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The surface structures of the antennular flagellavof the Eerﬁit
crab, Pagurus alaskensis (BenediCtj are described in‘detail Attentlon
is d1rected towards the sﬁ?face morphology of p0551b1e sen5111a. These
may be divideg- 1nto two magor categorles- (1) exoskeletal pores (l 0

. to 3 0 um in d1ameter) and (2) a var1ety of types of setae.fi!t is
suggested that all the setae serve a sensory fumctlon. The ;unctlons
of the various setae’ are d1scussed in relat1on to the1r topograph1ca1
locat1on and to ex15t1ng eleztrOphy51olog1ca1 and behav1oural data.
: : )

The antennuldg?act1v1t1es have been descr1bed w1th the aid of

. S .

motion pictures; Four types of act1V1ty may be’ defined' flicking; N
'rotatlon hlplng and w1thdrawa1 It is suggested that f11ck1ng fac111—.
tates the chemorecept1ve process by exchanglng the water trapped around
the densely packed chemoreceptlve aesthetasc setae. Antennular rotatlon
could. a1d this "’ process by ensurlng that most f11cks are dlrected into
water currents. Wlplng serves to remove debr1s caught amongst the . |
aesthetascs while antennular W1thdrawa1 probably serves to remove the
antemnules from potent1a11y nox1ous st1mu11._'

The motor 1nnervat10n and musculature of the medial ‘and distalv
segments of the antennule have been descr1bed anatomlcally. Intra—
‘.cellular.recordlngs w1th1n these muscles ‘and s1mu1taneous mon1tor1ng
of whole-muscle tension have been used to deflne the motoneurons and

v

’ fcontract11e properties of the . muscle fibres they 1nnervate. The anten-

nular motor system may be d1v1ded 1nto three componentS" a pha51c

'-v"component [motor units 30F 31F and - 32F), a tonic conponent (motbr ’

un1ts 30S, 3IS and 328) and a phaso ton1c component (motor unit SIF-S).
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U51ng elect%omyogram recording from the muscles of the‘medlal andc

- dlstal segments, the patterns of activity in specific antennular moto- _
Zeurons have been descrlbed durlng antennular fllck1ng and- w1thdrawa1
Only the phas1c component of the motor system motoneurons A30F, A31;

and A32F, is act1ve during f11ck1ng. The funct1ona1 s1gn1ficance of
-act1v1ty patterns in these m;toneurons is d1scussed with reference to
!the proposed functlon.of f11ck1ng. Extens1on-withdrawal and_s}ow
flexion-withdrawal reflexes, tonic flexion withdrawal and maintained:

-~ flexion at the med1a1 segment dlstal segmeﬁt 301nt result. from act1v1ty

in the ton1c component of the motor system: motoneurons ASOS ASIS

and ASZS. The patternlng of act1v1ty in these _motoneurons is d1scussed'

- 3

Fast flexlon w1thdrawa1 reflexes result from a buxst of s kes in

"motoneuron A31F S which constitutes the phaso ton1c compone t of the

antennular motor syst R The funct10na1 51gn1f1cance of th1s moto—

neuronal-act1v1ty i dlscussed in relatlon to the anato and physiOlogy

of motor un1t 31F—S and the form and speed of fast flé;

O

reflexes. ‘ 5

-withdrawal

The effects of'alterlng sensory 1nput on the motoneuronal patterns
underlylng antennular f11ck1ng have been tested The results are
"1ncorporated 1nto a modelwpn wh1ch flexor act1v1ty 1s tr1ggered wh1le
extensor act1v1ty is reflex1ve1y e11c1ted by feedback from receptors
h‘sens1txve to joint flex1on. The funct10na1 51gn1f1cance of reflex |
control of extensor act1v1ty is dlscussed in relation to béth the form
- and the proposed funct1on of antennular f11ck1ng and to the general

role of reflexes in stereotyped act1v1t1es of other 1nvertebrates.
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In the last, fifteen yearsgghe nervous or1g1n ‘of stereotyned
act1v1t1es/has’been a major area of neurophy51olog1cal research (see o
‘reviews: Bullock, 1961; DeLong, 1971; Evoy § -Cohen, 1971). For studies;
of thi= kind the nervous system of 1nvertebrates has two _attractive

"feafures. Flrstly, -many 1nvertebrates are well known for'QEQUng 51ng1e

umotoneurons and. Interneurons wh1ch mayybe recognlzed in dlfferent

animals of the same 5pec1es. Seconﬁly, most 1nvertebrates show numerous'

Stereotyped activities. | |
‘In most studles of the neuronai control of stereotyped ;ct1y1t1es
-in 1nvertebrates there is an under1y1ng assumptlon. This is that the
Jronalimechanxsms may serve as models which are appl1cab1e to the
" vertebrate and thus to the human nervous system What 15 therefOre
,&pportant in any 1nvertebrate study is to attempt to dedgce the func—
tions of the component movements of the stereotyped act1v1ty, so that
T:he underlylng neuronal mechanlsms may be Judged as appllcable to
vertebrate movem:..s uhlch fulfll a 51m113r functlon On this has1s
there 1s justif: zation’ for studying a varlety of stereotyped }nvertebrate'
act1v1t1es and the1r neuronal control
| The most thoroughly studied 1nvertebrate motor systems may be
categorlzed as l) rhythm1cal act1v1t1es such as cockroach walklnk
-\*Jlobster sulmmeret beatlng and molluscan feed1ng (DaV1s 8 Kennedy,

-,

1972a,b,c, Pearson 1972 Kater & Rowell 1973); 2) escape behav;our

t
such ‘as the crayfish tail-flick or npdlbranch swlmmlng (ﬂ1llows G Hoyle

.

1969 Zucker 1972) 3) postural control such as is’ seen in the crayfish'

abdomen (Evoy & Kennedy, 1967 Kennedy, Evoy, Dane G Hanawalt 1967),

I
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. . : i ) - |
- 4) simple reflexes such as the crab eyestalk—wlthdrawal response
(Sandeman 1969). To th1s date there ‘have been no studles on the neu-
ronal mechanlsms underlylng a non-rhythmacal fast act1v1ty which is |
not an escape behaviour or a simple reflex. :

. - A most conspicuom activity ln most decapod cn'sta_ceans is
antennular flicking. ‘The antennules, however, also show nostural

A

: d1f1cat1ons and a var1ety of withdrawal reflexes. In the herm1t
jgab pre11m1nary observataons showed that the antennules are flicked

almost cont1nuously, yet thls act1v1ty cannot be regarded as rhythmlcal
~ and there is no clear coordlnatlon between left and r1ght antennules..
Some features of fl1ck1ng are falrly stereotyped from flick to f11ck
although other features of-fl1ck1ng and other antennular activities are
:more'variable.i These ;bservat1ons suggested that a study of the
;‘factors 1nf1uenc1ng act1v1ty in antennular motoneurons m1ght prov1de
" an 1nterest1ng compar1son with 51m11ar studles in other motor .systems.
‘A large amount of behav1oural, electrophysrologlcal and ultra-
structural ev1dence has accumulated to suggest that in. many crustaceans
the antennules are of. prlmary 1mportance to the chemorecept1ve procbss
(Bell 1906 Cowles, 1908 Holmes § Homuth, 1910' Copeland 1923;
‘Hodgson 1958; Maynard § D1ngle 1963 Laverack 1964 ; Laverack 8
Ardill, 1965; van Weel § Chr1stofferson 1966 Ghlrdﬁella Cronshaw _
& Case, 1968; Gh1rade11a, Case & Cronshaw, 1968a b;. Hazlett 1968'
Ache & Case, 1969 Hazlett 197la,b Snow 1973) The antennule chemo-

receptors are considered to be distance chemoreceptors wh1ch p0551bly

Qoperate 1n conJunctlon with the max1111peds to g1ve an an1ma1 the W
. NEIR
: capac1ty for d1rect1onal chemosens1t1V1ty (Brock '1926; Hazlett, 1968). T

\d
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The receptors respon51ble for chemogeception are generally con-
51dered to be the aesthetasc setae wh1ch occur in closely spaced TOWS
on the outer antennular flagellum (Laverack 1964 ; van Weel G
Chrlstofferson; 1966; Ache & Case, 1969), In addition tofchemoreceptors :
the antennule has mechanorecept1ve sensilla, osmot1cally sensitive
receptors and 1nterna1 joint receptors (Krljgsman & Krljgsman 1954-
_Hodgson 1958 Sandeman 1963; Laverack 196{; Wyse § Maynard,-1965;
van Weels& Christoffersonp 1966). The basal segmentvalso contalns_the
‘statocySt. o |

Desplte the mass of worh on . the sensory aspects of the antennulev
there exists only one deta11ed descrlptlon of the antennular activities
in a Crustacean (Maynard & Dlngle 1963). This deScription is based
' solely on the lobster PUnuerus argus and is dlrected towards descr1b1ng
v and classlfy1ng‘these act1v1t1es rather than determ1n1ng their functlon.
| In the lobster four types of antennular act1v1t1es may be recognized:
f11ck1ng, p01nt1ng, w1p1ng and wrthdrawal (Maynard & D1ng1e 1963)
Although reports of antennular act1v1t1es in other crustaceans are
1ncomplete these four types of act1v1ty can be ea511y recogn1zed -in a
'>W1de var1ety of decapods Between d1fferent spec1es however, there is
con51derab1e var1atlon in the form and frequency of antennular activities.
-and in the morphology of the antennules In these respects there 15 'L
more szm11ar1ty between hermlt crabs and’ braéhyurans than there is
‘A”between brachyurans and macrurans (personal observatlon) |

"The present study gives: 1) ‘a descr1ptlon of the surface struc-
"tures of the antennular flagella w1th partlcular reference to poss1ble

‘sensory structures' 2) a deta1led descrlpt1on of the antennular act1-

. V1t1es and of the component movements of antennular f11ck1ng, 3) an '

Q\C‘x’?



account of the phys1ology of the motor 1nnervat10ﬁ'and muscnlature
controll1ng movements of the JOIC&S betweenjthe medial ang”alstal seg-
ments and the d1sta1 segment and the kuter flagellum- &) a descnpuon
of the patterns of activity in identified antennular motoneumons during
the varlous forms of antennular w1thcrawa1 and durlng fllcklng, S) an
assessment of the central versus reflex control of antennular fllcklng.
throughout this work attent1on has been focused on antennular

