled at a higher
ampiifica@iénﬂtd feveal éﬁy uneveness of the movement.

- Afder prepavation for recording at bench level, the

cxab7ﬁaé 1owere§ iﬁto the ééntre of 30 ém diémeﬁer_and 25’cm_-
high‘verticﬂll? Eiaéﬁ and white»striped At (FIG; B The
'.strip9833ybt65q9¢'aﬁ'gkgle of 152 at the crab’s eye,aﬁd the -
base hadla rgﬁial'sﬁfiped pattefn. 'Tﬁé“ﬁhoie drum was
e%enly;iilyminaﬁéd.by an overhea&-YS w refliector bulb.,
ﬂ;Dru& mbvements weré controiied by a kqugfaph motor which
gaﬁe,smooﬁh*hpumtﬁn# fptatiou in either divection at speeds
“rangiug Fiom Q.Qﬁo/séc. to 50/560. A ¢lutech enabled the . éj
druﬁ'ﬁofbe‘stobpe& ox stafteﬂ abruptly.
"o obtain small drwn movements a linear pen recovden
actuatér'was_u§ed} PThis solenoid was driven from a lowe
'fréﬁuepcyﬁﬁaﬁequm.geﬁerator {Bervomex L.F. 51) which

provided a varieby of waveforms of variable frequency and

amplitude., The drum movements were here monitoved by the
‘system alvsady described for monitoring eyecup movenents,.
TFor intracellular xvecording from the muscles the

crab was rigidly héld as beforve but the limbs were auvbtotomized. -




'xpparatna used for extracellular recordtng

from the eyecup muscles. The crab was rigidly
held in the centre of a vertically black and -
white striped drum which could be rotated in
eithoer direction by a kynograph motor operating
via a gearing arrangewment (A). S-ooth sonstunt
rotation with speeds from 0,03 /S to 5 /S were
available. A linear pen writer actuator (n)
driven from a low frequency generator (C) was
used to obtain small drum movements which were
monitored () by the system described for
measuring eye movements, Muscle potentials
were lead to a differential ac coupled amplifier
() before display on an oscilloscope. Eyecup
movemnents were also measured (F).- The whole
drum was evénly illuminatcd ‘by an overhoad bulb.

5
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'The ?1ght cygcup, from Whlbh NOat rccordings were made wa

4

'firmly_coubnted in its sockcf with p}aster Of Parla and bllnded'”

'by coailng'chq ovneﬁ W1Lh qnich drylng bldok paint.“ ‘Th@
'zrequlred muncTo uaa expo ed by pqri'g_away 1 smal pince of

'Lhc 0V0r1Yinw eyocup LYOJRQ1OEOH Wlth i hlﬁh 'peed‘dehtalf

drlll. "*lood Lon» waQ not usu;i]y seriouq.
Thé ntr u@]lular actmvmty of th mu.clo i1hr 8 wasiif
frecorded jph,g;asﬁ-mLcroeloctrodeo £1110d Vlbh jM Kﬂl and

w;th_affésistancé_of 10«30 Miﬂw - The. muscle potcntial% were *i;ﬂ

rfédﬁ£o4ﬂ uwbaimv fcupacity 'Bak' pre~amp11fier (Bam le&)

ot v

befcréﬂﬁiﬂ@lay onfan'gsc1LlQ$copem

‘The sveiﬂgiﬁuﬁffixed iefL cyecup wa's : arvanged Lo b@

at‘the»centraﬂQfﬁé som3~c1rcu1ar black and: uhite strlpeq Irum

“with @ padiu$_of 7 ‘Gt ., - The stripes subbouded an auglo of
v s : ...O '. _‘4 _l' I'l . . ;I. : X - : [ . .
~-LOY bt tho eye. Drum movemcnts wore confvoiled by th pen :

writer actuabor uﬂd Were al%o monitored.1v

3. R

~;Fof.ufzay.0f the “1Lhdrawal vcfle\,lthe'crﬁﬁtvas_dif
prﬂpared a;avo and an tegumontory nervu‘was'al
eﬁppaed'iﬂ tnc hody of Lne crab. The nerveléaSQhooked du td7r

Silﬁe:“xire dulmulublng clectrodes and sxngle e¢ecbrlcal

-pulses of variwbl dur lLon and 1nt@nslny were anp]led via a;g}"

'radlo-iroquepcy “&olatlon unit.ﬁ hcrve impulses in Lhc opflc,V

.trac% QADOQG” ncar 1»5 exmt from tho braln wcrc recordcd;

v

vjtu a LOO ﬂ stainlebw" Leel wlre'elncfrode 1naulaLed buiﬁfﬁf

v

for .the - t;p which could bc moved cver Lhc Lraob to loc 1

N N R

required ‘axong, .




' All rebponbe& woro diqplnyed on a Tekbronix Lype
56 os01llnocope and vere phohographed W1th a Cossor
'.osciliograph Qamora on- Ilford H&G recerdxn paper
- ,
>
r.




RE:S UL
Part l. TAﬁr“omx
l..Lye asaembiy .

-_consiats or rhrpe skelotal eloments moved by 13 pamrs of

. body skeleton by membranes

- exoskeleton is thinnew,.

"og

'_GYQstalks

“and- deep at their bhase.

The: compLoLe eye assembly Of Carcinuq is complox and.fﬂ

mu&c]es;xf Ante1jor to thc bra:n is Lue nednan pLaLe

(middlo cylind@r) whioh ls moved about the main bouy

skeleﬁon:by 3 pairs af muscles. Abtached to this platéAijf

are’ the: elongatod eyestalks whlch prcdoct lateralJy on

eithar side. Th@y are attmchod prcximally to the main .

along thedr antérior and

pastayiorfedweé, an&“&istally by a muscle which can rotate.

the cyoqtdlk roiabuvo to main body qhe1aton.. The

g GOmp1eLoly e“CLOSPd by -a. fold oi oxogheletan:fi
and in the intact crab only the eyecups, which attach to

the proximal ends of the eyést#lks, are visible protruding

from thelr sockets.

i

“The -eyecups ave approximately 6 wmm long and 3 mm wide

The ventral surface, where the

is covered by a circlet of hairs’ . |

and the corneal suxfaée‘is wrapped around the distal’

rqundéd'eud.

the .

When ihe trnnsverse axis of the body is horizontal. andé

ion udina; gxis~is raisod JO-2D abqve the hcrizantaléf




P 4 . Photograph of the right eyecup of Carcinus,

taken while the erab was sitting with i1ts
transverse axis hgrizuntul and its longitudinal
axis raised by 15 above the horizontal at the

anterior end, In this position one of the
three ommatidial rows is maintained horizontal
f 2 \ . 2 4

(inset ). Prhe dark holes in the eyecup are

places where extracellular recording electrodes
were introduced into the muscles.




‘foi hO &b to tho vnr%moal. In tnﬁe pOSlLlOH ane of thc %hyé@i

f;in the vertjcal and a, movomént of 50 .vhgn-the;d?§b is
‘_rqtated about its tfan%verse axi - rolﬁ”ﬁilt;'
3_jsuuceSuiva pnuitienu as 1t was, fellowing a hori?ontal

‘3uenL e of thw uyecup te‘the distal-edge~of the'eyestaik._'

‘;arc contwnued amd thiokaned around thc eyestalk»ejecnp

'muma.b Ldlul row" ie malnbalu(,d horimontal. (3*1@.' !#)

,Lye saikwcyecup 10iﬁt.-

westriched Lo ane. Pidﬂﬁ by fix;d &kelotal Plements. iy

'ﬁuOVGant-aL 30 ,13 possihie~in the~h0rigon$a}oplane;-709fj;f

,pivot.;r %uperlmpoeod phoba&raphs of the eyeoup ‘48
robachu of ‘a &triped drum, shaw bhat bhb "pivob" polnb isf'“ﬁl

the midmllna Lho "pjvot" po:nt moves backmurds from qear Lhel

-Joints e]aeuh ro Ln the hody.

ab tho amtefio%'eﬁd, tho eyecuws afe held polnﬁlng fnrvards e

'at ap wngie oP hu-h) to the lonﬁlfudanal axls and at an ang% ¢

! HovomonL of the eyecup abeut Lhc eyesbaieq is.nbﬁ:

‘he jalnb i flexible and dops not aot as a. &xmyle

oﬂntinually chdnging (Fxg. )) A8 the cyecup moves toward

The Jaint';é “Hus considerably mora’ complex than mObt

gth

"‘Tﬂa membranes whjch attaeh the eyestalk LO Lhc bady

.;joint.' Near the main muScle a&tachments Lhe membraﬂn ip

'Tfurther bbij ened hy throo ﬂmall sclerlteu whlch &btacb LO

"tho cmge or Lhe eygcup and Luck into the membrane.
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- FXICGs. 856 Trnciagt from yhotogxaph- tskon rrcm verticall.y 2
' above the crab as the right eyeécup was moving
towards tho nid-11n0.~t_ ‘Several exposures, ‘OF . s

the eyecup in successive positions, were made on

the same frame, and the camera was not moved

between frlﬂll. ~ The "p!"t" point of the

eyecup is not eonatmc, but c-ntimnlly changos

during novcmnt. g Y '




bk, Eyécup;musculature.

%

-+ The nine eyecup muscles attach to internal projections i

of the eyestalk exoskeleton -and their insertions on the

- eyeocup are marked éxﬁernally by a characterisbically

differoent te sture of the surface expskeleton, Tﬁe
musculature is tllar to that described by Cochran (193 ); h
for the Ameirican Blue Crab_callinecﬁeé sapidﬁS{ Herxr

numbering of the muscles has been retained but hew

nomenclature has been abandoned as it implies funectien

deduced, presumably, on anatomical findings. . Because a
muscle happens to be favourably placed to caxry out a o

movemoent and even the fact that it may do so when
'eleCtrically.stimulated'brqvides»no guavantee that in the

- normal state the muscle actually does carry out this

Hov omen ta
According Lo Gockfan's terminqlogy musd;e l9, the
oculi abductor and muscle 23, the opulivretfaCtor'medialis_ﬂ?
cégsist of fwo“branches; while muscle 20, the oculi
fétractor.ébrsalis consiéts df thiree., Although the
branches of tﬁege muscles are found to be distinct
phyéiqlogioal units, their numbering is retained, implyiﬁgf 7

that they have similar attachments rather than similax

functions.,

The arrangomcut oF the musculature in Carcinus is




Eyestalk

Sclerite )






-__;5511()\v¥1 }P (5
. Musdle 194 whidch' is bhe labyest in ho éysoup, originatos at ..’
'fho bwse UL ;w aﬁéral:projectibh-df?thé evostalk'and insebﬁé:éi
l-ﬁhb Lﬁferal wa!-ie? the eyoaup Just bvhdnd thu boru €& éj
{Lﬁ trwnsvorﬁé §e§t10n aLl Lhe muscla fibre% havo 5' sin 11ay f

’7app§arancgg Tho rjhr¢1iar mdterjal of the}fibrés has a

pnhptate”appearapce qnd,is evenly distributéd;*‘ Tho' 5
bbuhdarieﬁ\of*thé.ﬁhdividual fibres'are Lnﬁistlﬂ (EAP i

nand ane mombvanos can, bc dcen runniug into tha blocts th

fibres... Thiﬁ-arrangement“shoxs some res emblqnce to- that in™

themﬂéay extemémr musclésAin'thé-abdomen uf.Pxobamharus B e

(}.’ t’na . ,-xm-onu ]96(}) -Ul 10:1@.:1. fsudinal oct'ion the f‘ib}:‘rﬁé‘_-}
'Fﬂiﬁ;ﬁ ly “iLh toluid1uo blue and’ the % bandﬁ"aro often .- -7

biroken acrmm the. widtii caf’;,a-fibré anci; 'za»,J:_" %p.:woci '3.,. p dp"zi:_tj"t"

'ﬂxhepfiﬁres'tﬁqs,réacmﬁleﬂﬁho-“bibrtllcn Lruktur" fibram.

described in vertebrates (Kruger 1949, Hes s‘i)ﬁl) and in

cruéfaé@a by'COhgﬂ“(LQGB).

Muscle 19b-§figinatééjﬁesida 19a on the béﬁ@kbﬁfﬁhe'samq

,prnjéctinn-but runs medially and inserts on the vontzal

surf ace ufﬁﬁhé_eyecu§; The filbres are noﬁuunifnrm in

‘e

aapﬁgafanoe butfthe majority in T.8. ha#e-a clumped pp”dr ncé"“

df Lheif‘f brllla materia}. . Jonﬂ1tud1nal Joct10ﬁ Lhe
baudu are syaeod 10~1 n art-and;tﬁcse;fibres“thu& ras@mblef?

;“leldev tvuhtur Pibres" © The rewaining fibros have structurds

fxub rm:diﬂ%e,between?the two types deseribed and have a




I“i‘;. 2.

Photograph of a transverse section of part of
muscle 19a, stained with Mallory. The muscle

fibrils are evenly distributed but the

boundaries of individual fibres are indistinct,
The muscle units are subdivided by fine
membranes, Scalet 250 pu.

TN



FIG.

8,

i L‘ “tgfff(kf”‘\%ﬁ

&’éfb i f

Longitudinal sections of three types of muscle
fibres from various eyecup muscles, A.
Fibrillenstruktur, B Intermediate and C
Felderstruktur, Scale 100n



sarcomere length. of 6-8 p.  Bxtreme fibrillenstrukiur fibreéfe@

are not found in this muscle., The three types of fibres,

 fibrillen, felderstruktur and intermediate are shown in Pig. 8;?;

In general the differences between the fibres are wore

apparent in L.S. The warked differences'previously described

frowm paraffin sections have not been so appaxrent wiih the

techniques used heve.

Muscle 20a, attaches to thé distal end of the lateral

eyestalk projection and inserts on the lateral wall of the

'.eyqqup-behind muscle 195. The majority of the 25 or =o fibreéff

in this musclé have sarcomere lengths of either 3-4 wu or 10#

e 2

12 n, but a few have sarcomeres of intermediate length. .- The

various fibreé types are intermingled and are notb séparated

into groups of the same kind.

Muscle 20D Starts from the same attachment as 20a but runs

vertically upwafdsxto insert on the dorsal eyecup wall unear

dits proximal edge. The muscle is small and is enclosed in -

a tight connective tissue sheath. Approximately 10 muscle

fibres ave present and of these only aboul 3 have sarcomere

lengths of,iess than 4 py  the rest have a sarcomere length

of 10=12 pi

Muscle 20¢ runs verbtically downwards from its attachment

~below 20a and 20b to insert on the ventral wall of the eyecup?;ﬁ

near its proximal edge.: It is rather smaller than muscle 20bh. -

consisting of about 8 Fibres, half of which have Pibrillen-




struktur‘ana tbc other half Pe?derstruktur
Scierlte 1 Luchs into thc mombranc noar thc aﬁtach;.

ment'oﬁ'musglas dOa;ﬂb_aqdqc. ‘ Lud &

2

-erscie'2l,;a.smallwcompadt'muSCle, arisos from an tondonf*

féﬁtabhéd’td'%ﬁéwhéaial dgo of the éyes talk 4nd ins crt in 5
a deprossion on’ tho nedial aldo of tho eyecup.  Wlbreq withf”'fy
',Fibrmllon and boldcrstruhtur are Lnterminplcd but few show

_extreme Felderstruktur_“-~ﬂ

»tMuscle ?2 runs dlagonally 1crc g the eyccup from 1ts attach«:~

'munt nﬁdr co sclorltc 2 and a chletal bdr Lo its in.ertion

on the vontrowldteral wall of thc oyucup.“The skeletalfbaﬁ._z

fruns ln the 301nt mpmhrana from the gclorite to uhlch muscle f;‘
16 attaches._“The musclec fibres‘are preﬁominantly

'.Fplderstruktur wlth mdroomere lungths of 8 10 p.‘

Muscle Ba attache% to tho mod1a3 ed&e of a promlnenb go¢ntod

pro;ection of Lhe dorual burface of the oy@ctalk and inaerta »ﬁf
'abOVQ muqcle ?l on Lhe dorso-medial surface of Lho eyecup.
' Hlstologlcally,the flbrcs-are.a mixed population with‘the:‘

"Eoncrstruxtur fibrob owardb thc dovsal surrdce.

Muscle ?3b arlsna leDPSide musclo ?Ba and dttacnes to the
'lateral sido-of tho dmrsal:eyecup'surface.- Tha Joint membrano
S ;ib stlficned 1t bhe attachment of the%e two mu¢clov by the

'"intuckznb of sclerite 3.‘ The mu&cle fibres havc sarcomere

]

‘~1ength§_of)6élﬁ »n but nonepwith shorter-lengths_haVe been:

7]

een.




t

Musclc 1@ is’ Lhe only mu cle préSeﬁt in bhe ﬂyeutall It
L attachob to a. qclerlt iixod Lo Lhc maln bouy sheleton and
spfaadﬁyout_ﬁo sk on.the_dorsal wall of theheyestalh whicnf‘

it rotates relative to thg:main bod&_gkeletqﬂ,; $ﬁegmuscle

 fibres are a‘mixsd.ﬁopulatioﬁ-of nistological typess

5;iiﬁﬁ¢rva£ich“of the mu%c]cb.
lach musclc in Lﬁc Oyecup Ls-descfibéatby'ﬁor?iége &
bandeman (1964) as being suppimed by a brlnoh of Both %hg:if
‘fpptic.yyact anq-oqulpmqtqr;nerVG.' Thé.lattar;brdnches% "
 \bg£$£éfeﬁtgringl@héde§agt;lkg and a,3mailef lowéf”pnrély;

-.senéory:brgnchframifﬂes in,ocmnectivG tissue and in the:

‘"zjcardpave around the eYeséalk' Tho uppex bvanch runs ln'

'the hollow of Lhe ayeutalk And at the level. of muscle 38
fbranchéb proiuuely Lo suppiy hhe eyecup muucles. ?hg aptic
3Lract brancheq at the;same_;evg;:qu-these;branch then‘rup_f
\'Z“t; theleyncﬁb.mu%clé ".Tﬁﬁ‘bfanéhéé=offbﬁghfﬁhésé nefﬁgf
’"trunks are compléx and.intarwoven WLthin the, eyeéup; 36 

thaﬁ it ﬁas;nqt bogn_pOQSible to bﬁild.a cqmpleteApiéﬁuré{kﬁ

'”1ﬁ‘terms.oﬂ nuﬁbers?of‘akbns, of ﬁhe muscle-innér@ation.~-'

Methylene blue gtutnin 6f”Lh0 ax ons Lo muqclo 203 haé7héég§
-~Lhe szL suoeesqful.' 1L receivns two onna from the_@bulbﬁ

fmotor'ahd g'lafgeaaimn'fromtthe opti¢‘trapt whiqh.also'

¢

',‘.bfanChes“tc supplyVmuscle 193. .Ih‘tbénsverse sectidﬁs-of,ﬂf

\"ﬂmuscle l9a a 1 arge 30—&0 p axon can be rcoaﬂnlaed.'




FIG. 9

L

100

Photograph of a % u transverse section of the

optic tract near its exit from the brain. The
traét is surrounded by a thick sheath and a
bundle of large, presumed motor axons are
present on the dorsal surface. These axons

are not present in sections of the tract taken
near the optic lobes. The densely staining
region is a bundle of small fibres, less - than
1l n in diameter. A blood vessel is present
just above this region. The group of large
diameter axons in the centre of the tract run
straight to the optic lobes.



.Similariy in transverse sectlons of ‘the optic tract (Pigs 9)
‘a lavge a#oﬁSof this size can be seen in a group Qf'layge,
proesumed motor axons, on the dorsal surface, However the
,classifioation éf_axons into motosxr or senéery_purely on the
basis of their cross sectional diamete% is unjustified.
Axons in the oqqlomotbr nerve'ha%a diameters up tq 25 n but
none are ag large as this axon., The group of large axons
on fhé dorsal surface of the optic tract are not preseni in

sections 6f the tract taken near the optlic lobes. - This

lends some support to their belng motor but they could equ#llY'J
spring fﬁom éuticular hadx receptdrs in the eyecup., The
IODtic tract aiso shows other features of interest. It is
suryqunded by a thick connective tissue sheath and in both‘

T.S., and prv@arations when the blood system is injected

ﬁith dnlk, a blood #essel can be seen in the proximal part

of the traét; ’Cluée to this ;s a densely staining region -
surrounded by a sheath which consists of numerous axons with 
diameters of less than 1 n. NunneMacherr(1965) has described;;
similax‘regiena in the optic tractsvof other decapods and T
" concludes from axon counté.that this region contains 91% of

the total number of éxons. The group of large axons in “the
'cgﬁtre of ﬁha tract run straight to the optic lobes, Electré@ii
Micrpgraphs'of the tract near the optic lobes show_ﬁeuroﬁiléj;

areas, emphasizing that this is merely an elongated tract




cbhnéctingitwo-bréinfrégibﬁs,anﬂ’noﬁ a. pcriphoral norve.
Obvious pyoprioccptive eruoLuras, 1Lthou5h souyht

'“En methyionc biuo sLudicu dnd in Setidl tranaver \and

,;1oug1tuddn 31 Jccfaons of the ayerup have uat been iound._:'

Hewéveerlpolar cellh of unknown functlon, buL typlCﬂl of
‘Jmauy arthﬁodlal mombranes have been de cribcd 1n tho oyecupf”

‘eye talh Joint membram ( andoman 196&&)

?56. BLood.auppJY tO Lh eyecup.

z

The oyocup 1a,uuppllcd by brancheq of qu blcod

vess&ls.'t The optlo artery whlch runs alang tho antéf;ovlgi
.cdec o? thé eyo alk uupplics th@ optic 1obes (Sandem >fi?5
‘%:1967a) but_ulaa branrher Lo_,upply muucl 85 ZOa b and é,
23a and b and muqc?e ?l.' Thc oculomnfor artery runa along
.Lhe po,toéior cd“e oj thé cﬁestalk énd &uppilos Lhm rost
jdf the mus ulﬁbure but dldﬂ muscle ?l as well‘_i This
‘.muucjé Lhus ha; an axtromc]y dense 1nva”lon‘b3 blood vé&seld*

anﬁ the siwniijcance 01 this wxll be diﬁcussed in 1gterj

5,
0

séctions{“
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doﬁtiguous horigontél rotation of a stﬁiped drwum
argﬁnd ;hé'éréb indudes nystagmic movomenha of the eyocups.
Thisiﬁptukinétip'nystégmus,consists of tweo pha@esgv a, slow'
forﬁafd pﬁaéé'during‘whibh.tﬁe.eyecﬁps.follow’thé directign
of%dr&m'rotdtibn but with an avef‘increasiég lag, and a fééﬁj
réturﬁ phase - flick back which returns the eyecups: |
aﬁﬁfoximahely'to'their'Original_positiéh; Thé résponée
“involves' tho movemcrt of the Lwo Ochupb in QPPOBlLO
fdireptidns[rélative to the mid~1ina.' Fig. 10 shovs Lhe
A-mdféﬁénf'of Luc right eyvecup with the slow phase away f.‘rmu~
\(a) and Lowavds (b) tho mid=-line over a rxnge of drumvspeeds;.i
~iny the harigogtai Qompqpcnt of mQVGment is measﬁred‘and
thq;s}iﬁht #e#tiéal diépia6ement_of:ﬁhe eyecup,which gocuxrs
tAWard tﬁ§ én& bf < Slow phase is.ndt. V

alg\Slﬂw Phase. -

The eyo Epued during a slow phase is not uniform.
LAftor a ilicu back the eye indtially moves faster than the
fdpumjbuc hhon slows duwn to a relunLvely unilorm speed,
J&ﬁich.ié slower than“ﬁhe drum speed, over the middle part
of5thef%faVer$6.f. Towardsithg end of the sloq-phase'the
:ey? spééd.is‘fuftherl?educad_and may often ceﬂsa-alﬁogethégi

vﬁ7_¢f'- "befdrerﬁhe_next £lick back 6ccnrﬂ. The~fiick back in the g
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, FIG. 10. Movements of the right eyecup of the same crab f
- recorded over a range of drum speeds. In (A) 4
v the eyecup is fellowing a clockwise rotation of }
E the drum and is thus moving away from the mid- i
| line. 1In (B) the drum movement is reversed so 4
e that the slow phase is now towards the mid line.
- The upper trace represents the DC component of e
: the movement. The eye speed is not uniform T
during a slow phase, but that during the fast 5
phase is. The amplitude of the response is not =2
2 related to drum speed, but the eye speed during N
: the slow phase is. The lower trace shows the 0
eyecup movement ac coupled and amplified still - e
further to reveal tremor. This increases . 5
greatly in both frequency and amplitude during =2
3 the slow phase, but is always less at lower 4
drum speeds and when the eye moves toward the =
mid-line. +3
> X -
Ee A
= - I e T a3 = — W S R & R Hhlaam e g - -.,“'.ﬁg




two Lvacapa is not ueceqsarniy gynchronous (ﬁarnes 1967)

-The rolatnvc sbimulus ‘o the eye - the dlfrerence bctwee

Sy el R VA

dxum‘speed and eye speed - ié:thus not constant thrbughoﬁt}T}
the slow phase. TUneven moveM@nfs.Qf.the gyééﬁp;?usﬁally
:-cdlied oye ﬁrémor,vare\similar;ﬁ not:ﬁniformlthroughogt thé;”f
TeS8PONSE., Initiélly the tremor ig;of a loﬁ ffequéﬁcy aﬁd}ffa
émpiifﬁde, but part way through ¢ncrea5es both in

freduunvy and amplibude. The-tremor can #ary from 2=h b/s
and . from 0 O) woLg" peak to peak in amplltude, bﬁt is |
alwayu of 5mnller ﬂmplitudc when the eyecup mnoves Lovaxd

the midsltne, and at lower drum spceds.