>

flicking. It is suggested that antennular flicking is iuportant to %
the chemoreceptive process because ifucould facilitate the exchenge ofb
‘waf;r trapped around the densely—packed chemoreceptlve aesthetasc
‘'setae. A model is presented to account for the pattern1ngmof the moto-
neuronal activity underlylng f11ck1ng. - This model is uniquevin that it
'suggests that one of”the eompOnent movements . of a'f¥iek'is dependentbon_-
" sensory feedback from a precedlng component movement ~This and.bthef

aspects of the model are discussed in relatlon to- the fbrm and the R

proposed function Qf.f11ck1ng.g



II. MATERIALS AND’METHODS
Specimens Of_Pugurus aZaskensis-(Benedict)-were dredged off _ ‘c{’/;“/
Waldron Island, San Juan Archipelago, Washington[and maintained in |
» ' SR , Cy
running sea water at the Friday Harbor Laboratoriesl‘;Most ofbthis work
. was carried out at the Friday Harbor Laboratories but for high speed
f1lm1ng animals were flown to Edmonton, Alberta where they were

‘maintained successfully in "Instant Ocean." Large (body length 6 to

'8 cm) CrabS, both male and female were used in these experiments. N
- \\ : o | | .
(.1)- Surface litructure_s of the Antennular. Flage]]a
The antennules consist of three segments the most distal of which
\\bears the inner and outer flagelf‘ The distal portion of the dlstal N
| segment, bearlng the inner and outer flagella was removed. - In add1-

...tlon the 1nner flagellum was- somet1mes removed from the dlstal anten-

nular segment " The antennular flagella were examlned under a- llght S

, m1croscop -and those whose aesthbetasc setae were densely surrounded
with what appeared to be f11amentous fung1 were dlscarded > v_.
Tisgue was fixed at 12°C, either in- phosphate buffered 2. S*
gluteral ehyde for 1h, followed by phOSphate buffered 2% osmium . for
1 h-or 1rectly in phosphate buffered 2% osmium for 2 h. Follow1ng
fixation the t1ssue was washed in d1st111ed water dehydrated through
;.an et anol series, taken through an ethanol‘—.amyl acetate series to |
100% amyl acetate and.critlcal-point dried Dried spec1mens were
' mo' ted on stubs and coated w1th gold and gold-palladlum.. Spec1mens .0
: we examlned on a Cambr1dge Stereoscanss4 scann1ng electron m1croscope



>
~
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Under the SEM the shape and or1entat1on of var1ous setae were
often distorted from that observed in fresh mater1al Thus SEM observa-
tions were always supplemented by exam1nat1on of freshly-exc1sed
- antennules with the light m1croscope.
| In order to use the 11ght m1croscope to count the pores in the .
exoskeleton freshly exc1sed antennules were washed in several changes
of - d1st1lled water & m1n) and then the flagella were dipped into a
- 0.1 M AgN03 solut1on for 60 sec. The antennules were then washed aga1n
~in 'several changes of d1$t1lled water and dropped 1nto Kodak M1crodal-x
developer Sta1n1ng was observed under a d1ssect1on m1croscope and,

" when sat1sfactory, the antennules were r1nsed in’ 3% acetic. ac1d solutlon
‘and whole-mounted in sea water. Th1s techn1que gave excellent sta1n1ng
of the 1.to 3 um pores in the flagellar exoskeleton (Plate 18) as well

. as sta1n1ng the sockets of most of the setae on the 1nner and outer

flagella. N I U N

In order to count- the number of aesthetasc setae, fresh outer
. flagella were. boiled in 10% KOH for 5 to 10 min. The ventral exoskeletton
_ was then d1ssected away, dehydrated cleared in Xylene and - whole-mounted)

4
: 1n Permount '

(2) _‘Analysis of the Ai{éennular Act_;,iv‘iti.‘es'

Close -up motlon p1ctures were made of the antennular act1v1t1es
us1ng a M1111ken DBMSQ 16 mm c1ne camera. Fl1ck1ng was filmed at 400
”frames/sec wh1le other activities were filmed at 200 frames/sec.» In the
’presence of water currents the antennules are frequently fl1cked wlthout:.'

add1t1onal st1mulat1on. A varlety of st1mu11, all of wh1ch were appl1ed

)



to animals 1I-ersed 1n sea water, were .used to el1c1t other antennular
act1v1t1es These stimuli will be mentioned as the other act1v1t1es

“are descr1bed .

For each crab’ the right antenna was removed at 1ts ‘base. several .
days before f1lmng. Just pnor to fllmng an an1ma1 was removed from
. its shell and the me51al 51des of 1ts left eyestalk and antenna were
blackened to contrast the outl1ne of the antennules. During filming
‘the, crab was placed in a small Perspex tank of "Instant Ocean' wh1ch ’
»uas cont1nually aerated and maintained at 12°C. This tank was smallll»
enough to prevent a large crab from turn1ng so that all fllms could be
shot from the r1ght-hand side of an an1ma1 |

ngh speed films were analyzed u51ng an L. W, Photo Opt1ca1 Data
Analyzer fitted ulth a frame counter. For allaantennular act1v1t1es
measurements were made of the duratlon teuporal relat1onsh1p and total'

angle change of the movements about the med1al segment - dlstal segment
and dlstal segment outer flagellum 301nts. The outer flagellum under-
goes con51derable d15tort1on dur1ng fllck1ng and thus the border of 1tsb
'5.1arge ‘basal segment was selected as a reference for. measurlng angular
dlsplacements. For a more cr1t1cal examlnatlon ofrantennular movements
‘draw1ngs were made from s1ngle frames.

To s1mp11fy descriptionsvof antennular movements flexion is con; .
sxdered to be an angle change at a Jo1nt whlch moves ‘the more. d1sta1
part of the llmb in the d1rect10n towards which the aesthetasc setae

p01nt

In order to estab11sh uhether f11ck1ng occurred in any e3511y

a

.recognlzable temporal pattern unmolested anlmals were f11med in
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circulati_ng sea‘water‘(1>0°C) at'SO frames/sec, using a Bolen 16 mm ciné _
camera. The mnnber of frames between fllcls of antennules both 1psi-
lateral and contralateral was measured and these numbers were converted‘
to time (1 frame = 20 msec). Qualitative data on antennular activitie, '
‘were derived from repeated examnanon of many film s,equences and from
-(_‘dlrect observatlons. SRR - o e

R Of primary interest. in all the data is the amount of variation
within a set of measurements. Calculatmns of the standard dev1at10n
'and coeff1c1ents of vmatﬁﬁn are thus based on the equatlon S.D.
1/?3 S./N) rather than the equat1on s. n.__.vﬁs S./R-1I) (Sokal §. §§h1f

. _ : . <P ,
1969). | | | : S & £

(3) Motor Innervation and ’Musculature

R o ' (a) Saline - - -
R U . BN N 1
The antennular muscles were found to be extremely sensitive to

Y {-,

_osmot1c pressure The follow1ng sa11ne was developed on the basis of >,

" the osmolanty of sea water samples taken from the holdmg tanks '(avt ‘:\
885 mOsm) and of fresh blood samples taken from s1x an1mals (av. 870" ; e
mOsm) In accordance with the 1on1c analyses of hernut crab blood | ‘% ::’
V(Robertson 1953), the saline was made 30 mM w1th respect to sulphate
~1ons. 'I‘he follomng number of mlllmoles of _components were dissolved
‘1n one 11tre of d1st1lled water in thls order: 463 NaCl- 8 KC1;

10 MgSO.,, 20 CaSO.,, 10 Tris, buffer. The pH was then adjmted to 7-4
- with conc. HCl and NaOH ThlS sahne averaged 887 nﬂsm and in it
_ muscles frequently gave good responses for .up. to 4 h, 'l'he data rgpoi'ted

_are restncted to those collected wltlun the first 1-5 h of any experi-

\ . At . . .
; e et BN : ' .
, L e |



) Dzssecttan
Both left and rlght antennules were used. Antennules were excised
at the base of the1r proximal segnent and placed in a small Petr1 dish
of‘salxne This was maintained between 12 and 14°C by c1rcu1ating sea
water afonnd thebPetri'dish The bottom of the. dish was covereddwith
Sylgard 184 Encapsulatlng Resin (Dow Cornlng) which allowed. rlgld

v

pInn1ng and tﬁan51llum1nat1on of the preparatlon

. In life the antemnules are rotated frequently but'in na: cotized
animals the aesthetasc setae- point ventrally The side hhlch bears the

aesthetasc setae ulll thus be referred to as the ventral side of the

‘ antennule. 3

U51ng a sliver of razor blade the exoskeleton of’the prox1lal
segment was sl1ced longltudJnall; along the .dorsal andgwentral surfaces.
The prox1mal segment was then pulled apart and the‘%gzt contalnlng the
statocyst was removed by cuttlng 1ts membranous {t’achment H1th the '( )

med1al segment The remaxnlng half contalns the"

medial. and d15tal antennular segnents.‘
Cochran (1935) descrlbed and gave
medial and dlstal segments ‘of a brach rrafh ? tennule: ‘muscle 30

'(musculus productor3 1 antennae) muscle '~ffmnsculus reductor3-I

antennae) muscle 32 (musculus reductor~ I antennae) Dlssectlon shouedu
. LY

that in the antennule of the hermlt crah three muscle 'hﬁs of‘s1nllar
“ﬁ,

function to Cochran s muscles 30 31 and 3. may be recognlzed but two
“of these are subd1v1ded 1nto two separate muscles g1V1ng a total of five
‘muscles in three'muscle groups 30, 31 and 32 Mhscle group .30 ralses _
the d15tal segment whlle 31 depresses the dlstal segment and 32 depresses

' the outer flagellu-. : K :



¥

Muscle groups 31 and 32 were exposed by long1tud1nally shawlng the
exoskeleton from the mesial side of the med1a1 and dlstal segnents,
respectlvely. Muscle group 30 was exposed by s1mllarly remov1ng the
| exoskeleton frqm the lateral side of the nedlal segment Such cuts .
were made from the arthrod1a1 membrane at the distal end of a. segment
to about one-third to one—half-the{length of the segment.