Thu extent ox the slow phase can- vary from 2-2 Oo_aﬁd

‘its time course  for the same drum speed shqws similar

' variatiqnieven~1n.succe ssive nystagmic movements by the
same crab. Thc amplxtude oL bhe movement is not
dopendéut,on the'drum speed, - Such variability prééludes

a more exact description of the vesponse.

.Fasthhase

Thé efé sbeed_dufing the_fast phase is.reiatively
unifdrm but is slightly decelerated tQﬁards the end. ?ﬁe
’eye apeed durinw the slow pﬁage is dirvectly related to
drum speed but there is no relati&n betwoen‘fhe‘eye apged

.in ‘the alow phaso and thaf in the fast phdse. ‘The eye

“, speed during‘tha fast phase is constant over the range of

drum speeds used and hence is independent of -that in the




3.

fqiew phase. 'This diffefsyfrdm the si%uétion:in-the-'

,rﬂbbit Wh@lO K01ke (1959) has shown a oorralat¢on between

the_speeds in~the-two.phases.

‘Mechanics of horis onual movcmont.

~eyestalk .= eyecup'joinéfduxiﬁg imﬁQSBG quizbﬁtgl,movgmenté

_iﬁmnecessaryﬂfor the 1atef@inﬁérpro£aﬁiqn_p£ impulse:

'extromltleu resistanco to movomanb ngdtlY incrcasam." il

SOme“MGasure'of the,mechanical characteristics of the .

~frequéncy in relation-to eyecupvppsition, Measurements

were ma de on anaesthetlyed,-blind'ahd'nérmal_érabs,_

Animals weréfblluded by CO&LLHG boLh 6rhéas with'black

paint, while Lh .seeing anlmals wefe surrounded by a

black,aﬁd white,‘vertically erlped drun.1 Small we:ghts
were hung on the eyecup by means of a . pulley sy%tem and

tho re%ultinp anbular deflex1on of the eyacup was mzxsured»

_with~the.movement datectdr'system previously deﬁcrlbedy

A plot OL eyecup p031tion resuiting from the aﬁpllod load

"is shown 1n ﬁlg 1L, Over~15 Of movomeut in. the centre“'f}&

of the orbjt the relatlansth 15 linear, but:towardS'tha

f(the‘anaesthetized crab'a“torque.of 0.006 de /hdyne—cm. is

needed to move Lho eyeoup in the cent:e of the o;blt.:'In“.

Lhe bllnd crlb the" torque needod rloeg to O 02 deg /hdyne—cm'

~‘and is reatest at 0.04 deg/hdyne—cm in Lhe scezng eye.

In bhc anaesthetlzcd crtb thu oTecbrgcal dctivity 2 5 3 the




q _:, Fow -t ik RIS e o o e e = -~ . g
ta - lat. ?u
:
3
& mid. —’
med. F:
E =
;
;}ff  FIG.1l1l. Graphs of load imposed on the eyecup and the o
g : resulting deflection of the eyecup in anaesthetized,
s e - “blind -and normal crabs. The curve for the s
e s e ©  anaesthetized crabs represents the torque -;
R TR ik ntebstary to overcome the passive elements of j
5 the joint. The difference between the curves
g : for the sociug and blind crabs represents the
< PR e ~ effectiveness of visual feedback. The inset
e g : °  shows the effect of applying a weak cloctronagnetic
oI 3% ; ‘pulse to the eyecup while stationary and while =
g - Al moving through the same point as a comparison of.
Va0t 3 ~dynamic with equilibrium opposing forces.
i i . Forward resistance is the same in both.




muScles»is_ﬂbaliéﬁeﬁ'bo“that Lhe tcque mcnsurod represean

fﬁhﬁt.whiﬁﬁ'ié‘neuoqsary to nverodmo the pusvjVG rogléfdnce;
.\of the Joiﬁf and muecies. 'Tn the hllnd cﬁaglbuckgvuﬁnd
“actﬁyity~is prespnt i; the mu clpé énd subsequenLly oovqu;fi&
risésfﬁ'The dtfference.betweén _the curv '8 for bltud and
'téééigg crabs‘réprésehﬁs the effeoti#eness,oﬁ;Visual‘feedéif
‘ﬁaékwl.ThjS method 0? mochanlcally 1mposing é ﬁovemeﬁb
on the ev.oup ju front gf a sfatlonary v1qual ficlu coulg-
bg an cffecbivo way. of méas%ring vlau%J fecdbach.” 3,

& Tho inoet 1n Pi ‘ Ll bhowq almoaéure of the férwardx
resistanc&‘bf bh@ ayecup whilé sbationary‘and wnile moan'-“{“
thauah Lhe sqm9 pojnt._ A ljgbL metal ded was attached ‘
Lo the eyeeup whoee movomcntg were monltorod as beiercq
Thc Dc oubput of th; movomont detcotor syatem ir;ggored.'
‘ai o}eotroma&net whan the eyecup reqchod a cortain bolnm;
ané a'sudaen pull df 200 ms durationawas thén;app;ied'ta”'
vtha eyenup;. An Optokinetic movomext of Lhe eyééup was
wnduced by wotattng a Lriped dr1m around the crab and the’iwt
}mposed‘pull was_in thé same direction as theieyecﬁp.

ﬁovement(“The strength of" thg pull was.. 1dausced to ba

Jusb above threahold. The rxse time of tno resultlug

o

eyegup movemenu Jn tho stabionary ﬂnd ju Lho movinv QYOcup

is~the same, inﬁicatin that res tdnce do s not lncrewua

during foJlavlnw movemehts; From this it i ﬁqasonahle tp*;?




conclude ﬁﬁaﬁ a highéf muscle téhsion, cduéed by higher
f?equonoieé of:éxcitatipn off some muscles at least,
uecessayiiy aéoompanies a greater angular movement of the

eyecup.
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UPubflUbLOﬂ of aqscle'activity during horizontal

:ODLOuLuOblC movemenos will be divided into bwo surds. ¢ L)

£

¥ocmuxuc Tub tvou of the drum in-which the slow phave

e

~.1uvcmcnt of “he'righu eyscup is away Irom ﬁhﬁ;midwl ine .and.

fithfast Dh&ﬁﬁ ﬁowar&S.th@ wid-line; &) &HUL“CIOCleub‘dﬂﬂa-

‘i“otaLLon ””*PO bhc cgouuv HMovements are “nva‘ ade ALY
‘:Zfooardln@s uene,m&&e FrUM tub right @yecup;”'

*xwoutygés of: regponses are recorded Lo m each muscle’™

“Ihe first is a.sbeady bonic activiﬁy'bréﬁenu both.
jwhanxthe'eyecﬁp is stablonury and wihen moviag, . This could
;bﬁ caused'b ilp"Lquuﬁug of shab s usualls cutled o tslow' -

umuq. Jﬂe secgnd‘ia & bur%uJ or pha sic &ctﬁvit“ Jubiij

\b

'Qﬂ&mnnb OJlJ whoﬂ the Dyw uD is woving, _hlu cou1¢ ae caa '&}j
- by ﬁh@*discﬁqrgakqf a 'fast! axon. ﬁhaﬁe ism pga$ at‘lea b
ﬁ_ﬂual'iﬂﬁervatiaﬁ Qf each muscle, and thn Tact that the th-

Lua. : i, ? asa :

.ﬁfﬂﬁpOﬂS@S,afa_an"v TCOuP&oﬂ_ﬂrﬁm dL@LLahh u”' ue)acPuL areas -

" of each.muscle, subu.ubu ‘that btlie btwo axous intervabe sgpurabe

£ _"\I'OU.'}_)Q 5 Qf ,\U’[l\__ ¢lr\ ‘ fi}‘.)I.GS @

Ihe opnoriﬂatic y bagmus rocorded in Jleorcnt sEabse

“varies cousiderably, both in- bime course, and in bho freguency

Loof sactdvity fQGuf4ﬁw froan the Tarious cyecup muuulnu. 'fhe

kad

resilts presenbed are tnus aVQragﬁa of very maaj-ic 3unﬁ“”‘ o

e pecorded frow spme LU0 crabs.,




Colugele EDa.

4.6. ;

1) Clockwisge drunm rovation _ : L T M

ey

'“oulu dCLLV Loy ds present 1o Ghis muucle"whil& Ghe 3
eyecup 1is LaLLondry, aud the . fregue ;cy oi-tais dépcn@a wpon |

the horisonbtal p - 1LLon od. the eyecunuin snace.. )urinr

g slow Lorward phuse.of ﬁystagmug the rooulquj 3 urriﬁﬁJ‘”

cmuscle pobtentials inchense
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of 50/sec. uhuub mid~u HY fogd&i the falt UULnﬂ o ﬁheT.

CRig, X)), @hisgfrequeﬂcy ig then malntaine 2. dnull 50"

:5b*orh,the ﬁévt'firt-hhu&e when %he'&ctiv@ﬁyfls central”'
"idhLbLbGd aua Buppr : éd‘for:fha dur -t iSn of:”.. |
llmmcdiaﬁely aﬁterbtho fast phqgo the. musc)e po§bﬁ'jul
af{tﬁiae-quarheru of thaif;hailmum hed ity gg@*
‘:%ng§li aﬂplitude éé thé Kﬁéqueicy\ azeln b&leu uo durln;
A0 ausclelislﬁéﬁélly_ﬁut
fﬁéqufae= ia’tﬁé‘awgaﬁcd-éi'aﬂy anwn’stimﬁii sub goméﬁimeéﬁfsu
u"WOﬂLaAGOU“; muﬁéle-pgta»u"¢1n at very loy fféﬁuénﬁy are
rﬁcorééda JurinS:& siowzyhaéé of nystasuals ;Qﬁi?isg_daashﬁﬁfﬁﬁﬁ?
' 39“11 immedis uely ﬁluov *h@'iaat.phnSa bub ual% yhen tonic

1ugu1VLLv has slread; reached a high level / #IG 13 /. ihe

S clc pobenbisls are iﬂiﬁi&lly bayply.visibla above noise

e

“hat “ro“ in adplxbnue thauwhoub “the slow vhasc, zThis‘am§litu§éﬁ

. g

inoreagc'is not cauqud;by the conb tjom.ﬂf'th’ nusele pulling
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Tonic acL}vlty recorded faom. muscle ?Oa during

a siow phase of nystaemua away fron the mmd—line
and a fast reburn phase toward the wmid-line,

The graph shows the re¢lationship between
1n9tunt1ncous muscle potential irequcncy (the .
reciproocal. of the 1gterva¥ between one potential '
and the next) ‘plotted on a logarithinic scale,
and Lho ¢netﬂnb of time to which this rofers,

- Bach- froquencv measuromout is referred to }hc~f

instant of b(ime half way butweeu the two'

‘poterntials (ef. Pringle & Wilson 1952).  7The
_time scale- for the fast phase is ‘expanded and
the inset shows the extont and direction of the

slow phase. LT e ] A
o Phe lower Lracos show the extracellular

;jmuscle potential record from which the raph'has

been plotted, together with tho %Lmulbaneously

‘Mrecnrded eye movoement.,

Ac tiv1by dn other musc]os 15 slmilarly

'proqentod.