Each muscle group iS'connected to.the‘basal exoskeleton of the~,

QO

more dlstal 1imb by a 51ng1e tendon (Flg. 1). A small Hedge of this .
exoskeleton attached to the tendod of 2 muscle group was cut and the _'
rest of the more dlstal limb was excised. The antennule uas'stapled

to the’ Sylgard with insect p1ns so. that the muscle group was exposedv
zdorsally and the wedge of exoskeleton was attached to a tension trans- .
ducer. The rema1n1ng.half of the prox1mal segment was pinned inner

" side dorsally and the muscles overlylng the ‘nerves in the proxlmal seg-

'

ment were removed by cuttlng thelr distal and prox1ma1 attachments and.

AN

carefully severlng assoc1ated nerve branches.

-

-~

Ae) S%zmulatzon and recordtng
Initially the nerves present were stimulated with fine silver
hooks whlle record1ng 1ntrace11u1arly in muscle groups 30, 31 and 32

It soon became apparent that the proxlmal portlon of one nerve contalned

.

v,

"_all the’ motor akons, and a fine suction electrode was used in mopt«
>=succee01ng preparat1on£ Motor axons were d1fferent1ated by explo1t1ng
_.the1r d1fr;gznces in: threshold to electrlcal st1nu1at10n. Frequently
‘1ntrace11u1ar Junct1on potentlals were s1multaneously recorded in two

f1bres of one muscle group us1ng an Adak Electron1cs FET follower and abv

.WPI M4a electrometer. Nhole-muscle ten51on Has monltored using an RCA

[
.



Fig. 1. Mes;al view of the rlght antennule. Showing the museles of
the distal and medial segments " The mesial half of the prox1mal seg-

ment exoskeleton (see t xt) has been rotated 180° to expose the

lantennular nerves. Scale — 2 mm.

e

Fig. 2. Method of record1ng electromyograms from the antennules of
intact an1mals A: crab stapled in the exper1menta1 chamber Arrows

1nd1cate the 1n1et ‘and outlet sea. water supply. Note.the Sylgard

v

- block (SB) beneath the antennules Myogram electrodes have been
omitted for clarlty.vhB: mes1a1 view of the left antennule and
ventral view of the medial segment, show1ng the s1tes of placement
of the myogram electrodes. The myogram electrode for muscle ‘30 (see
‘*M30) is 1ntroduced through the exoskeleton of the lateral side of

the medlal_segment.
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5734 tension transducfr,%/kecordings were displayed on a Tektronix

'narcotlzed animals at the base of the prox1mal segment All three pf\' S

.'{) .

'565 osc1lloscope and photographed directly using a N1hon Kohden PC-ZA

-~

contlnuous recordlng camera.

. ) | -
(d) Fistology \ . S

The mmcroanatomy of the antennules wasgdetermlned by dlssectlon

.3 .
of fresh material, th1n sect10n1ng of Epon embedded nerves and ser1al N

sect10n1ng of wax-embedded antennules " For mgasurements of axon

o . ! 3
diameters the nerves of the basal segment were flxed in a 2. 5% phosphate—

buffered gluteraldehyde and l° phosphate-buffere osm1um These were
embedded in Epon and 1 um sectlons were stalned in R1chardson s. stain.

For ser1al sectlonlng the entlze contents were w thdrawn from the old

-exoskeleton of pre-moult antennules. These were secured . to str1ps of

Sylgard and fixed in Bouin's for 24 h. They were then dehydrated

-«

cleared in toluene and embedded in wax. Serial sectlons uere taken at

15 um and stalned in Masson s trichrome (Pantln 1948). C "w :

(e) Sarcomere measurements
PRl A

Sa?fomere lengths were measured by exclslng the antennules of

i

-muscle groups %ere then exposed as descrlbed above and the antennules

'uere secured to Sylgard strlps in-the p051t10n hthh they adopt in

- narcotized animals. Antennules were fixed in 2- Sv phosphate buffered'

ﬁluteraldehydeffor 1 h and washed in sea water. - The muscles were
dissected out onto glasS-slides teased apart and the mean’ sarcomere

lengths were calculated in each muscle from direct measurements u51ng 4

~ the light mlcroscope.



4. Pattern. of Activity in the Antennular Motoneurons

It proved d1ff1cu1t to c£n51stent1y record act1v1ty from the
antennular motoneurons in whdle animals. Electromyograms from the,
antennular muscles were thus used to monitor motoneuronal act1v1ty

durlng the perfbrmance of various antennular act1v1t1es.

01) Preporation'of animals for recording-

The method ‘used for record1ng from the antennules of whole an1mals
- is shown in Figure 2. Crabs were removed from their shells and held
‘ventra1 side up ina 15 X 9.5°X 4 cm plex1g1ass chamber which was
contlnuously suppl1éa wlth runn1ng sea water (10 to 12 C) Large
~stap1es made from bent na1ls were used~to secure crabs to the wax
/ottom of'thls chamber. Staples were placed across the 301nt between.
the meropod1te and the carpopodlte of the left and rlght pairs of
{walklng legs the carpopodlte of*the left and right Chelipeds and the
.pogterlor port1on of the thorax in the reglon of the 5th perelopods
The che11peds were. also prevented from open1ng by gloves made from nb.
.brubber tub1ng (Flg. 2A) ‘

To enable the antennules to be vrewed from above the preparatlon
ithe dlstal segments of the endopod1tes of the 3rd max1111peds were
tied together with thread and both appendages were drawn towards the :
, abdomen and secured in thlS extended p051t10n The antennae ‘were, also‘
_(secured in an. extended pos1t1on by p1nn1ng the antennal flagella to i
the bottom of the chamber.: ‘ |
| ’ In th1s condltlon the - base of the antennules 1§ about:;>to 3 mm

above the bottom of the chamber. To fac111tate 1mp1antat10n of the

S

f»*
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electré;:s a bloZi\gf Sylgard 4 x 7X20 mm, was p1nned underneath
the amtennules (Flg. 2A) Thls was ea51er to do 1f the eyestalks were |
first Spread and prevented from returnlng to the1r anterror or1entat1on
WDy 1nsect p1ns.‘ The antennules were stapled to the, block of Sylgard
with 1nsect pins and the electrodes implanted. The antennules and
eyestalks could then be . freed and the block of Sylgard removed ’ T

- Animals suffered no apparent 111 effect even after being maintained
in a recordlng 51tuat1on for up to 72 h. In the Ppresence of water

currents the antennules were flicked frequently and showzg‘the various ?

types of antennular wlthdrawal The frequency of flickin could be

1ncreased by p1pett1ng a 11ttle distilled water into the 1nlet of the‘

’”

experlmental chanber or by 1n1t1at1ng add1t10nal water currents 1n the =

chamber by alternately squeez1ng and relea51ng the 1n1et hose.' When

I the endopodltes of the 3rd max1111peds were released many animals .

showed antennular ‘wiping.
v e

| (b) Recording technique

The motor nnervatlon and anatomy of the antennular muscles of the

o kY
medial and dxst 1 antennular segments are descrlbed in Section (3),

.

_Chapter III The patterns of motor 1nnervat10n of the antennular o

muscles and the fac111tatory propertles of the1r neuromuscular synapses
enables the 1dent1ficat10n of each motoneuron\from electromyogram Ty

record1ngs w1th1n any muscle-. group. Each myogram electrode con51sted

"~ of two 15.to 20 cm lengths of 50 ym diameter 1nsu1ated copper wire.

4

‘These lengths were twlsted around one another and palnted with Insul -X

‘bband then xylene. Each uire was connected to one d1fferent1a1 1nput of

a Tektronlx 122 preanpllfler. Pr1or to each record1ng the d1sta1 end

15
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of each, electrode was cut squarely to'ensure that only the tip. of the
component w1re5xwere exposed Record1ngs were displayed on an oscillo—
scope and photographed’directly or taped. Dur1ng flicking, act1v1ty is
- first seen in muscle 31F. ThlS act1v1ty was used to trigger sweeps ‘
of the oscllloscope to provide fast- sweep displays of act1v1ty in all
muscles dur1ng a fllck (e. g. F1g. 20)
Up to four electrodes were sometimes used tq 51multaneously

monltor electrical act1V1ty in muscles 30 31F, 31S and muscle _group

32. _The optlmum placement of an electrode fbr each of these sources is
shown in Flgure ZB Using an insect p1n a small. hole was poked in the
semj- tranSparent exoskeleton of the antennule and the t1p of an electrode
,was 1nserted into the muscle under v1sual control The exoskeleton of
the d1stal segment is relat1velp opaque but this segment is th1n and
contains only muscle group 32 wh1ch is 1nnervated by two motoneurons

that are eas1ly d15t1ngu1shable in myogram record1ngs N1th_pract1ce

the hole size.could be ‘judged so that the Insul X coatlng on the |
electrode plugged most of the ‘hole and coagulat1ng blood rap1dly plugged
the remalnder.‘ On the basis of visual" 1nspect10n ‘the electrodes seldom
appeared to. 1mpede any of ‘the antennular act1v1t1es. | \

Most:exper1ments lasted only a few hours but in some cases i

| recording was continued-for up to 72 h requiring only the oCcasional
adjustment of electrode poS1t1on to restore a tolerable s1gnal/n01se
ratio. For short perlods of time 1t ‘was poss1ble to record from freely

mov1ng an1mals but these an1mals usually d1slodged the electrodes when

_ they W1ped the1r antennules.

S

Although electrodes were rarely dlslodged from the antennules,_' s

Goit
N -
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,.small‘dJSplacements of thelr t1ps often resulted in changes in the
waveform of the record  When this occurred the h1gh frequency act1v1ty
in. fast muscles 31F and 32F was sometimes. recorded as a complex wave-
‘form 1n wh1ch 1nd1V1dual exc1tatory 3unct1on potentlals (EJPs) could
not be clearly distinguished. Such records were typical when a poor
Vsignal/noise ratio was being obtained‘ AdJustment of the electrode
p051t1on usually restored the clarlty of 1nd1v1dual EJPs as well as

. \
1mprov1ng the S1gnal/n01se ratlo. :

(5) Centra] Pattern1ng and Ref]ex Contro] of ' ‘.‘“
' Antennular Flicking

Electromyograms were recorded from the antennules of’ part1a11y
‘restra1ned an1mals as descr1bed above 'The effects of a var1ety of
man1pu1at1ons of the antennules and operatlons on the antennules
antennae, eyestalks and c1rcum0050phageal connectives, on antennular

e

,fl1ck1ng, were tested These manlpulatlons and operatlons w111 be

descr1bed where app11cab1e in the text S

In the.course of these experlments it was. necessary ‘to d1rectly
_st1mu1ate flexor muscle 31F A second myogram electrode was 1mp1anted'
in muscle 31F about halfway along the ventral surface of the medial -
segment Th1s electrode was 1dent1ca1 to the recordlng electrodes
descrlbed above except that it cond}sted of two 100 um d1ameter
1n"ulated copper wires. |

It was ﬂlso necessary to record from some ! of the antennular

nerves in: the prox1malnsegment of exc1sed antennules° These nerves

“wete exposed as, described above (Sectlon 3 (b) Chapter II)



Recordlngs were made by ra151ng whole nerves on monopolar or b1polar

platlnum hook ‘electrodes into a mlxture of paraffin oil and Vasel1ne

\
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- III. RESULTS.
(1) Surface Structures of the Antennular Llage'ﬂa

S - (a) Mbrphology of‘the antennular f?ageZZa
e { o
The antennules*ar1se below and sl1ght1y mesial to the eyestalks.