The muscle potcnbialu hexe show. a gradual

Ancrease 1n,frequ ency with little growth inm
“amplitude in the slow phase but are centrally
‘ninhibitcd during the fast phase only to reswae
'at “the sLart of the n@xt slow’ phase.A
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Phasic activity of muscle 20a. The increase
in the frequency of muscle potentials is here
more uneven and their growth in amplitude by

‘neuromuscular facilitation is more marked than

that shown by the tonic muscle potentials.
The potentials are only recorded when tomic
activity has already reached a high level and
activity is again centrally inhibited during

.the fast phase, The group of large muscle

potvntials which occur after the faet phase

- are associated with the initial spurt in the
movement of the eyecup. These potentials

then antifacilitate before increasing once

‘again during the next slow phase.
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whi oléctrbdefclbser.to the active fibLuu.ogtﬁfa die bo
ne&rOm uscular fa acilitation., ihe dmglitude o§ L mﬁsclﬂ
‘noubauxQLb mh@ﬁﬂ'u cepular &ééendéncg»on_previoua ac%ivity
',(uarmout_a“u ﬁiofgma-iﬁjﬁ)-and tha eX"agt‘of iﬁbilitatioa is

'deycnignt pobh o Gae Lenguh il thig ubL}V .‘ amd. Los Lroeguency .
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F1G. 14, Phasic activity recorded in muscle 20a during
a slow phase of nystagmus, (A), pairing of
the muscle potentialsy (B), grouping of
potentials associated with tremor movements

of the eyecup (upper trace). Scale lmV and
0.47; time % sec.
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tusele 22
the tonic activibty in auscle 22 is h»v TNeveil
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Fast Phase Slow Phase

Tonic activity of muscle 22, The muscle
potentials show little facilitation but
gradually increase in frequency during the
slow phase only to be centrally inhibited

at the start of the fast phase. They resume
at a higher frequency during the last § of
the fast phase, There is a greater scatter
in the instantaneous frequency curve at tho
lower firing frequencies,
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Fle, 16, Phasic activity in muscle 22 during the slow
phase is limited to a few potentials at a low
frequency. 100 ms before the start of the

fast phase a burst of facilitating potentials
occurs which reach a peak frequency of 5u/sec.
and decline slowly during the first 200 ms of
the next slow phase,
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HUAVESS cle potentials decline in frejuency, from 3G/sec. Lo
15/sec. [ FIG 17_7. activity is not ceantrally inhibited
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,irvq“ﬂnc to reach g péax of &0/sec. fLhe froquency then
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FIG, 17.

Regular tonic activity of a declining
frequency recorded in muscle 23a. There is
little scatter in the instantaneocus frequency
curve, Activity during the fast phase is
not inhibited but is greatly increased.

The eyecup movement during the fast phase
occurs in two Jjumps, a less common occurrence
than the normal single jump.
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FIG. 18. Phasic activity in muscle 23a is limited to

two short bursts of muscle potentials during
the fast phase. The potentials show much
facilitation but the form of the bursts is
variable and they may often merge into one.
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FlG. 19, No trends are apparent in the tonic activity
of mascle 23b during a slow phase, The low
frequency is associated with much scatter in
the instantaneous frequency curve and there
is a suggestion of an eoscillation with a perieod
of 1 sec, During the fast phase the frequency
is raised by the addition of a few potentials.




50,

B, o | AR ol N A g% * - . B TN o
o0 trenas are goparenv in the frequency Heofile of

Gonie activity of muscle 23b duriap a slow phage (PTG 12).

. S G 0 e TR . ¥ e A Sia A - gl D, 8 . - PO T 150
CE1vity is mpather ilrrcegular with a froauency of 1G/ucc. snd

3

there ia a gzood deal ol scatbter in the ingtantanecous Lic; LEIC Y

¢ sugsestion of an osc L?j-bibﬂ Wit

e
e
b

i
<
P
o
)
}___' >
©
1
%
@)
0]
o
X
-
Lo
o

N Taox Bramimnke ’ ¥ AT ’
fPlad ne fast :w\fu a Fes muscle

= Ay daad = a p-) - =X N o3 Phegmaegy - S ST e e ta - PR - . ‘
paveavials are interjected raising bhe fveouency o -5l /secws

activity is thus conbiawous throushout Lthe | hole cycle.

during clockwise robabion of tho drun bub occasionally a
fow poveubtlals ab o very low froguency way oGCuR,
biusgle 19

dldke that in muscle #3h, Honde webivivy in nugele
L9b occurs throughoub the cyele (HIG 20), Jdurin: the slow shase
bhe freguency -loclinus ver, sradually fvos 20/zec. to LS

j§LL a corresypondiliug lncrease in scabbter in Gho ustuntanesus

Lfrequency curve. =t the ouset ol ¢ fost ﬁLhGO the freguoncy

u‘

rises to ju/sec. .nd sbayn at that frcquency for the durabion

oi Lthe fast shose. It the

althousle 1t was vossivble (o record bonic wetbivity in

v

o= 1 oo e i !
CoalS muscla

T I TRy, G 3 e 2 3 o R & 2NN T TS 0 O P Y
by dbtaself it was aever »08sible o record obusic

“LUJVJL without recowding the btoanle uetiviby vs woll (FIG 1),

Q..




R19b <\

Fast Phase Slew Phase
; L]
: »
HE
-
£e 2 i
¢ S (e R ot
-
£ L 1 L L L 1 1 1 1 L

o]

I sec

FIG. 20, Tonic activity is present in muscle 19b
during the whole optokinetic cycle. During
the slow phase the frequency declines gradually
from 20-15/sec. but during the fast phase the
frequency is raised to 30/sec. Again there is
increased scatter in the instantaneous frequency
curve at the lower frequencies.
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FIG. 21.

A burst of phasic activity in muscle 19b,
preceedes the onset of the fast phase. The
frequency falls rapidly during the fast phase
but persists at an ever declining frequency
during the slow phase. The muscle potentials
show little facilitation and tonic activity
(the small potentials) is always recorded
together with phasic activity.
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F1G, 22, Tonic (upper) and phasic (lower) responses

recorded from muscle 21, Tonic activity
begins at the onset of the fast phase and
reaches a frequency of 60/sec. It then
declines slowly during the remainder of the
fast phase and the first quarter of the next
slow phase, LLikewise phasic activity begius
at the onset of the fast phase but reaches

a higher frequency which declines abruptly

at the end of the phase, and is absent during
the next slow phase.
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FIG, 23 Tonic (upper) and phasic (lower) activity

recorded from muscle 21 during a slow forward
phase toward the mid-line and a fast return
phase away from the mid-line. During the
slow phase the tonic potentials show an even
increase in frequency and are centrally
inhibited during the fast phase. Phasic
ictivity begins only when the eye movement

is half completed and shows an erratic increase
in frequency up to 200c¢/sec. Scatter in the
instantaneous frequency curve for phasic
activity increases at the high frequencies.
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24 , During most of the slow phase tonic activity
in muscle 19b occurs uniformly at 15-20/sec.,
but towards the end may increase slightly.
Activity is then centrally inhibited for the
first third of the fast phase but then resumes

as before.
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The phasic activity in muscle 19b shows a
steady increase in frequency as the slow phase
preceeds but the maximum frequency of about
20/se¢ is reached half way and is then
intained until the end, Central inhibition
the activity occurs just before the onset

I'\ ‘..lo 2‘20

f the fast phase,
The small unit on the muscle potential
trace i he tonic act.iVity.
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g, 26, Tonic activity in muscle 23a is maintained
at a relatively constant frequency of 20-
25/sec throughout the slow phase. Activity
is centrally inhibited for the first half eof
the fast phase, but increases in frequency
during the second, The instantaneous frequency
curve shows little scatter and facilitation
of the muscle potentials is not evident,
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F1G, 27 Tonic activity in muscle 23b occurs at a low,

uneven frequency throughout the slow phase,
is in this muscle's activity in movements in
the opposition direction there is a faint
suggestion of an oscillation. Activity is
centrally inhibited during the first half of
the fast ‘phase, but resumes at a raised
frequency during the second.
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PlG,. 28, Phasic activity in muscle 29b is limited to

a short burst of usually 5 muscle potentials
at a low frequency which occurs towards the
end of the fast phase movement, The burst
cannot be responsible for bringing about the
fast phase movement and it is suggested that
it may serve to decelerate this movement,
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Tonic activity in muscle 22 occurs at a
rather uneven frequency during the slow

phase and
frequency
inhibited
increased

no trend is apparent in the
profile. Activity is not
during the fast phase but is
both in frequency and amplitude.
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Fl1Ge 30, Phasic activity in muscle 22 is limited

during the slow phase to the occurrence

of a few potentials at a very low frequency.
During the fast phase, however, there is a
low frequency burst at 20 ¢/s of a few
facilitating muscle potentials. The burst
occurs only after the fast phase moveuent
has been initiated.
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Both phasiec (upper) and toniec (lower)
activity in muscle 20a is confined to the
fast phase, Tonic activity begins just
before the start of the fast phase and
reaches a peak frequency of 50«100 c¢/sec
during it, but then declines slowly during
the next slow phase, Phasic activity

(a typical burst is shown) reaches a peak
frequency of 200 ¢/sec but then declines
more abruptly.
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Interval histogram of the tonic activity
in muscle 20b while the drum was stationary.
The activity is irregular, even when the
drum is stationary and changes little during
horizontal optokinetic movements of the
eyecup.,

The histogram is plotted on a Biomac

Special purpose computer (Data Labs. htd,).
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Plot of standard deviation versus mean
frequency for phasic activity in muscle 21.
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the clustering of the muscle potentials at
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omall sirmal analysis

“Phe bwo types of activity, called tonic and phasic,
recorded during optokinetic movoments are ludicative of

g dual inncervabion of each muscle. This is clearly scen in

muscle 21 where bovth types of

acbivity shog an incréase
during a slow phase toward the .id-line, but with daifl:
relative time courses wnd Lfrequencics (Fig. 2%). In a
fuerther avbemot to distinguish the proporties .of bhese two
motor oubrsuts, the drua was oscillated at small auwplitudes
and ab various frequencies. :uch analysis has several
advantases (Thorsoun 1966a). 1) Because small signals are

sedy many of the uon~linear mechanisms comorising the visual
reflex may resypond linearly over the limited range. 2) Low
fregquency noilse in the inout »pabtern is reduced if tne
:amplitudé of the pabvern movenmenb is swmall. 3) The resyonse
elicited is more congistent than that produced by constant-
velocity drum rotation.