They consist of three segments, the most d15ta1 bearlng the inner and E
outer flagella.A Ne;ther the outer'nor the ‘inner flagellum contains-
ﬁ; muscles, and only the outer flagellum (OF) can be ‘moved 1ndependent1y <——:
f of the d1sta1 antennular segment (DS) (see Fig. l) | |
The OF resembles a cone which has been bent so that_its axis of
rotation is approxlmately sickle- shaped (Plate 1) "It has a relat1vely-
large basal segment (approx; 500 um long) which does not bear any setae.
Distal to the basal segment are 34 to 40. short (70 to 80 um) segments
of wh1ch the most prox1mal 8 to 13 are part1a11y fused. The most
.dlstal extent of fus1on.1s along the dorsal surface of the short
.segments and the ektent of lateral andames1a1 fuslon between segments
1ncreases prox1mally (Plates 2 and 4. The man) unfused short segments
give the OF con51derab1e mechanlcal flex1b111ty. The d1stal one quartet
-_,of the OF is composed of 6 or occas1ona11y 7 long, th1n segments (150
to 250 um long) In comparlson w1th the short segmented region, the OF

‘is relat1vely inflexible across these long th1n segments -What is

‘_cons1dered to be the most dlstal short segment is 1ntermed1ate in '

',-length (approx. 120 um) between the long, th1n segments and the other

short segments (Plate 1) o 5 R
< ‘ :
The 1nner flagellum (IF) is a penc1l shaped structure klth a long

)

(700 to 1000 um) basal segment and 8 tb 10 shorter (150 to 280 um)



Platd 1.

Plate'Z.

Plate 3.

eremoved,v X 27, ’ ”(

A

Mesial view of the onter‘(OF) and inner (IF) flagella.of

the left antennule. Arrow-indieates what is considered

to be the most distal short segent. X 37.

Preparation of the: ventral exoskeleton of the outer
flagellum showlng the long and short "TOWS of aesthetasc
setae on each short segment ‘Note the fu51on betreen

the most proximal 7 segments. . X 60

Veﬁtral'view of an outer flagellum and the distal portion'h;

of the distal antennular segment showing the med1al part ,

/

in the aesthetasc setae. The inner flagellum has been



- 21




1. Aesthetasc setae

U
4

AT AL L

One long and one short TOW of partlally recumbent aesthetasc setae

{0

are borne on each of the short segments of the OF (Plate 2) In addl-(

tion, about 4 aesthetascs occur on the proximal end of the most prox1-

mal long, thin, distal segment

On any short segment the short TOW

occurs distal to the long TOW, “the inter-row dlstance belng 20 to

25 um., There are usually 3to 4 aesthetascs/short row., In contrast

-

the number/long TOoW ‘varies. from 4 on the most‘brox1mal and most d1stal
@

short 'segments up to a max1mum of 13 to 18 on short segments 12 to 25

L8
(Plate 2). There are thus 400 to 600 aesthetascs/OF W1th1n any TOW.

* K

~ the dlstance between the setae bases 1s often less than 10 ym but a -

5 med1al part divides the distal portlons ‘of the. aesthetascs into a‘>

mesial: and a lateral group (Plate 3)

Because of the curvature of the

22

OF, the distal portlons of the aesthetascs of adjacent rows are’ bunched

» together.

Each aesthetasc_is‘borne in a single socket within uhich the setal

-d1ameter is cons1derab1y reduced (Plate S).

Where an aesthetasc

1.emerges from the socket there is a d1st1nct swelllng or ampulla.' Th1s

,sweTl1ng is less pronounced on. the proximal side of each seta where

‘the swe111ng beg1ns ‘almost w1th1n the socket (Plate 5)

The aesthetascs measure from 700 to 1500 um in length and are

about 18 to 25 um in d1ameter.

The dlamete

7

th1n any an1mal is qulte



“Plate 6{f

i

Plate 4,

Plate 5.

Plate 7.

,PlétefBa.

Plate 8b.

structure X 8960.

'Ddrsolateral view of.the outef»f]ageildn shoulng the IOSt :

dlstal extent of fu51on betueen the short segments. Note
'

the absence of dorsal setae on the fhsed shqrtvsegEEnts.'

z

X 120.

Base and socket of an aesthetasc seta. Note the swelling

.at the base of the Seta'(afrow).v X 2180.

_The third and fourth most proximal annqg;tlons on the wall

H

of an aesthetasc seta X 1540

-

Typ1ca1 annulatlons about halfwa) along an aesthetasc seta

X 1400

Ventral view of the aesthetasc seta showlng the many peri-

'od1c annulat1ons along the setal halls Arrous mark places

% .

‘where bendlng of a seta appears to occur at an annulatlon.

3

A A Yo o o

xso0.

-~

T1p of an aesthetasé seta showlng the absence of any pore- L*ke‘

L)

' ) o o N .
Tip .of an accessory seta. Note the distinct terminal pore!

X 25200.

R _'*» 3 -;-{,; | ::;_' »'._ '1§§0.
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constant. For the first SO_to”lSO um of their length they have a
v‘slightly smalfer¥bmt.irregular dlameter (Plate 10). * For :;L distal
one-third of their length they taper slowly to the1r t1ps wh1ch are
. approx1mate1y 2 um 1n dlameter and do not appear to be penetrated by
a pore (Plate 8b). | B
“At aboutrlOO to 250 umlfrom.their bases illjdefined annulations
can beiseen'on the walls (Plate 6). More gistally'these give way‘to*
clearly defined annulations (Plate 7) which giye~each Seta a segmented
appearance (Plate 8a). These annulatlons occur’ w1th a regular per1-'
od1c1ty of 45 to 55 um and the most distal annulation is found at thlS
dystance from the t1p (Plate 8a). It is 1nterest1ngtonote in Plate

o ;
8a, that sometimes bending of the aesthetascs seems to occur max1mally

at the annulatlons. It is, however, p0551b1e that thrs effect‘1s’a
fixation or dehydration artifact;
2. Acceésbry setaé
The accessory setae are found only on the lateral 51de of the OF.
There are usually 8 to 14 accessory setae on each OF, one seta usually
'.occurr1ng about every th1rd or. fourth short 1:gment (Plates 19 and 15).
Accessory setae are fOund only on-the most di tal fused, shortlsegments.
Each accessory seta . is borne in a socket whlch 11es on. the dlstal
- extrem1ty of the short segment, about 30 to 50 um from the base of the
most lateral aesthetasc of the TOW (Plate 10).: |
In)fresh materlal the accessory setae are only sl1ghtly recumbent
They measure 40 to 80 um in . length and about 3 toﬂé um in dlameter and

have a single annulat1on about one- th1rd of the d1stance from the1r

“base. ' In both the_SEM and_the_11ght m1croscope their shape is somewhat_



P¥ate

- Plate

Plate

Plate

.Plate

Plate

Plate

Plate

10.

11.

: lZé;f

he

Lateral view of some short segments of an outer. flagellmﬂ

Note the accessory setae\pear the end of some aesthetasc

L

D

X 220.

3

Exoskeletal pit on thé surface of an outer flagellum, .

X 25700,

Rows: of exoskeletal pores on the mesaal side of an outer

vrflagellum Note the spatial relat1onsh1p to the aesthetasc

12b.-

12c.

.rows (arrow) - X540,

Material withinya single.exoskelhtal pore. X8200.
nght m1crograph of a Q}ngle exoskeletal pore show1ng the
spher1ca1 cav1ty below the - exoskeleton surface (arrow)

Note the canal which appears to connect thlS cav1ty w1th

‘

~ the inner surface of the exoskeleton. X 1170

13,a.'

13b.

14,

ISa;

15b.

Ty

‘Exoskeietal pores on the me51al 51de of the most distal E

& ‘
Segment“ﬁf an outer flagellhm. X 1100.
Bulbous process extending from one of the'exoskeleoallporeS'

shown in Plate 13a., . Note the %hfolding of the surface of
. " R ' B O 4
the process. X 9130. ) -

-~

. Dorsal view of a proximal dorsal seta. Note’the single *

.annulat1on (arrow) and the 1rregu1ar1y shaped t1p.. X 1200.

Dorsolateral v1ew of an outer flagellum 'Note the acces-
sory setae, the s1ng1e line of lateral mesial setae (black
arrows) along thiﬁlateral S1de of the flagellum and the

dorsal setae (whlte arrows) ' X 109,

vT1p of a dorsal seta on a dlstal segment of the outer

¢

':flagellum. X 8200 ' - , . IR L &;:

TOWS (black arrowig ahd‘the exoskeletalloores (white arrows).
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. irregular but they uniformly show ‘only sllght taper to w1th1n 2 to
3 ym of their tip. At their tips they have a distinct terminal pore

. with an internal dlameter of about 0-5 um (Plate 9).

3. Eroskeletal pits and pores

(i)'péﬁs; These structures are well distributed over the exo->ﬁ§
skeleton.of'the'OF IF and DS. They appear as a;smali hole of 0-1 to
0- 2 um in d1ameter wh1ch occurs in the centre of a dome- shaped
,depress1on of about 1-0 um 1n d1ameter (Plate 11), Focu551ng through
the antennular exoskeleton with the light m1croscope reveals many '
lines whlch follow an 1rregu1ar course and appear to traverse the
exoskeleton.- It seems 11ke1y that these are t1ny ducts and that ‘the )
p1ts are the openings of these ducts to the surface.

“@ .