. Bot eyecups were cemenbted in their sockets and
mﬁsgle poltentials were recorded Lfrum muscle ﬁBOa with
cxtracellular lcads. Jrum movgments,.which-woro wonitored,

» ik Q;Olglﬁ c/c and fr o 0.03° - O.4§O'peak to peak were used.
At druwa Qséillations~o£ Cel ¢/s wilh 2l amplitude -

' - . e ) . o e D
ol u.i)o Pep. bonic activity shows a phase lead ox W - over
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2secs
' ¢ and phasic activity recorded in
cle R20a during sinusoidal drum
Ve its (lower trace) at a frequency
)el c/sec and at the peak to peak
itudes shown. The peak frequency
y F mic activity shows a phase lead of
0¥ over drum position and phasic

wetivity (respotted) gradually disappears

as the amplitude of drum movement is

lowered.
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FIG. 39. Plot of the tonic activity in the eyecup

muscles against the position of the eyecup
in the horizontal plane, The eyecup is
induced to move by small movements of a A
striped drum. The average frequency of the
tonic activity at that particular eyecup
position is then measured. Tonic activity

in muscle 19a is absent and that in 20b and c,
whieh could only be recorded intracellulary,
and so could not be directly linked with
eyecu; position, is omitted, 1In fact activity
in both these muscles changes little from an

average frequency of 10-15/sece. Muscles 20a
and 21 show the greatest change in frequency
during horizontal movements and the 'preferred’!

position of the eyecup is in the centre of the
orbit where the firing of these two muscles is

minimal.
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in mu;clnf SO8 s 21 48 dsadicle

1

hwuLb activivy is owesent ounly in smuscle 21 Jhea

the vigual field is svabionesry. (G 405, wvhen gurrounded b
a conbragbing visual field phasic acuivily in this'muscle

-

ocecurs-in burits which arve asgociuiicd with LR“MOP movenents o
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Thae eyecup. Whe burgts occur atv.a

congist ol 210 muscle pobteatials &% fregquonc i-; rro s,

!
.: L
1Ou ¢/s. whon bthe lizghis aee: turaed outb the bursts are

)

abolishad. IPhe muscle poteontiuls which occur when Uhe 1ijaus

emo oub coune a drift of thie eye not scen in the a~c couplod

auvenent trace of fig. 40 the drift is restored by the uuvst

»

hte are again vuernced on. where 1Is

Y

of poteatiuvls wihen the Lig

i

I
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MUSCLE R21

FIG, 40, Hursts ol phasic activity recorded from
uscle R21 while the erab was surrounded
by a stationary black and white striped
Uil e \ssociated with this activity are
remor movements of the eyecup, shown aec
coupled on the upper traceo, Yhen the
14 ts are turned out the eye drifts (not
sho:n on the movement CLrace as it a-c

coupled) and the bursts are abolished only
Lo resune as Lelore when the contrasts are
reilluminated,
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intracellulor suscle acbiviby

- dhen recording exbracellularly it was ofven noted

“fhat tne tomic and phasic acbivity could be recorded from- o
differéent arsas of @ muscle.. For example, Gonic activity i

in'mu$cl;'ﬂno wa recurc d onn the surface bubt phasic activibty . o

4

Thi

0]
futs
L]

‘_hdo.EECOTdOd it fuo OL actrode was pushed deeper.

supsestive thatb the bwo mobor 4HONS which each muscle dopare nuly

v

J

rece lVCu, supply predominantly separ&te groups of fibres

within ‘each muucléq Other differcnces were also noted, -he

y

amglitude of 1e tonice a@blety was always

‘jgtblc facilivation, Un the osher hand phasi

& 1 tcr smplitude with much facilitabion.

Lo investigabte bhis further different fibres within
tha gyecup muscles were explored with Lﬂuf&QGL1dlu“ elactra&es;f’

3

- in @ fixed,A ':1&vd gyecup, driven by Ghe contralateral

'he seeing eyecup was ab the centre of a semis .

.y}

Fixcd eyecup.
civcular black snd whibe striped drum. lxtensive explorabtion . i
vwas limited vo luscle 2Ua. Histolosically this muscle consists -

of fibres with 'Feldersiruktur' aad 'Fibrillenstruktur' and

during opbokinetic movewments btwo types of activiby are

recurded from-it;
On the basis of tiheir innervation Ifibres caun be

xougb& into bthree aain ciusses; Types i Fibres, phusic,




Ia. ot

‘iuL0¢m«4 ate, whiclh &ra;supglied by botihr axons. These

(atwood 1356%) . li.i_ut;‘; 4, 42, 45 show acf;iiri-cy m,eacn of

“sumnation at- the higher frequencies. Graded mCLKVO re 990n$eﬂl”“

‘slow ph s e put larger theu the initial ones Qf tpc ﬁaxb slowv

“propriocepbtive information is disrvegarded. as the slip

“speed is constant throughout, because ﬁhc'seeing"éye'is

whithaxe'uuopilod only by Uoe fast axonj bype B, Gonic,

which ave supnlied omly by the slow axbn’and,type’G;

:ypeﬁ corresponds to tﬁosﬁ degeribed for the leg muscles

o

these three types recorded Lrom the Boae Hus scle d&r&ng an |
optokinetic res HonnGa
" In the fibres &vngllpd onl; by the‘f&St axomn. (SIG 41)?

dls are recorded uhere' hu orum is

a
0
T
e
5
o
ioF
{..:
s}
i
o
C
&t
’3
'—J-

o o

atationary.. #hen a certain a&plltud* of drlm mowmmcnt

occurred Jjps are recorded which then faci 1* aut eiwith ﬁame

mey occur ab these freguencies but not SOlLL re PONBES.
Aebivity is then dnhibited centrdliy ab bhg_étart of

the Lfast phase, Following the fast phase arewqf5@dup:0i

Jjes ayoproximobely half the sise ol the ones of thawﬁreviaus

hase. .%1e activity thus oxE tlj ovfeuaonu ;s »tgatf

recordéd~ia a freely moviag eyecup, 8o bthat in'

clamped, the onset of bthe phusic activity oannot gopend on a

sudden incrés in slip sueced, The 6Vld0ﬂ60 Pr u ¢aL; oc‘lularﬁf
recording therefore shows that the Onﬁeﬁuol~t1l cctivmty is ol

¥

soverned b, a couplately cenbral mechanisy which is dependent - .
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200ms

Intracellular recordin; from a phasic fibre
of muscle R20a during optokinetic stimulation.
In (A) activity is not present when the drum
is stationary but during clockwise movement
(upper trace) the jps show a gradual increase
in frequency with much facilitation, and at
the high frequencies active responses may
occur, Activity is centrally inhibited
during the fast phase. In (B) the drum is
moved in the opposite direction and activity
is now restricted to the fast phase. The
Jps rapidly facilitate and summate to reach

a depolarization plateau from which active
responses may occur.
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Fl1G, b2, Intracellular activity from a tonic
muscle fibre in muscle 120a during optokinetic
stimulation. Jps are present when the drum

is stationary (ujpper trace) and when it is
move« clockwise the ([ips show a gradual increase
in frequency with sowe summation but little
ffacilitation. Activity is again centrally
inhibited during the fast phase. in (D)

the drum is moved antieclockwise and activity
is largely restricted toc the fast phase, The
Jps sunmate rapidly, with little facilitation,
to reach a dep- larization plateau which
declines more slowly than that in the phasic
fibrese.




1sec

Intracellular activity in an intermediate
fibre of muscle R20a showing the oscillations
which are set up during optokinetic
stimulation by the different firing
frequencies of the slow and fast axons.

In (A) the drum has just started to move
clockwisze and the beat frequency is 2-3c/sec.
but as the movemnent continues (B) the beat
frequency increases to 7c¢c/scc.




solely on Hho amplitude of

W Fese ey oy e ’ ANy g w - 1eme 3
i Aysbaguuns recorded from a Uype D 2us
ig shown 1 fige 42, dJos are oresent whon Lhe

S

sballionary and as the drumw moves Lhey shou

freqgueacy .:ith suumation but-1itsl
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BoMme

burine the fasb ohase activity is cenbrully
~d - {/ o

-is no evidence from exbrac Ll wlar or inbtracellular
for the oxis .one"of seripheral inhibition.
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Response of two fibres in muscle R20a to
sinusoidal drum movewents (upper tracee
clockwise is upwards)., Phasic activity
(lower trace) is absent at low amplitudes
of drum movement but is recruited at the
higher amplitudes. Tonic activity (middle
trace) occurs at all amplitudes of drum
moveimnent,



70, .

drum oscillations (FIG 44). 4% the low amplitbudes of

drum oscillation only tonic activity is present but as the

o

drum amplibude ig'raised not only ig this actiﬁity increased
but activity in the phasic fibres also occurs.

The phasic muscle fibres have o resting Qotential
of between_65 and 80 mV. The jps occurring in these fibres
are of large amplitide and amplitudes of 20-25 aV are
frequently seen, They huve a fast rise time and a time
constant of decay of 20-50 msec., - They show much facilitabion
and at high frequencies active menbrane fesponsés may ocour
though the second of a closely spaced pair of potentials is
usvally a large jp. without the initisl rapnid r9901arization:
of an actifé response.

o

Tonic fibres usually have a sualler resting potential

of 5065 VvV, The ,jps are usually of smallor awplitude but
are frequently 5-15 mV., They have a slower rise Uime end
a longer time consbant of decay which can vary from BO-200 ms._;
They show 1ibtle facilitation aad at high freguencics bhe
amplitude of'theAindideuai st aay asctually decrease &as a
depol&rization plateau is reached.

ibres'of type C show properties intermediate with
those described above. The Jps pro@uced by the slow and
fast axons vary considerably froa fibre to £ibro, In some,
the slow Jp is larger tThan thg Tast Jdp out this is ofben

reversed. AL high {iring frequencics the fibres show the

typical oscillabtions already described. -



nef lex eyecup withdrawal

Vithdrawal of the oyeouo into its socket overrides
any obther coacurrent eyecun moveuwent. The response ig
uniiateral and is most easily elicited by mec hauLuu'
Pﬁimulgtioa.uf anl area of carapace supplied_by the temumentary :
nevve, bhoush stimulation of the other ingsilaveral hrain
nerves is also cffective. ‘The motor pathway mediatin; the
response, unlike that for ontokanch mOJLJOﬂL runs in |
the optic tract (vandeman 1964b), but the number of axéns
involved snd btheir peripheral connexions is unknown. Horridge
and sandeman (1964) recorded a hish fr oquoacy burst of
Lﬁnuluco with single units approaching a irequeaoy oi HUU c/é~
from the optic Tract which was correlated with o withdrawa l'
of the unrcstrained eyecup. 'The normal paltern of mbtor
impulses asgoclated with such a withdrawol can be recorded

\ Lrom the optic tract when bthe cyecupn iz clamped, withdrawn
or cven absent altogether. a8 in optokinetlc movements 16
seens tﬁéb proprioce pborf arce oi no ¢mno‘L~ﬂco The crab-was

- .

thus prepaced ws described proviously Lor intracellular

recording., ‘The reflex withdrawal was elicited by sﬁimul&tinu
the tegumentary nerve., oiapgle V.1 wms shocks wers usuully
sulfficient o elicit the full pattern.of impulses in the

opbtic Gract, but the ceabral -bareshold below which no vm"puu afe

could be obbained varies in differont crabs aat riges with

tition

o

-y ey
L rep
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During a withdrawal a train of efferent impulses of
two diiferent awplitudes is recowded from the optic tract.
fhisg pattern cannot be Lfuvrther broken down, even in
fatigued preparvations, to the Liring of more bthan two axons.
~he lafgar amplitude goike is correlabed with Jps recorded
simultanecusly in muscle 19a, while the gmaller splike is
correlabed with jps in eycesbalk muscle 18 (JiG 45). These
two axons also branch to obher eyecun muscles and jns in
wuscle 19s are in phase with those in a s.aall number of, fibres
on the dorso-lateral surface of muscle 20a. (WIG 45).
pinmilarly jeps in muscle 18 are in vhase with those in muscles
21 and 20b, The Jjps of muscles 19a and 18 are never in
phase, Degplie many venebrabtions of fibres in the remnaining
eyecup muscles, phasic activilty associabed with eyeccup
withdrawal has not been found, but unbil it is certain that
all the Libres have beon penetrated, the posusible involvement
of these nuscles in the withdrawal caunot be completely

excluded. Thus btwo axons and five wuscles awve involved in

the withdrawal; the axon with the large asplitude spike

innervates a group of Hwo muscles, 19a and 20a, whilc bthe

axon with the smaller soike innervabtes o swoup ol bhree

wuscles 18, 20b aad 21. The latency of 1U-20 ws between

stimulation of the te@ﬁmentary nerve and the appearance of
o

the first ;jp is the sauwe for both muscle roups. liouever,

the form of the response in the btwo groups differs. Lhe
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Activity recorded from the optic tract
(m.ddle trace) simultaneously with that in
muscle 19a (A) and muscle 18 (B), to a
single shock applied to the tegumentary
nerve (lower trace). Jps in 19a are in
phase with the large spike and those of 18
with the smaller spike. The dot in the
upper left hand corner represents the zero
membrane voltage for muscle lY9a. Records
are from different preparations. Scale:
voltage 20 mV, time 40 ms.



i i v

20a a | M 21 s aawaan

19ay \N“'\'\N\___.w lq_,f WAL L

'ng\waJ\NM\hJ\Q\ 2Q§ﬁ\¢f“““§\aﬁ¢\\

PR ERRR RO 15:\\\\\\\\\\\\\\

L

FIG, %06, Simul taneous recordings from pairs of
muscles in different preparations during
eyecup withdrawal,. The jps of 1l9a and

20a are in phase but those of 1lva and 18
are not, lHowever 15 is in phase with 21
and with 20b, indicating the presence of
two axons, one supplying l1l%9a aund 2va the
other 18, 20b and 21, Scales voltage
20mV, time 100 wus,




F1G. 47.