(ii) Pores. These structures have been seen on thie IF and OF

but nothon the.DS On the OF they occur on both sides of the short

segments and on the mes1al S1de of the long, thin, distal. segments

, (Plates 10, 12a and 133) but not on the 5 most prox1ma1 fused, short

segments.

o
a
v

On the short segments pores occur 51ng1y‘or in rows of 2 and ‘
rarely 3, 10 to 20 um. from the d15ta1 edge of’each segment and 30 to
80 um from the end of the long ‘rows oﬁ: esthetascs._ W1th1n a row, the
‘:pores .are separated by 20 to 40 pm (Plate 12a) There are usually 30

to 45 pores on each 51de of- the shor§ segments of thls reg1on.»

-~y

_.z{» :
(Plate 13a) Usually 3 to 4 .?? ese bccur on the mes1a1 51de of thef

'bmost'distal segment (Plate ;ﬂl ' while none have been seen on the most
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‘proximal long, thin distal segment. On the other long, th1n d1stal
segments the pores occur 51ngly or in groups of 2 or 3 on the ventro~
- mesial surface, 20 to 40 m fron the distal edge of each segment.

"~ 'Each pore is' 1 to 3 um 1n dlameter and always contains a structure
whlch because of its irregular shape is con51dered as e1ther a secre—’
tlon or a cellular process (Plate le) ~In some spec1mens ‘a more
regularly-shaped bulbous process. could be seen extendlng from each pore
of the long, thin, d1sta1 segment The surface of this’ process seemed
: to be 1nfolded in several places suggest1ng that it may "be cellular
(Plate l3b) Light m1crosc0pe observat1ons suggest that Just below
4the exoskeleton surface each pore opens into a spher1ca1 cav1ty of 9
to 10 um 1n dlameter and- that a canal connects thls cav1ty w1th the :

1nner surface of the exoskeleton-(Plate 13c).

4. Dorsal 3etae
A srngle l1ne of setae occurs along the dorsal (convex) surface of
the OF (Plate l) Usuallv only the most dlstal of the fused short seg-'"

ments and all but 4 to 6 of the unfused, short segments bear a 51ng1e ’

' dorsal seta (Plate 4) There are thus usually 20 to 26 dorsal setae/OF :

Each’ dorsal seta arlses from a socket near the dlstal extremlty of
Airts segment of orlgxn (Plates 1, 14 and l7a) “The Setae on the prox1ma1
v‘short segments are shorter more recumbent and are dlfferent in shape
from the setae on the more d1stal shortbsegments and the long, thln
d15ta1 segments (Plate l) Along the OF however there is a gradual
"morphologlcal gradatlon between the two tvpes hh1ch def1es attempts to

be more specrflc regard1ng their preclse locatlon.

In fresh materlal the more prox1mal setae are or1entated at an



v

”angle of 20 to 45 to the axis of ‘their segment of origin but during
preparat1on for the SEM they become more recumbent and appear- to make
contact with the-surface of the_more‘d1sta1,segment (cf. Plate 1 with
14). ‘The most proximallare 40 to 50 ym in length and 7 to 9 um in
‘diameter at their base. About 20 to 30 um from their base they have

. an .annular bulge from which they taper to an 1rregularly-shaped tip |
(Plate 14). | ‘ o

'In fresh material the setae of the distal, short segments and ‘the
long, th1n d15ta1 segments are relat1ve1y’st;a1ght and' are or1entated

- at an angle of 80 to 90° to the axis of their segment of or1g1n (Plates
1 and 17a) Preparat1on for -the SEM usually results in these‘setae
becoming curved and adoptlng a:more recumbent or1entat10n (Plate lSa)
They are 4 5 to .7 uym in basal dlameter and 110. to 270 um in length

‘the longest usually occurring on the more d1stal short segments (Plate'l)t

About haifway along thelr length these ‘setae have a s1ng1e annuiat1on

-

from which they taper to a bevelled tip. In the SEM they often appear
vto have material extendlng from a O- S to 1.0 pm pore in the bevel
~ surface’ (Plate 15b) Th1s mater1al cannot_be seen in the I;ght micro-

,scope'apd.is considered to‘be_hardened exudate which has arisen during

preparation ofathe tissue for the SEM.“

5. Lateral—meszal setae

0

A 51ng1e 11ne of setae occurs along the lateral and mesial 51des of

o the OF (Plates 10, 15a and 18) These lines do not extend over the 6

'f_ most prox1mal short segments wh1ch are dsually fused along e1ther 51de.{

g

Each line is made up of two types of setae; type I occurrlng only on

'-.the short segments and type II occumrlng only on the long, thin, dlstal

-



Plate 16.

(3

Lateral view of a type 1 lateral-mesial seta. Note the

' indlstinct‘annulation'and irregularly;shaped tip. X 2040,v

Plate 17a.

.Plate 17b.

N\

Plate 18.

X 260.

"

Lateral v1ew of some of the long, thin, d1sta1 segments -
of an outer flagellum show1ng ventral (arrows) and dorsal

setae. X 102.

H1gher magn1f1cat10n of the most distal segment of an outer
flagellum The lateral mesial setae (small black arrows)

dorsal seta (large black arrows) are d1st1ngu15hab1e from

" two other small setae (hhlte arr0hs) uhlch occur on the

dorsal and lateral surfaces reSpectlveI\ The bases of

the larger setae ‘can be seen on the t1p ¢1 the segment

I

- d'

*Ventral V1ew of the long, th1n d1stal segments of an outer

- flagellum shOW1ng the type II lateral mesxal setae., X 48.

' Plate 19.

-the s1lver nltrate - M1crodal X technlque.- X 200.

1

>The dlstrxbutlon of exoskeletal pores (dark dots) along the

me51al surface of the fourth f1fth and suxth segments of

the Tight 1nner flagellum.~ Pores have been stalned w1th
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segments.

(l) ryﬁé'r., There arelusuallypll to 23 type I setae on'the mesiall
side of the OF and 16 to 19 on. the lateral s1de‘\ Each seta ar1ses from
a socket near. the distal. extrem1tv of its segment of or1g1n (Plate lSa)
Under _the SEM these setae are often seen in contact with the exoskeleton,

of the more distal segment (Plate 16) In contrast, in fresh mater1al
- they are orlentatedwat 25 to-45° to the axis of their segment of origin.
Furthermore they do not make’ contact W1th the more dlstal segment even
uhen a lateral or me51al bend of 90° is imposed across the short seg-
mented portlon of the OF. ?\l?h T ) o : .\

"The type 1 setae are 40 to 65 um long and about 5 ym in basal
Adlameter. They have a 51ng1e annulatlon 10 to 15 um from the1r base
vFrom th1svthey taper to a p01nt about two- th1rds of their length from
their base and t en become wider, curv1ng away from the exoskeletonv
- surface to end in_ an 1rregularly shaped t1p (Plate 16).

(11) Type II. Oneach s1de of the OF one seta ‘arises from a socket
vnear the dlstal extrem1ty of - each long, th1n distal segment (Plate 18).
Usually e1ther the second th1rd or fourth Jmost dlstal segment bears 2.
setae e1ther on the me51al or lateral s1de Thus on an outer flagellum
with 6 long, th1n d1stal segments there are 13 type 11 setae. These
setae are less recumbent than the type I setae. 1In life, they are or1—
‘-fentated at 30 to 70° to the axis of their segment of origin (Plate 18)

: The length of the ‘type II setae 1ncreases gradually from about
'60 um on- the most d1stal long, thin, dlstal segments‘to 300 to 400 um
on the most prox1mal Concurrently their basal dlameter changes from

N

":“4 S um on the most d1sta1 to l9_$m'on the most proximal segment. The

Ny ityﬁg
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shape. and t1p morphology of these setae. resembles that described for

the dorsal setae of the dlstal segments of the OF.

6. Ventral setae

These setae are found only on the ventral 51de of the long, thin,
difgtal segments of the OF (Plate 1). All but the most proximal long,
thin segment bear one. and rarely two ventral setae eaoh of which arisesbf
from a socket near the distal extremity.of each segmenttlehere'are thus -
usuallyvs ventral setae/OF. | ,
| In fresh materlal the ventral setae arevborne at an angle of 10 to
A'ZOF ‘to the axis of their segments of or1g1n (Plate 17a). They;are 9 to
14 ym in basal d1ameter and.350 to.600-um‘in length.but within’any

an1mal ‘there is no regular gradat1on in’ these parameters along the long,

thin segments. The shape ‘and t1p morphology »f these setae resembles

that described for the dorsal setae. of the mo d1sta1_ egments of the
OF. ” L
'57,' Setae of'the distal segntent |

~The most.distalhsegment of‘the,Othearsl3 to 5 large'setae on the
tip and'mOrefproxlmally'4‘to55 smaller_setae (élate l7b) _ The . shape and
gtip morphology ofithese setae resemhles that described for the dorsal
setae of the more‘distal segments,of the-OF -

Rmongst the . smaller setae one can def1ne what appears to be ‘the

L]

lateral mes1al setae and ‘the dorsal seta of the d1stal segment In \\

add1t1on there is a small seta whlch arises. near the dorsal seta an&

sometimes a second small seta w‘xgu arises near the lateral or the mesial
. vy 1337

seta'(Plate l7b) The small setae are 3 to 5 um “in basal dlameter and

60 to 150 ym in length.



The longest large seta occurs on the dorsal port1on of the t1p and
is usually 15 to 20 um in basal d1ameter and 1100 to 1500 um 1n length
©. (Plate 1). The large setae become shorter as one moves.ventrally across

the tip and the shortest seta is considéred to be the ventral seta of -

~ the distal segment (gl:te 1).

(c) Surfhce'structures'of the inner flagellum
‘1. ' Exoskeletal pits and pores. - o~

As mentioned above the_lF has'a number of pits and nores in its
exoskeleton. These are mornhologically similar’to'thoseQdescribed on
’ the OF. The pits are well- d1str1buted over - the surface of the IF but

the pores are found only on the mesial side of each segment (Plate 19)

In all there -are 20 to 35 pores occurrlng on each IF (Table 1). On the

most prox1mal segment the pores are scattered along the d1sta1 one-half :

of.the segment. On subsequent segments they are usually w1th1n 50 to |
l?e\yn of the. dlstal extremltv of each segment and are often found in

groups near the bases of the setae of the mesial row (Plate 19)

g Setae" SSRER - evg - SR .: t s \n(
.There are,tﬁo longitudlnal TOWS of setae on the IF;f a-lateralland

a nesial rou;b On the'prokimal segment the_lateral row.actually"lies

along the dorsolateral surface._ Across‘subseqnent segnents it spirals‘

around . the - ‘IF so that it ends on the dorsal surface of the dlstal seg—
’_\ ~

. ment (Plate 21) Conversely, the me51al TOW splrals around the IF untll'a

on the . dlstal segments it occup1es the ventral surface of the IF (Plate ,

20).

The setae of these rows may be divided into two types primarily . on

35



. Plate 20.

Plate 21,

' Plate 22b,

“Plate 23,

Mesial view of the right inner flagellum Note the
sp1ra111ng of the long1tud1na1 row of setae around the
inner flagellum and the larger type II and -smaller. type
I setae on the more proximal segments. This spec1men

is unusual in not hav1ng a long, recumbent type II seta '

. on segments,Z and- 4. X 91

Lateral view of thefright inner flagellum Note the V

larger type II and the smaller type I setae on the more

'prox1mal segments ‘and the reduced size of the type II

~ setae on the dleﬁﬁfasegments (arrows) X 78.

Pore in the t;p of a type I seta of the inner flagellum. ‘

X 17500

Pore and "tongue like" protru51on on the t1p of a type

II seta of the inner flagellum X 17500.. ' -

Ventral vieonf the first to seventh segments of the .

- right innervflagellum - Black arrows indicate the small

‘ groups of type I setae whlch are ventral]y dlsplaced

‘from the mesial row. .Note.the long, reCumbent type II

setae of the .mesial row which occur on segments 2 and 3

/_/
(whlte arrows) and the erect posture of the type I setae

of the lateral TOW, X 88. .
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‘thle basis of tip morphology. Type I setae tesemble the accessory setae
- Jf the OF in that they have a d1st1nct termlnal pore w1th an 1nterna1
d1ameter of Q-4uum (Plate 22a). They are 50 to 250 um in length and’ 4
to'9 um-in basal diameter. In contrast, the type 11 seta€°have al-0ypm
pore which often has mater1a1 extend1ng from it (Plate 22b). .This
ﬂmater1al is not v151b1e;under the light microscope and is considered
to be exudate fromethe“setae.thyperlI setae range from 3 to ZO'um in
basal d1ameter and 50 to llOO um in length. In fresh mater1a1 some

type I and type II setae are ‘erect whlle ofhers are.quite- Tecumbent.

'Annulat1ons have not been seen along either type I or type II setae.

(i) The arrangement of setae in the mesial row. The me51a1 TOW
. beglns about one- th1rd of the way along the proximal segment On this
segment there is a long1tud1nal TOW Of 3 to 5 erect tvpe II setae which
Mare:spaced about 100 um apart. Ventral to this row ‘there is a group of
/'12 to 16 type I setae (Plate 20) In fresh mater1al 3or 4 of this
group are erect wh11e others are: recumbent Generally a small TOow Oof
€ 2 to 4 recumbent setae occur on the distal. extrem1ty of the proXumal
segments (Plate 20) '
On the second segment there are 3 to 6 type I setae and 1 to 3
type II setae. The number of type I setae/segment on the more di-tal
'.segments varies onlv sllghtly but” the number of type I1 setae 1ncreases_
to 5 to 7 on the second most d1sta1 segment (Tab%; 1)
| Both type I and type T setae occur in a transverse row 10 to
30, um from the d15ta1 extrem1ty of each segment Wlth the except1on of
the d1sta1 segment type II setae always lie dorsal to the type I setae

(Plate;ZO). On Segments 1to6a small TOW of 1,.2-and sometimes'3

a
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recumbent type I setae occur ventral to the row of more erect type I

setae (Table 1 ar‘Plate 23) ‘The latter group of type I setae become '

more recumbent d1stally and this, combined with the sp1ra111ng of the

,gfme51a1 TOW ventrally around the IF, makes these two groups of setae

indistinguishable on the 3 or 4 most distal segments.

. Generally the type IT setae become more recumbent d1stally. ‘An
except1on is the occurrence of a 51ngle very long (700 to 1100 um),
_recumbent seta usually on each of segments 2, 3 and 4 (Plate 23)

On the dlstal segment there are 13 to 15 setae. At least 4 of
hthese appear to have t1ps ‘resembling type I setae whlle the t1ps of
at least 6 of the remalnder resemble type II setae. Due to the presencei
of broken t1ps and difficulties with orientation under the SEM it is
presently impossible to be more precise about the actual numbers of

type_I‘and type II setae'on the distal segment. L !

(ii) Arrangement of setae in the latéral row, In the lateral TOW |
there are less setae/segment than in the mesial row (Tab]e 1, cf. Plate
‘ 20 with 21) . L1ke .the me51a1 ‘Tow, however the type II seta(e) of each
segment 11e(s) dorsal to the type 1 seta(e) (Plate 21)

W1th ‘the except1on of the prox1ma1 segment the setae are grouped
40 to 100 um’ from the dlstal end of each segment On ‘the proxlmal
'segment the seta are arranged 1n a long1tud1nally orﬁéntated group
which extends two- th1rds of the way down the segment Dlstally the .
length of the type I setae decreases only sl1ght1y and they Temain erect
.along the IF (Plate 23) : In contrast the type II setae decrease in
length and become 1ncre351ngly recumbent so that on the 3. or 4 most

“distal segme ts they. are shorter than the type I setae and are or1entated

AN



" almost parallel with the flagellar exoskeleton (Plate él).
. (2) “Analysis of the Antennular Activitie's (
;- b

) i ’ . P .
Mgst movements at the 301nts of the antennule constltute compo-

_— nents of fbur ba51c act1v1t1es~ f11ck1ng, rotatlon wiping and with-

drawal. - ~oughout these expenments however, slow flexmns and
= ;

, 4
, extens1ons at the prox1mal segment med1al segment (PS MS) medlal

(’/

v segment dlstal segment (MS -DS) or the distal segment-outer flagellum

(DS OF) 301nts were frequently observed. These movements were not

,vassoc1ated with the ba51c activities, and their freguency, extent and

4

-‘b speed were highly var1able within and between an1mals. An accurate

J

descr1pt1on of such movements would requlre a hlghlv statlstlcal

-p approach based on a large number of observat1ons and for th1s reason T

a\?l :"

l)' .

more att,‘t1on was d1rected towards the other more stereotyped anten-
e

(a) Antemmular fZicking ‘

L i : @

1. Frequency, asyrmetry and arrhythmia. .

In the holdlng tanks crabs flick their antennules almost continu-
ously. Even when a crah "s withdrawn into its shell flicking usually

resumes long befbre tht O emerges.

i

The mean frequency of . fl1ck1ng appears to be 1nf1uenced by the ;
phySIOIOglcal condltlon of a crab as well as by many sensory parameters o

such as chem1cals, light, osmotlc and mechanlcal st1mu11. Although the )

.effects of 51ngle moda11t1es on the mean fl1ck1ng frequency have? not -

-been exhaustlvely tested the followlng st1mu11 have ‘been noted to -

1nf1uence the f11ck1ng frequency°




(i)’Inhibitory. A brief interruption of flicking resulted from:
light mechanical stimulation of- the antennules, eyestalks or antennae°
the appl1cat10n of distilled water to the OF firm taps to the body or
shell. Tonic decreases in the frequency of flicking resulted from:
Tepeated application of the above stimuli; raising the:water’tempera-

‘ture above 18°C; cutting off water currents.

'(ii) Excitatory. An increased frequency of flicking resulted from::

faster water currents (used in hlgh speed f11m1ng) plac1ng crabs &n .
’new surroundlngs, placing fish Julce or pieces of fish near a starved
.animal.
o Anelysisbof S0 frame/sec motion pictures has shown;that flicking

is a non-rhvthmicéi esynmetrical activity.’ The Ainter-flick 1nterval
| of a single antennule shows large variations between successive flicks
(F1g. 3A B) and these variations do not appear to follow any simple
temporal pattern. . The. mean frequency of f11ck1ng (1/mean 1nter—f11ck
1nterval [mln]) of a s1ng1e antennule was about 75/m1n under the .

> 3

e
-

'fllmang conditions. , o '_
n\ . ; ’ . . L : p
A flick of one antennule'did not influence the-occurrence'of a .

.‘fliek in theaother antennu1e. h‘hen flicks ~f- the left and rlght anten-

nules are cons1dered together the inter-flick 1nterval is also h1ghly

. variable *(Fig. 3C). ‘The.mean _king frequency was then ‘about 150/m1nv

under.the filming conditions Frequently animals would flick a single
‘ antennule ‘several’ t1mes w1thout f11ck1ng the other antennule but over
' 'the 2.5 min filming perlods the numbers of f11cks of each antennule
were approx1m{§kly the same (Flg. 3A »B). Although at 50 frames/sec.~

f11cks of the left and rlght antennules sometlmes appeared to occur-

X N . ¢

-
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Fig. 3. Hlstogram of the 1nter-f11ck 1nterval of the left (A)

i rlght (B) and the 1nterval betheen the fllck of one antennule and

'the next fllck _whether by the 1p51lateral.or the contralatgral
LY
antehnule C). Also ‘shown are the mean 1nter f11ck 1ntervéls +
7\' ‘
standard dev1at10ns (sec) the coeff1c1ent of varlatlon (c.v.) and

the number of 1ntervals (®;) over a total fllnung period of 2-5'min.

s

™
Note the h1gh coeffic1ents of varlatlon Bin size equals 0-1 sec.

~



44

0
A - 073+0S55
- R Ccv.=756%
. E
=
T -
36
. ‘ _ - .
) . cv.=731%
‘ 0781057
. N = 180
. B o
E 20 - ' ’
2.
7 d K o
—— T
. 36
. - ‘ S ‘ J :
12 v 24 36 ; E
" Tune (sec) f



E

el

synchrondUsly, at 400 frames/sec a f11ck of one antennule was never

Y

| exactly synchronlzed with a fllck of the other antennule

4.
I

F11ck1ng was not 1nh1b1ted by removal of one antennule, and even
after cuttlng an antennule’ off,JUst distal to the MS~DS 301nt the stump

# A,"- o

' of the DS was st111 occa51ona11y f11cked down

2. Mbvements Qf the Joznts and aesthetasc setae

Antennular f11ck1ng con51sts of a pha51c depression of the OF and
bsS. ‘Ana1y51s of h1gh speed motlon p1ctures has shown that a single
f11ck usuélly lasts 100 to 160 msec. Table 2 and F1gure 4 shou the

t1m1ng of movements at the MS DS and DS- OF‘JOIHtS Some error in these

measurements results from the m1n1mum 1nter—frame 1nterval of 2 5 msec

[‘, .