20mV

40ms

Successive responses of muscle 19a to the
same stimulus applied to the tegumentary
nerve. In the first an active membrane
response occurs but in the second the
summated jps do not reach a sufficient
depolarization level for the active
response to occur.
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ips in sauscles 1 ) a wnd 2ua faclilibabe and summate rap if.]..l.
T [ 5

and graded active resvonges occur which sometimes oversihoot

3

ZeT0. Jig. 4% shows btwo successive respoases recorded
Lrom muscle 19a, In the first an active resvonse occurs
which just reaches =zero, but in the second the summabed
Jos do nouv reach a sufficient depolarization level for the

active responses to occur. “The whole response lasts for

HU-=-500 ms depeading on the preparation. The Jjos in bhe

second muscle group also facilitvate and summate bUT active
responses are absent. The regoonse is usuvally of a lower
frequency ond longer lasbting than that in the first muscle
BTOUp.

Muscle 19a iz the only muscle from which no
electrical activity can be recorded during opbtokinebic
mwoveuwents. It is also histologically uniform in that uli~
{ibres hoeve a sarcomere iength of H=-4 3. during a vitudrawal
all bthe fibres nenetrated in muscle 19a shows simllar responses;
differing only in btheir density oif iunnervation b, a slow
axon frow the oculoawobor nerve. In en unrestrained eyecup
Gonic wctbivity, caused by this axon is present only wien the
eyecup is held ian a withdrawn position. I'ig 43 shows an
interval histograa, with a mode at 55 msec, of the acbtivity
in muscle 1S%a caused by tueis axon., rresuaably ivs function
is to retain the cycecup in its socket, once wibthdrawn.

vandeman (1954b) showed bthat the maintenance of withdrawl
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Records from different preparations showing the
effect on toniec activity of a reflex withdrawal.
Tonic activity in 19b and 22 is recorded with
phasic withdrawal activity in muscle 21 while
that in the remaining muscles is recorded with
muscle l9a. In some muscles the tonic activity
is speeded (e.g. 20a and 21) but in others only
a single jp is interjected (e.g. 19b). Activity
in 20b and 20¢ is unaffected while that in 23a
is centrally inhibited., No activity is
inhibited peripherally. Note the different
densities of innervation of 19a by the slow axon
responsible for holding the eyecup in its socket.,
Scale; voltage 20 mV time 100 ms.,




T4
depends on the ocuiomotor nerve, whilé'the actual withdrawal
-MOVEﬂ@nﬁ depends on the.optic tract.

Gﬂll t‘: fibreg in the olher muscles iavolved in
u¢bhdraWdl UPUK}QL innervabed by tie WLLA@PwhdL axous, ln.
muscles 18, 20a and 21 only those fibres which respond
phasically in optokineblic moveaents sre il.anervated, but in
mu;cLQlHOb some tonic Libres are also iansrvated,

Duiring o withdrawal the btonic acvivity which normally

Locates the eyecup in svace is modified (WiIG 49)., None ol

the eetivity is _1 Lhibed pe rlthr ally huu only Lhdt in nus clo

23%a 1is inhibited centrally. The remaining activ;ty is
atosumably ovor riden by the strong phasio action of-the
withdrawal musoles. nfber the withdrawal the activity
continucs as before ¢ gdrale% of whebther the eyecup is
extended or retained in ibts socketb. |

vhen one staﬁooyst ilg reaoved in a nreparation
_whose other seasory input 1s kept at a constaut Low level,
withdrawal of the ipsilateral eyecup occurs 'soontaneously"
aboulb every 15 seconds (Sandeman 196% b) . This "sponbaneiiy"

\

indicates the presence o0i a pace emaker in .the prain usually

Countoraéted by normal Sensory input. ¥IG 50 shows bhe

reriodice hurgts of activity recorded in‘musole 19a in such
proparﬁtion.

Up to 500 ag before such a gspvontancous withdrawal

the - tonic activity in all the eyecup muscles is centrally






AL

S

L

" TR e e s R Pk s I R s B S ot S PR e

A
4

'l: A iy
Ll - 8

A N\ Vol

19a P NI

3 24111h = Foo M VAW
LRt 0.t e B R AL

WV S 20b m\‘\\\\\\\\\\\ ,
20 C RrR200
L a
&M&A&&sJNKNKQKNNA&MNU A asA A

NS \.\\'\\, N W&L'.\“\\'\\\N “1
£
P
:
PFIG. 51, (A) Recordings from muscle 19a and 20b -;

during a 'spontaneous' withdrawal showing the
preceding inhibition of tonic activity followed ;
by a burst of activity in muscle 20b then 19a. -

(B) shows the effect on contralateral tonic
activity in muscle L 20a compared with that in
the ipsilateral eyecup (C) during a 'spontaneous!’
withdrawal. The lower trace shows the concurrent .
activity in muscie R 19a. Scale voltage 20 mV,
time in (A) 250 ms in (B, C) 500 ms.
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iﬁhibited'(ﬁiﬁ “l} sand toere is also a slight slowing. of

the tonic. act LVLLJ in the contralateral eyecup. Thus
although bthe behavioural oubtput is unilateral bthere is some

nervous interaction between -the two sides. Following bthe.

inhibitory period Jjps are recorded in muscles 18, 20b and
21, That lis the group supplied by the axon with the small.
‘spike. These jps increase in frequency, summabte and also

facilitate slightly to reach a devolarization plateau which .

P

inay las % for up to‘%oo ms. During this plateau, a high

Lfﬁquency buﬂst of faﬁLle facilibating send suanabing Jps with -

some active responses occurs in muscles 19a and 20a (FIG 51), -

that 1s the oup supplied by the axon with the l&r e splke.

Although the flrwné gequence OL the Ttwo akxons in &

"ﬁpoutaneouv“ withdrawal differs from that iﬁ'a refiex
withdrawal, the overall movement of the eyecup 1lg a-rapid
‘withdrawal in both.

ihe axon supplying muscles 19a snd ?ud is Qrobably

bnc large 50-40 n diameter axon on the dorsal - surface of

the opbic tract. The large splike easily recorded from Ghe

opbic tract sugzests a large axon, and this spike can still

be recoried from a swall bundle of dorsal fibfés_split from
Lhw OPLLC tra cto Activity in such & bundle is absent when

the large axon is not present. In transverse sections of

guscle 19a an axon of similar diameter can be seen and there

is-bnly one axon of comparable size in bobth the optic tract




'76Q':"5;
'ﬁhd'oéulbmotor nerve. loreover a large axon can-be lraced i
in mcﬁhylené blue_Qreparationsileaving the optic tract and 2
brancliing to muscles 1%a and 20a. all bhis is ciroumstantiai-
evidence, howevern, and,diréct proéf must awailb mar&iﬁg‘df“
the axon after intracellular reéordihg from it.
Eyecup extension; ' ' ;ﬁ%

wxtension of the eyecup again after withdrawal
reburans thé.eyecép to its previous position in souce before. = .
tha withdrawal. It is achieved by bursts of slowly rising
freQuenbj in both muscles 23a and 23b (FIG 52). The amount
of activity depends precisely on the exbent of withdrawal
(PIG 5%) so that the eyecup is rebturned to its previous
position, Ehis Line control'of the movewent cannobt be the,
result of proprioceptive aonitoring as the same results aré
oblbained when eyecup movement. is prevented. It is probably’
that 'mewory' of the previous position ig imporbtant in

perfecting the fineal position.
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Eyecup extension,

different crabs,

200ms

The eyecup has been
induced to retract by a light touch to the
carapace (lower trace) and extracellular
muscle potentials bringing about extension
are recorded from muscles 2%a (A) and 23b (B),
together with the resulting movement of the

unrestrained eyecup, Records are from
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FIGs 53 Successive withdrawals of increasing amplitude :

' are induced by increased mechanical stimulation X

of the carapace and eyecup movement is recorded ¢

‘topether with activity in muscle 23b, responsible E

: for extending the eye. Although the piovement is =

; not controlled by proprioceptive feedback, the Sae

5 . amount of activity in the extensor muscles is i

; ‘directly linked to the amplitude of the withdrawal i
; movement, The response is the same 1if the

_ eyecup is clamped.  The eyecup will thus be 2

returned approximately to its original position.

o i, AL ¢




"vﬁwd attachmont of mae muscle blocks, in. the structure of the - °
g cleffibres;'whioh.ic'ﬁzobabLy rélated 60 COntlactidn soeed;

i 1n beLr mcabr‘ﬂe ﬂronerties.and in. the detailed vattern

6f inncrvation of the various Fibresa

Aponsisﬁs of fibrés of Bwo bagic snrnctural Ujgos, which

'idid Lhore Ads no ovxdenoe for 1uhloltor} axong, Ihe . “Gwo axons”

- but ‘with gsome overlap. I'rom each muscle 1t is. possible %o

‘ﬁedord,;both_iﬂtracéllularly-amd exbtracellularly, two types of

muscle fibres. Because the various t ves of muscle fibres are

e

DLBCUBBTON

lﬁ'gMUSQWC ﬁrucbv?o and function

ﬁne ﬁ@ufOMchular Sy tem »f the eyecup is complex.

‘th ccmwlowlt Xlsts at-bLVerdj léevels; in the dirsction
: e ? ;

 lsach of the sus QLOu.anO3VOd in onboninctl movemenbsg: |

mcuhdb reqemblc'uho oldor&bruktur and Fibrilleuﬂ“'ukbur 01 o

vertc‘ ttb mugclc Labrbu» but intermediale types avre aiso.

W@

&

ﬁreséntn chb muucle"s also sunwliedtby‘a sloy aud a fast axon

o each muscle tend to suppLy Ségarate groups-df,muscle fibres. .

elgctricél-aotiVity “'oolatrd with the firing of the slow and”

s

Pasb axons ‘these have been called tonic snd phuasic responses.
3 ; i 5 : b :

‘hus:hl bologically -two b“SlC tspes of suscle fibre arc Tecog

nlac&'in the electrical records, usually from &lﬂtlﬂuu i prm Qf

inberningled and not separated into‘groups, as in-th

accessory . -flexor wuscle of bhe meropodibe of the leg.




‘ .7,8_*“.:_ y

(Dorai faj & Cohen, 1964), correlation of the structural with i

the iunotloHQJ 0030£delone wust await the i ¢lnw of -
lWJLVLQUdl fibres after electrical recording, and their’ ok

suoéeé ent histological identification. Present evidence
suw@eots Ghat the fast axons predominantly supply bthe ?h&sic
flbruS while the slow axons supply the tonic ongs. In

muscle 2%a tonic activity is only recorded from tho gupgrfidiéi;
fibres which are felde rgbrukbur ¢3bres. In mus 1 190, where f4
no extreme fibrillenstruktur fibres are present, thc phaéic_:

activity differs from thut in obther muscles., “The jps have a ;ff

slower rise time, a longer time constant of decay and show

P

Little facilibation. . This could be caused by tihe fast axon ..

E-

mupnlyanw intermediate type muscle Fibres.

The pres sence o¢ two neuromotor sysbtems closely
parallels the situabion in the exbtraocular muscles of
vertebrates. lieasurement of the MCChaDlCdl properties of

the human. globe (dobinson, 1964, 1965) aﬂd eye wovements, have

led o the incorporation of tws syst s,,ohe TeBpPOLLL ible fox

7..,'

saccadlc, the other Lor smoobh pursuit muvbmdub in SSLbJG

models of the eye conbrol system (e.g. Fendem, 196#).