(400 frames/sec) be1ng large 1nccomparlson with some of the duratlons -

'belng measured

The first ev1dence of a f11ck 1s a very small flex1on at the MS-DS
joint wh1ch usually occup1es the t1me between two consecut1ve frames
(2.5 msec) The second frame is cons1dered ta mark the zero time of a
flick (Figs. 4A° and.SA)v Durlng the second ‘to s1xth frames (10 msec)
the DS-OF. 301nt 1is flexed through an angle of 30 to.45° (F1g.'4A B)
From the second to fourth: frame (S mSec) no further angle change occurs
‘ e
at the MS DS. Jo1nt but over the next four to six frames (20 to 30 msec)
th1s joint is flexed through 5 to 15 (F1g. 4B C) Touards\the end of
4MS DS flex1on there is ; sllght outward movement of the antennule arouﬁd‘
the PS-MS joint. . The DS ‘OF and- MS—DS 301nts are’ usually retalned in
_ the1r flexed pos1t1ons for 20 to SS‘and S to 11 msec, reSpectlvely. h,'
' 'Extens1on at the DS- OF Jo1nt begxns 30 to 45 msec: after the beglnnlng of

a f11ck CTable 2) ¢

45
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Fig¥D§- ‘Movements of’the MS-DS and DS-OF joints‘during an ‘antennular
fliek.‘ {A) shows the antennule. fOllOWlng the small 1n1t1a1 flex1on
bof~the MS—DS joint. Dur1ng the next 10 msec the DS-OF Jo1nt is fully
flexed (B). No flexion of the MS-DS 301nt occurs during the first

5 msec of a flick’and once re-initiated laste 30 msec (C) The dotted |
lines 1n B and C.represent the p051t10n of the DS at the beginning of

‘a f11ck A).

, the MS- DS and DS-OF 301nts are extended
t

'(D) return1ng the antennule to 1ts ‘initial posture. Dur1ng the’first

.'15 msec ;he aesthetasc setae are splayed apart‘(E).
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AFig. 5. Dlagrammatlc representatlon of movements of the aesthe—
”tasc setee and OF durlng the first 25 msec ef.an antennular f11ck
' Llne III shows a lateral view of the ‘movements of the end seta 1n\
each of 7 long TOWS of aesthetascs The dotted 11nes Tepresent the-
~ initial p051t10n (Y] msec) of the DS and OF. ‘Note the greater separa-
A‘tlon between the more distal rows of aesthetascs and the concurrent
,bendlng of the OF (EIII). L1ne II shows a frontal'view of the
movements of the setae in row 2 and row 6 (CII) Line_l shows the
‘movements of the setae in row 2 as they might appear in.a croes;

'v_sectional view of the'OF., See text for further explanation.

v
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A featume of most movements durlng antennular fllcklng is thelr,
var1ab11rty. Nlthln any 1nUJV1dual houever the time’ required for
fleé;on of the DS—OF joint is fa1r1y constant (Table 2) . In-addition,
‘the time between initial movement of the MS-DS and DS-OF joints appears
‘constant at 2-5 msec, but it must be enpha51zed that a film speed of
400 frames/sec does not allow measurements of variability of less than‘
2.5 msec. | | | |

| Although f11ck1ng usnallv occurs shrle the antennule is in 1ts
extended p051t10n shownfhn Figure 4A, it may also occur during tonit
flex1on at the MS-DS joint. Under these circumstances there is little'
or noﬂnovement at the MS-DS joint but flex10n at the DS-OF 301nt is |
unaffectedt This form of f11cR1ng was frequentlv observed in anlmals
| which had w1thdraun into the1r shells when extension of the antennule

would result in the outer flagellum h1tt1ng the inside of the shell.

Sometlmes animals were encountered in which a flxck was frequently

preceded bv a prolonged slow flexion of the “S—DS Jo1nt In analyz1ng

P

thls act1v1ty a flick w3s con51dered to begin at the first 51gn of .
‘)depre551on of the OF The initial fletlon at the MS-DS joint may take

- up to 240 msec durrng whlch time the angle of the MS-DS Jo1nt may change

up to 35° When the flxck beglns theﬁe is no pause in MS-DS flexion.

A f11ck of this type takes a longer total time (e.g. -00 msec) and

examination of the various phases of a flick show that ‘this 1s due to

1ncrease 1n the extensxon times of the MS—DS and DS—OF 101nts (Table 2)

| Dur1ng antennular flicking there is con51derable bendlng of the OF

xand movement ‘of the denselyv-packed aesthetasc setae (Flg. 4). When

animals f11cked towards the cameraothe aesthetasc setae could be seen

v

&

51

£



to splay out laterally and me51a11y (Fig. 4E) v Although the resolution
-on ‘single ‘frames . Was 1nsuff1c1ent to plot the movements of single setae,
observations of many,flicks, slowed down about—lOO times furnished

the following description Durin° the first 5 msec of DS OF joint -

flex1on the aesthetascs are depressed into a more recumbent position
\ » v

(Fig. 5A B) Over the next 10 to 15 msec there JS flex10n at the MS-DS

joint and the aest™etascs are splayed In the resting antennule a
medial part in the aesthetascs d1v1des them into a lateral and a mesial
group so that during a flick the water re51stance fOrces generated by
‘_flex1on at the DS-OF and MS-DS joints are probably sufficient: to cause
full splayinz>of the setae.b Maximal Splaying'occurs 15 to 20 msec
afterjthe beginning of a flick (Fig. SC D) and is folloued by movement'
of the setae back to thelr resting p051tion over themnext 30 to 40 msec
(Fig. 4C) Amongst the prox1ma1 rows of setae this movement consists
of a lateral or mesial swing of the setae around the OF which 1n1tially
results in them returning to.a less recumbent p051t10n than they adopt
’ vin the resting antennule (Fig. 5E). Lateral me51al splaylng of the
aesthetascs 1s max1mal amongst the more proximal Tows of setae and 1t -
thus seems that bending of the OF fac111tates a uniform separation
between adjacent aesthetascs 1rrespective of their positibn,on the OF
(Fig. SD,E). | |

During flicking, deflection of the . aesthetasc setae occurs. both by
‘movement around their basal attachment with the OF and also by some
bending along the shank of the setae (Fig. S)  These observations sug-

~

gest that the sockets in which each aesthetasc is borne and the periodic

-annulations may constitute structural adaptations to antennular flicklng.

',;52
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The marked influence 5} water resistance on thelOF ralsed the
question of how much this factor was involved in the t1m1ng of move—;
"ments during a normal flick. To test this, flicking was filmed in
anlmals from wh1ch all but the basal segment of the OF had been removed
' Two marked modifications were éhserved ‘First, there was no pause in
the flexion of the MS—DS joint f ThlS movement usually led flex1on of
the DS-OF 301nt by 2°S msec (Table 2) -Second, there was a reduction
in the rise-time of the OF and the duratlon for‘hhlch flex1on was main-
talned at the MS- DS and DS- OF JOlnts (Table 2).
The abolition of a pause in the flexion of the MS DS 301nt can be
explalned if one assumes that in intact antennules thls pause results
'from an upward force generated by water resistance forces to the rapid
flex1on at the DS OF joint. Removal of the short segments of the OF
n"éid‘ cwould greatly reduce water resistance fbrces opp051ng rapid flexlon at
| the DS OF @p&ﬂg and thus the upward force on the DS durlng thls phase' :
’"of a fllck The absence of a ._pause follow1ng excision of the short
{ s:éments cannot be explalnedwg} ‘the decreased number of EJPs in flexor
Hﬁwdzdmuscles 31F and 32F QQLEh results from this operat1on (see Sectlon 5.
};t;ﬁ‘ | (a), Chapter III) |
The reductlon in the duration of extension at the Ds- OF Jolnt
E p0551b1y results from the decrease in water re51stance forces' 0pp051ng‘.-
the elastlc forces whlch cause exten51on at the DS-OF 301nt The‘°
" decreased number of EJPs in flexor muscles 31F and o’F followlng ex-

" cision of the short segments of the OF would account for the decreased

times for which flexion is malntalned ‘at the MS DS -and DS-OF joints.

(b) AntennuZar rotatzon

v

Antennular rotatlon consists of a tw1st1ng of an antennule at the



PS-MS joint. The %?tennule can ‘thus be rotated: about its longltudlnal
axis through approximately 180° so that the. aesthetasc setae may po1nt

‘back over the ipsilateral eyestalk and along the ipsilateral side of
U.‘ L’

the carapace.

Usually both antennules are orientated towards the -same 51de and
W
both are usually re- or1entated in approximate unison. Both antennules

often appear to be orientatedaso that the aesthetascs point 1nto
4
ex1st1ng water currents.  When f11ck1ng is tonlcally 1nh1b1ted ie g. by

removal of water currents) antennular rotatlon does not occur The

; frequency.of re-orientation is greatest when locomotory activity and

One antennule_is often flicked immediately

& Su;roundings.

on cessation of a re-orientation movement.

’

,ﬁyﬁﬁ& o | (c) Antennular wzpzng

éﬁ The speclflc movements employed in wiping vary between animals.
f.?ﬁf }he number of wdplng sequences recorded from a single animal by means
‘tg? :of high- speed flimlng uas 1nsuff1c1ent to conflrm whether the same
S .
"f , varlatlon occurs W1th1n a s1ng1e an1ma1 Two sequences recorded from

R

dlfferent anlmals w111 be detalled ‘below as examples of thlS varlatlon

(Flg 6A B) ¢

,w“depre551on of the antennule around the

oA

Sequence i'inuilués‘s

PS-MS 301nt followe by flexion at the MS-DS 301nt (Flg. 6AI -ATI and

.N'i

AITI). When the DS is fully depressed the endopod1tes of the Srd

- max1111peds are ralsed and brought down along the DS to clasp the OF
~ ', Y
-and IF. The PS 15 then ra1sed by movements at the PS- DS and MS- DS
k}
joints " and the OF and IF are- thus pulled fromeetween the endopod1tes
. . _,_‘;_v,. .

54
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. phase of w1p1ng.

L3
fFig;'GAiV, AV).‘ The antennule assumes its initial posture by further
éxten51on at the MS-DS )01nt (Flg. 6AV, AVI).