Undér complete inhibition of musculur activity the globe i
promptly recentres near to iIbs primary position.. lFor each |

pattern of mobtor oubput to the mumoles there is only one
_oéitipn for the eye.. The dynawics ol eye aovesent from an

position to another depends upon which of the Two systems.




thq;gqcéadic or smooth pursuit, is activated{ Robingon
1065)-offers a posgible explanation of Lhis in terms of ._;;
wmyobactLC reflex wﬂlch causes net wmuscle tension Lo be a -

fugction of eye posibion. This will express itself as an

cguivalent viscoelastance in the mechanics of Lhe globe,

‘which will be present in saccadic bubt not in smoobth pursuit

e 0 movemént while this may be one factor, the finding of
lless ]D) iex~ and Piler 1957 that two disbtinct btypes of

-muscle fibre are present in the extraccular muscles of the
‘cat,'offers-an alternabive explanation thatbt -the two movements

-

ﬁlbht be mediated- by muscln fibres with differi ng mecnanlcul
'Qropﬁrties. Histologically the muscle fibres show Fi ll]bn una
Pelderstrukbur with the latber conceubrabted in the ouber deer

'(Aato 1938), The fibrillenstruktur fLDTCS prubaolj nave onlr

‘a,slngle end plate and in vitro recording from them shows
.ﬁrobagated gl‘ﬂ activiby with a btwitch contraction (less
-_énd ’Llar 19b)) The feldmrvtruktuf'fibrec hav multiglﬁ
“endings w:th disbtributed qu and give a sTOW contraction,:

it Hatyuerln (lﬁbl, 1964) has called the 'Gwiteh' fibres

'phasic' and the 'slow! fibres ‘tonic' and has shown by i 2
anodal bdlock sbudies that bthe phasic fibres are innervated'byT}T

-large .exons and the tonic fibres by swmall axons. Thus the .

......

~‘ex“bragcula:r: wuscles have two tjneﬁ of motor uniu. :gwyLvo

récordings from cab exbtraoccular muscles (8 cj—ym?ltu & Ttuf

i@i,  11966) has shown that both types of fibres are Gapable'OI
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:prb@ucinw.o§ershoot spike acti#ityfbnt that ﬁhéy differ in
impui ge oouduotlon velocity, rdnbee of membrane OOuOleaL,
iirbuuonQ es ot leuldtmou n»cossary to producq a tetaﬁus
nd in the: conduotlun velocx vy of Lhc axons LﬂnorVdn1n~ theﬂ;‘i?
The "slow mulblnnervated tWLtch fibr ‘-have a lower fusion
',freqﬁenoy than "fast fibres", so are well suited er;tonio\
activity which may include“smpoth'pursuit'movemenﬁs,‘as*well
as. méintenance of. eye position. However, the correlation
ootﬂpcn the two btypes Qﬁwmovexcnt observed and the two
Lyoes of muucjc activity has not been made in.eyGSng ggﬁgw.
‘In the cra By B recordlng the nyb movement and.the.
elucbﬁlcal chLVLiy in the mugo]eu at the same~t1meg it
has been possmble-to correlate the two. The‘technique offers;f:
" the fqtﬁher advantage in that a normal visual lﬂ)Ub is uSod,' -
\sd thatfthe motor oubputb wlll~be-that gqnerated by the 1u1uaJ 4
itgself. In a;stationary.éyo*oniy the tonic fibres, innervatedii
by Tthe élow.axoﬁ,‘aré active. 'Each'pgrticular novor Outpu% e,
patbern to the'musoleé corrésponds to only one dyecup posiﬁioﬁ;é
In other words each eyecup position is the resultant of a"‘. ;
speoific activity in 8 of the 9 muscles. Small signal aﬁalysiéi
of the eyecup movoxcut shows that small amplitu{e followin@

‘asou ' Wt
movements are also bz.uoht by incresased activity in the Lonlc‘”‘

oo

sysbem. fon la%vcr a pilbudes of moveient the phasic systein
is.recrult@ae» This is the situation in a slow: forwa'd phase
of nys Larmuw. Rapid movonenbs, such as . the fast phese of

nystagmus are brou bb dbouL DTLmdrllJ by bhe ghaSLG,gg Lem,'_‘ff




WﬁJCh.lg also T “p@nsibie‘for thﬂ Tremor ﬂoV@mGHEF:of'thaﬁs
eyecup. ~The saccadic flicks - dro also nwobablj broumht aboub
b&-buréts‘in.e;ther of the two axons resoon51blé for.oyecuﬁii?;
fiﬁhd:awal. Iﬂhus‘the tonic . gys tem is fCuQOU 3ible for 3
 mainteﬁanée of eyecup pos ition ond slow, small- amp31bude

olloW1n~'moveuenbs,'whlle Lne phdSlO system is wecruLted at

(el

larger auplitudes of following wovenenbs and is re gouulblc

for rdpld eyecup movomentu..

The iuactlonu] need for such diverse p ripheral - | -”%&
meurbmgsoular mechanisms lies in the need to.produqe'sucﬁ':
eXtreme.types of conbtraction, Mamnalisn e:,‘re.imu.sc:’l{;)'s'h;-;v@‘-‘"""4”":'“j

smwall motor units, usually of 4«6 muscle flbL?S (w 1&@6

“3Gu)'but the crab eyecup muscles probably reoeive onlywtwa‘
nmotor axehs. Gradation of conbraction must bhu .&o> ynd moré}ffs
on the frequency coding in these'axons and bhb varied - I
?esponses of the muscle tibres and less on the recruitmenﬁ:;;jﬁﬁ
of ﬁotor univs. |

“Thus’ the divergity of crab muscle fibreéjéém?ensatés"

for the vaucity of the motor axons and orovides a. wide range "

of veripheral tension control.
2, Optokinetic following movements . . RS

Optokinetic mbveaencs of the hy@cup rl_brought
~about b, a comp rlex motoxw output grogramme, which is dlii@f“ﬂﬂ
and nob merely reversed ior soposite directions of movcmumb,

Duanﬁ horazontal movemalts? muscles 20a and 21 show the

reabe LE chan ses in dCb*Yity but it ig not possible bo
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assign a parbticular function to one wmuscle, This is
particularly true for muscles such-as 23b with bonic activity
showing no obvious trends during the slow forward phase

of nystagnus, Because bhe eyestalk-eyecup joint is £lexible

it .is posgsible that a nmuscle may contribute o & moveuwentd

when the eyecup has moved a certvain distance, wibthoult any :

detectoble change in its clectrical activity. ' Thus although . -7
it dis possible to deduce muscle action with cervainty fromn

eiectromyography.it is not‘possiolé to stabe Liramly the
.guhttion'oi the muscle ab thab moment .

| Quriﬁg optokinetic'movements both eyes move

" together, but in oppoéite directioﬁs rélative to the mid-
’line, 30 thaﬁ‘éach eyecup rececives a differeﬁt motor outpub
‘programme.  The optokinetic movements of a blinded driven
<éyécu§Ademonsﬁere the precise neural oomponsation‘for any
‘on-linearities iin the effector sysfem.‘ This has.led to the
pfopqsai of a “central motor neurone driver" (Heridge‘and ;
Béndéman-lQSA) responsible fox controiling the outguﬁ to.
bobh eyecups. Bﬁtﬁuﬁder s T R eyecﬂps\jﬁi
can move-in oppoéité diredtions relative to each other and
the fast_phaseanystagmus mgvéments,of\boﬁh eyes are nob
synchronoué'(ﬁarnés, 196%), -ilthougp\ﬁge concept of a

central driver neuron reguires modificabtion, the eyecup

movements are certainly conbrolled by a precise cenbral
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Experimental arrangement to test if use is 4
made of any possible proprioceptive information £
from a moving eyecup, The left secing eyecup &
is cemented in its socket and the right eyecup .
from which recordings are made is blinded,

In the first experiment the right eye is allowed
to meve freely but in the second it too is
fixed, The muscle activity and hence the
frequency of the nystagmic movements is the same
in both experiments,
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mechanism with feedback only from the visual mismabeh betwoen.l
eyecup and stimulus movement. |
| fhese exferiments'o arirm previous findings that

propriocepbors are-not used in the control of efecup moVemenﬁs;?
This Qaralléls the situation in vertebrates wﬁere altonough '
'mgéqie spindles are‘often present in the extraocular wuscles,
 heir information is apporently disregarded in eye movements,

similarly the chunge from & slow to a fast phuse of
nystagaus seems not vo be controlled by proprioceptive feedbaok;
Thls is clearly shown in the ex erimend indiéated in #LG 54, k
Thé seeing left eyecup is firaly cemented in ibts socket and
the,iight gsyecup from which muscle activity is recorded is
blinded., Zn the first experiment the right eyecup is allowed_ '
to move freely but in Ghe second it btoo is Tirumly cemented igtdi
its sockelt. In both experiments the same pattern, in both o
time course and Yora, of muscle activity is recorded. If
tengion receptors were tripggering the fast phase, then
nystaginus ssovements in The second experiment should occur ab
a.higher fﬁequency as tonsion will be achieved more guickly.

The position reached by the eyecup also does nobt
determine the onset of the fast ph&se.

i biinded driven eyecup caa be stopped mechanically
at any vosition in its path without changing Uthe nystagumus

frequency.




LU a;sé.seéms unlikely that the onsetioi tﬁe.fasb
‘paa doecnd S on nge ﬁ@asure_of the visual inout to ﬁhe_
Qjé; Meorridge aﬁ& ;amdeman (1954) rﬂued. ag follows. &b
:high_drum s ceds (lmjo/aeo.) the eyecups of unilaterally

~ blindoed crabs fail bto keep up with the drum moveﬂent and

the lag inc¢reases Lo a much greater OXLOLt fuda in POdel

J

"&fabso lncreasing the druwn ead increases the ctoJaJ oefaré
l.thc Oﬂuhb of‘the fast phase in both nomaal and unllabcrnily
‘blinded'crabs bub the fast phase still oceurs at approximateiy;f
tbhu Salle. oy cug duLibALOH. A measure of the\total nunber of
strlpes_wnich 1JVG lepuuﬁ past bthe oyo is thus not bhe
tlmuizs wileh produges the fast ohase.
|  Howeg¢r toe fac% that uniluaberally blinded crabs
Shpw a ‘sreater. lag and hence a louwer frequamcy of nystagmic
'mévéhééﬁs than normal crabs,-mdy serely reiflect the.fact
Lhat udior OLﬂObuldP ub¢mu1uLLon the two LJ“ do not
ontr:aub equaily 50 the respoasc. ﬂhab this is 80 ié
’frevealed in ﬁwb tjo of experiuents. lIn rabbits Ter Jraak,
1936, and, Fukuda and Pokita 1962 have shown that;in-monocularf 
'opbokluotlc tLMUquLOﬂ vigorous nysbas mLC Movens cg are |

)

"cvcked‘pnly waen c?e stimulus pabbtern passes from bthe Lemvoralff

-

1t

'QLo h¢“dl-5dge.sf thie eye; movement in Ghe opposite or "null”

_1Lrechou oroduces few nysbaguic moveanents. 'The sane is

'trug'in.ﬁh@ "“ab Lvouuh nystagzuic wovements can be produced

s ) I8 Luul Lloa in the JU¢3 Lo il zqc ﬁibn, butw&t'greatly reduced.

. Frequency. also durin: a clcckwis= moveiead b Of the: visual field




and conversely for anti-clockwise drum movements (Barnes 1

by stimulabion of an optic pabhwey is démbined with @

 synersistlc opbokinetic response evoked from one .eyo only,

 robating a striped drum in a given direction lelt

In meny units bthe greater response was obtailned when a Earaet-ﬁf

~of univs, bubt it does suggest a possible explanation of the

above phenomena.

the fast phase of the 'léft eyecup precedes bthat. of the rig

The unequal countribution of the two eyes also

manifests itself in rabbits when ceénbral nyslaguus elicitved

03

(Gutman et al 1963, Bergmann ot al 1964), TFor reloforcement '

il i qéﬂtrél nystegius, opbokinetic stimulation of the.eyeziﬂ%
in the u_;_)flefeliared" direction is much superior Lo e?{(jj-JG&'biQ‘:t}. ]
in the “nuii”’diréctiOﬁ (Sergmanﬁ et“a1:196§); 'Thus by

[t and rigﬁt(_ffr
eyes.are not activated to the same extent, In the,rabbit‘x

(Barlow, Hill, and lLevick 1964), have demonsbtrated rebinal

'gaﬁglion cells which have a directional selectivity to a . h

Light spot moving across the rebina. . Units from the same Qa:t7?

oi the retina do not have the same axls of prefereutial Te5 NS

#ibres in the opbiec tract of the crab Podophthalmus also

respond to unidirectional movement (dateruiam et al 19564).

woved horizontally. from the lateral to the wedial edse of

the eye. Thls may represent bias in the sampling and mnay

" not necessarily iniicate the actual number of differcnt types -

1
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Anotvher line of evidence apainsbt the conbrol of
Ghe fdﬁb phase by sowe measure of the visual input comes:

irom memory experiments (Horridge 1956a), One eye is

. fixed bub seeing and the other is blinded but allowed to

ﬁaﬁe fééelj.  ‘the crab is surrounded by-a'svri?ed arum, a
u_sméllKQOVGment of which is made during a dark period. . :hen -3;;

the llwht is turned on again the blinded ega noves iﬁ-ﬁ@é-: i
'";a@e‘dlxeptlon as the new drum position, With this arréﬁgégggg}

the . angle moved by the eyecup is greater Then the drum. sagle; - o

g0 thatb 'ho eyecup caiL be lnduced to undergn a nysbagmus,
P n.c.\‘\u!-\ ; :

oinC@“there‘is-ﬂo 2 drum novemant durlnb the eyecup
: ﬂbv aenb und since . Lho nystagmius can be prTal u,d 5o oceur - ab:
dnj leﬂ duri p‘ the response, the onset of the. iasﬁ'ph&se

uwnob ‘be controlled by the visual - 1aout.

although the form and direction of the visual

input gre&tly affects the onset of the fast phase there awve

.apﬁarently no clués in the gﬁimulus_Which could dibeotly

bﬂlgim . the fast ?ﬁaSé. Many factérs seem o indicate thdt:
The onsét_of the L nhuso is caused by a trigger-like

meoﬁanism.whiéh be omes active +hen the mobtox output_ﬁb the
-muééles has reached u.corcaln, critical level dependent on
the ai aplitu &é of the stimulus aovemant. Ehé contractiqn"of
?E mu LJCS dﬂrinF the slow phase is due~f§ an iﬁciﬁasé in

i thé-{roquency of dis chkcpb of the slow motor axons and the -

rebrLJtMunt oi the fast motor sxons. The raiaxaulon oi thége




4 1

mumclem, which is asob due bo poripheral inhibition and the * s

para ion of those

o |

brioging aboub vhe. fast vhase is very

ruuid. -ALs0 the duration of the fast @hase~varleg withis

<

nervow limibd. . Wibth hege Locts. in minck 3t 1s possible to

‘hu ¢u£w kel xund neurdnal networks wh Lcu conid explain how
vie csn”ﬁr:ouw :nput ln the form of a auﬁ antly rotabling
dum ig turned inty a discontiouous ny&t&gmic outigut (cf. Mt

‘oy nhie de Mo 1938), bulb tha selient feabure ol any mnci¢ni

n
(l

=i
£
{55

;0 be g swibeh mechanisi briggéred by some measure of ik

g aﬁ&e@sufé of the HTonic oubput ls the brigpger Lhun.
thaareﬁica}iy v Ahoﬁld be nossible to roge L the zero of
‘ﬁﬁé“ﬁochanism'by'éhanging_the tonic‘motor'egtput'freauenc%.‘;~:"
fba tanic dvtnub Ho museles 2ua and, 21 woul& Seeh the wosy
1Ak ll ca:dlua* ,x»arlmonba Ly bhh idea falle as forsibly-iﬁ:
moviugla bliﬂ&od eyacnn about its orbil.does not-che ﬁga the

aobor oubout fraqueacy, There being no Qropriocéptiva

P . R ! ' % >

; feedback. simile tely Gilting bhe crab dosg nofb nluﬁﬂ tihe
.tuhic“out@ut o wuscles 2ua and 213 the obaer muumi,u

: Omyg a% o Lh tilt and horlzontal ny stugnLc mov mentsg

cnntinme G bﬁi@fu

D4 ggbterxiurﬂgggﬁhe notae gutpub
Mhe fast wobor oubput o muscles Z0a and 21 abow

“a Goeuporel D&tuVIdLH ot high frequencies. abberaing is




B8
: rarL in the anlmai 1':x.ﬂﬂ'(lo bub has 'been demonubra“'d 1a

somé;qrus*acean_leg muscles (e.g« Lerama aad hd =, 195,

and Ripley and Jievsna, 19))) They: “hOUbL that the tension

'-&evelQpéd by cecrtoin crugbaccﬂn mugcle 1s~1nfluenced'n0t.,

only by the avnr“\e fL@QUbuQJ of the nerve xmaulse but also

0

b lhc 00461nw ur':ubbern of the impulses., ~Tor Qxamgle,

ook

when the’ exoitatory axon. to the cfayfish‘ciaw_opener-mQScla’
" vas s leuiabcd at 12/sec., mgre4teﬂsibn resﬁited'wheh the
hOGub were dellvered i pdil&, Than ﬁhep the.same numbe

of ghoo&s were: delevred with equal interva als betweéﬁ‘fhem. 
uch examolos werﬂ cited as oatt srn sensitive Aeurémusqular.
jgnctions. Yilson and Davis (1965) reoordedﬁopeﬁer muécleh
actiVit# duringg reflex claw opening and demonstrated that

the normai motor oubwu to Lhc muscle is tGeuonorally pabu03ned.l;
ﬂhls-patternlng Jnowed up. 1n uhe Fform of doublets and |
olusfers ol potentials which caused -an incrcase in'th@
' @oeffioloat of varidaco at the high 1roqveuclus; iThey
presumed tn t the patterning led o an emhancemenb of
bension. - |

The ﬁatterning of the fast motor'outpdt té~

muscles BQa and 21 is not regular bub congists of an
unusualiy large number ofiwairs and'closelyaSDaoéd-wroubs’
of Jps. in DlOLo of standard devlatlon 1rom Lhe mean abglnst

the mean, tonic activity shows the usual 1ncreasé in scatter?bﬁ
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- any other councurrent eye movement. The tonic HGuLVLLy of Oﬂlj

‘89.

at low frequencies, but phasic activity shows én increaséd‘
scabtter at the high fréquencies. This 1 cau ed by LhC »53f;
intr&duction of a separate interval classfdue ho the clus Lcrln;i;
of the Jes. ‘Uhese clusters pf jps*cﬁn be direc tiy auuocmabed i
with'the amall btreuwor movemnents 6f the éjégupi thﬁs 1nq1cam1ng;:f
if it is Justifiable to ektrapblate fronm thc.teﬁ§i§n~producé@{: ;
by a group of musclc fibres o mqvemeﬁt‘qf’ﬁhé'ﬁhole eyegﬁpim'iff
an increase in bension. Tﬁus it seems that the animal is'

able to make use of the paubeﬂn pean¢L1V1t of its myonbt al  f§é
Junction by gene “atxnﬂ a suitably patberned no bor oubmut.

wilsdn and. Davis (1965) have suggested that the felative

variance increase at'the high frequencies may'be‘adaptiveiy vf}é
relafed o the necd for vapid adjustment of tens 1Qn aud,that-."
the uée7o£ two sequence parameters, averagg lrequéﬁéyQagd |
variance, narrows bthe frequency specbrum needed‘fer a given

uan ye and LnbLLJVL Gy of coatrol. Here thc v“rldnco may’ hdvé

a JuLLheL value in producing. eyecup Utremor whlch ig known

to improve vision (Horridge 1966b).

4. yecun wilhdrawal
The rapid refléx withdrawa. of the cyecup OVQQPldOS
yone~musgle is centrally inhibited while the_remaining activity;%
presumably overriden by the strong phasic action of the
withdrawal muscles. Afber the Wi ithdrawal the °JL muy return

Go its former pOoLbLOH or remain wlthdrawn. “Phe visu&l-fiel@zi%




_aJydrenLly not dlsorienbed dar lng ‘the raold wlthdrawaL
mwovaneut, “AJ vher an moveqeut is too ra oLG bo bemuTQb@'
MOVemént feceotor or vision is centrally ﬂupar sgod. The
-latter'is fpund to be true dufin- rapid eye movemenbts of'
.vertebrates, when the suppressioﬁ'wtarts before the acﬁual
movement begins (e.g. duber and Stark 1966),

. dhe sovewent is brought‘abput by the-firiﬁg of two
m&ﬁor mxbné, which rﬁn in- the optic traet.: Oméfsﬁ§plies.ad
groﬁp of t#o s 1>~, the Ouhor é ‘“oup of bhfeo In a reflexi%
erLhdrawal all iqu muscles are flf“d syngﬁxonousiy but in
a ’ﬂponbaﬁeous‘ withdrawal the firiﬁg seQueﬁde'is different;lﬁfv
yeb the‘resultant movenent is similaf¢ ﬁﬁsole 19a wﬁiqh

s &GblVb ¢n Tfollowidg movements parbicipabes in the

v

'withdrawal. The remaining rour muscloes arc aotive in both
‘withdrawal and in following movements: Ilor example muscle
2% bovotqer wilth a specific motor output to the othor muééie$" ,
i mouL actbive in a horizontal fol&owing movement'tqwards
the mid-line. However in o withdrawal the same muscle

fibres-in 211 this time btogether with muscles 18; 19&,420a
and 20b cause a withdrawal movemens dcwﬂward 3ﬁd aﬂay Lrom
'_fhe.midmline, It is.thus possible for one muscle, in

conjunction‘with different patterns of activiby in. other

-~

muscles to oo 1uvolv»d in opposite movement
4 similar situabion occurs in the thoraéic mugcles. .
of some grasshoppers where the anatomical connexions are .

wueh that muscles which are antagonists with respect bo the




v ]

-wings i in . Illghb are synergists with respect to the legs in
wdlking'aad vice, versa (Wilson. 1962). |
Fd these situations it becomes more apparvent Lhut bne

action df a muscle is solely to shbrten or to resist
leagbhening. Yhe movement that occurs depends on the
- arrangenént of‘the.joinﬁ and the other forces.applied tO'itwﬁv
Interprétation of ‘eyecup muscle setivibty is thérefore
inteliiWible only if groups of muscles T?bh,m than the

161v1dual A&SClOQ themselves are regarded as theufugctiohalﬁf{f

unlts.

5, Iunction of movable cyes

. The .functions of stalked eyes are numerous Their
undcrLVLHG quCULOn does not lie in Lhelr ability . bto ncrformwf
optoklnehlc.movaments, but in their aDLllLJ o MOdlfJ the -
Visual'inpuﬁ.to the eye of a freely noving snimal (Horridge
.“66?) . I8 thé'éye ig allowed Lo wove freely and trenor, ag..
in ourselves, these gnall movements result in aﬁ impréved_
perfofmance of the visual symteﬁ. Also in the abgence of'anyfjf
prqpribceptive‘couﬁrol of eyge mdvemenﬁé, a stalked eye |
ﬁllows free movement wh\ reby che vis sual feedback Loop can be
closed, This obviates the'need for a @reciseAqéntral control
"yét‘allows accurabe movements bo bé-made. This is well shdwﬁf?.

. by” Bhe crabls dbl]lbj to measure the sun's speed. Once

the eye is allowed Ho movo freelj then +the optokinetic response’

e

wi2d
0

‘becomes a bywproduct of the systen necbssarj Eor sta 0111 atlo

. of the eye.




If the crab is to use its ability. to detect polarized

light (Shaw 196G) or its ability to mcasure the sun's speed

then it is essential thabt the eye be stablised relative bo
some fixed rarawmeter of th: eavirvonaent. Compensatory and

optokinetic movements of the eye provide such stabilization. -
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