,f. Seq;ence 2 1nvolves ear11er activation of the max1111peds In1t1al
:deoress1on of the antennule occurs about its basal joint (Flg 6BI and
_~BII) //The endopqdltes are brought down along the DS and clasp the OF 7

4

and IF. ‘During this phase the PS and' DS are held down hhlle the MS is

elevated by angle changes around the PS MS and MS DS 301nts (Fig. 6BIII

.and BIV). The OF and IF are f1na11y pulled ‘free of the endopodltes by

this movement of the MS. The PS and DS are then svnchronously raised

about the1r basal£Q01nts.unt11 the antennule resumes its 1n1t1a1 posi-
\

tion [Fig. 6BV, BVI ~and’ BVII). ' ' , e

In both sequences depre551on of the DS is usually achleved by

- >

,flexlon of the MS-DS 301nt through 50 to 100 in 300 to 1300 msec . 2
: ke ' '

(Frg. 6AIII and BITI). The angle moved depends on the initial angle of

thlS joint,; but the angle attained. by this movement is usuallv between

80 and:95°. The entlre h1p1ng sequence may take from 500 to 2000. msec.

From d1rect observatlons there is a strong suggestlon of a slow -and

malntalned flex1on at. the DS-OF joint during flexion at the MS DS

i J01nt (Fig. 6AII AITY, BIT and BIII). - Unfortunately, however, the OF .

s usuallv obscured from lateral view by the maXillipeds'during thi%.,

PO

Nlplng frequently occursl1n the absence ofvapparent st1mu11,

*xalthough it can be e11C1ted by 11ght mechanlcal st1mulat1on of the 7

aesthetascs hlth a clean p1ece “of fllter paper Although. the 1nterVal ’

’ between ulpes is hlghly varlable w1th1n any individual, an’ 1ncreased

mean frequenC) of w1p1ng has been observed in an1mals that had recently



~Fig. 6. Two sequences of antennular movements dur1ng.w1p1ng. ‘The

" downward : arrows mark the p051t10n of the antennule when the endopod1tes
e :

of the 3rd max1111peds enter a sequence and the upuard arrows mark

s

where ‘they leave a sequence Note the variation'in 301nt movements -

,between sequence 1 (A) and sequence 2 (B). ‘B, body wall; B6, prox1mal
segment: MS, medial segﬁgnt; DS; distél segﬁent; OF, outer'flageiluu;

>IF, inher flageiluu. ‘See text fbr further e;pianation. J

Fig. 7. Movements of. the antennule'durlng the w1thdrawa1 reflexes. A:
fast flex10n-h1thdrawa1 reflex (A1°1nvolves rap1d flex1on at only“the
MS-DS 301nt whereas a slow flex1on-W1thdrawal reflex (B) 1nvolves slow
flex1on at. both .the MS- DS-and DS OF JOlntS An extension-withdrawal

~ref1ex (C) 1nvolves exten51on at the MS- DS joint. durlng whlch sllght

¢

flex1on at the DS-OF 301nt probably results from water resistance forces.

The dotted lines in C Trepresent the pos1t10n of the dlstal segment pr10r

to extens1on withdrawal.

R a
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: d1tes are used to w1pe an eyestalk antenna or the flagella of the 1st

particles p1petted-over the1r‘aesthetascs. Plpettlng filtered fish
juice around the aesthetascs was generally umsuccessful in eliciting
wiping.

Usually only the stimulated antennule is wiped although wiping

‘of both,antennu}es occurs in the stimulated and unmolested animal.

When .one anteqnuleVis being wiped'the other may continue~flicking as
. : o

Jif'Unaffected by the activity'of the first. Occ351onally the endopo-

2]

2nd and. 3rd max1111peds.
The above observations suggested that antennular wiping was func-

tionélly important in cleaﬁingvthe aesthetasc setae. _ Material caught

‘ amongst the aesthetascs durlng fllck1ng could thus be removed by the

large 'combe 11ke' setae on the endopod1tes of the 3rd max1111peds.
L

"Examination of the aesthetascs of normal animals showed them to be

almost free from any debris, but after removal of éven one endopodite

" the aesthetascs'became darkened‘within'48 h-owing to the aecumulation

of diatoms and d1rt Operated anlmals made repeated attempts to w1pe

‘thelr antennules w1th ‘the remalnlng endopodlte and. even follollng

bilateral removal of the endopodltes the antennules were frequently

depressed into the p051t10n they adopt during wlplng.

(d) Antennular.withdfamal
Antennular withdrawal is considered:as postﬁring or movement of
one'ei both antennules éwéy‘frop a source ofvstihulation | Four types .
of Qithdrawal have/been obserVed’ (1) extension: w1thdrawal° (2) sibﬁ.

flexion w1thdrawal' (3) fast flexion withdrawal' (4) tonic flex1on

S8



‘re51stance. .

, | - e L | |
withdrawal (Fig. 7A,B,C and Plate 24). The first three types are
reflexes while the fourth is a postural modification of the antennule

and other appendages.

1. Ertension-withdrawal reflex.

It was’difficult to consistently elicit eXtension—withdrawal :

- reflexes for the purposes of filming and the follow1ng descrxptlon is

based malnly on d1rect observat1ons.
' Exten51on withdrawal may be e11c1ted by mechanlcal strmulatlon of

the IF. P1pett1ng d1$t111ed water near the aesthetascs for several

e,

seoonds sometimes elicits extens1on w1thdrawa1 but only after a slow

'flex1on-w1thdrawa1 reflex ‘ Exten51on hlthdraual may thus occur when

'the DS 1is. depressed or when the antennule is - in: the normal extended »

l 2".

',p051t1on shown in F1gure 4A. In the'latter case ‘an angle change of

10 to 20° occurs‘at ‘the MS- DS 301nt (Flg 7C) -,
St1mu1at1on of'one antennule USually el1c1t5/on1y an“1p51lateral
response. Extens1on ulthdrawal may occur rapldlx and smoothly or in

/1
a d15301nted manner Durlngwa rap1d.extens1on u1thdrahal the DS-OF

o’

Jo1nt may be sl1ght1y flexed due probably, to the effects ol water . e

2. Slow: fZexmon-unthdrawaZ rej1

Touch1ng the 51des or dorsal surface of the OF with a glass ‘rod

usually causes a slou smooth. flex1on at both the-MS DS*and DS-OF .

‘JOlnts (F1g..7B) Slow p1pett1ng of diluted sea water (20 %) around the

aesthetascs usually produces 51m11ar movements, of one or both anten-

' nules. No_w1thdrawaleoccurred when sea water was substituted in these

S

- . ,."‘ .w)



B I
Plate 24. Tonic withdrawal of the antennules in a crab occupying a
shell too small fo'permit its full withdrawal. Note the
flexion 'of the antennules at the MS-DS and DS-OF joint, ;*J

the.anteriorly_ﬂepressed'eyesta}ks'ahd the folding of the

-

2nd anféﬁhéiL$egment'(érrow)_beneath the eyeStalkS and

~ .
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experiments. Touch1ng an eyestalk antenna or’ the carapace wrth a:
+ : s

‘glass ‘rod e11e1ted slow flex1on w1thdrawal of both antennules but a

o,

.; o '
larger movement occurred on- the st1mu1ated S1de

:The%extenttaﬂd rate f:’

of the component movements . of slow flexion wlthdrawal seemed to depend o

5 (, 4 B ‘V bl )"' 1;& . Wl

on the durat1on or 1ntens1ty of the st1mulus. Very 1ntense st1mu11 o

Ta
Yo e

Ve11c1ted a rapld flex1on at the MS-DS Jo1nt w1thout flex1on at the .~ .~ 7

DS OF joint, but this. 1s con51dered to const1tute a fast fleiion——

a
[

withdrawal reflex. . L . '.j . ?5=@':"‘
~e;dkﬂlow1ng a slow flexion w1thdrawal the antennule was normally
"r\)s .

ma’ ’ta1ned for at least half a second, 1n 1ts flexed condltlon.- Exten-

4,0

sion from th1s p051t1on occurted at a var1able but slow rate. The '
antennule was not always completely extended before the resumptlon of

-antennular fl1ck1ng, and further stimulation often causes fUrther
-flexion w1thdrawal.» .;,w>
3. Fasf fZexion—UithdrdnaZ reflex
" The fast flex1on w1thdrawa1 reflex is most eas11y el1c1ted by
. p1pett1ng d1st111ed water(around the aesthetascs strong taps to the B ; m§

. At ;
eyestalks 'or shell or bendlng the t1p of the(H=towards the aesthetascs

. (\4 —

w1th a glass rod It con51sts of a rap1d flexxon of the MS DS 3o1nt
<wh1ch is not accompanled by flexlon of the DS—OF 301nt (F1g. 7A)
Water reslstance thus causes the OF to trall through the water in an

extremely extended p051t10n. The appllcat1on of these st1mu11 durlng

4

a slow flexlon w1thdrawa1 -still e11c1ts a strong flex1on at the ‘MS- DS

301nt character1st1c of the fast f1ex1on w1thdrawal - o . .

The extent and durat1on of a fast flex10n-w1thdrawal reflex varies
, “

~and in part depends on the 1n1t1a1 angle at.zhe MS DS Jo1nt Usually

.
)
! \



f"pylng shells too small to. permlt their w1thdraw,l
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'this joint angle changes 50 to 80° inJ60vtov200 msec. Extension of the

‘antennule occurs at. a varlable rate and the MS-DS Jo1nt may remain

flexed for several seconds.
Although mechanlcal st1mulat1on of the OF results in an 1&511ateral

response very intense st1mu11 sometimes produced a bilateral response.

-’Generally tapping on an eyestalk or the shell or stimulation of the °
' aesthetascs wlth d1st111ed water were more effectlve in. e11c1t1ng a ‘

_5response in both antennules.

”Tﬂg;; Tonic flexion withdrawal

An1mals whlch have been removed from the1r shells or animals occu-

responded ‘to. continual

tapplng of the eyestalks antennules Or antennac ‘or st1mulat10n of the

' antennules wlth dlStllled water or - to several ha:d taps to the shell or

i

,legs by adoptlng a ton1c wlthdrahal posture During ton1c w1thdrawa1

,

:'5,the MS DS and DS OF Jo1nts of both antennules are flexed the eyestalksm‘

.hare depressed in an anterlor d1rect10n and the 7nd antennal segments
,‘are fblded under the eyestalks and antennules (Plate 24). * The 1nten51ty

"and duratlon of stlmulatlon requ1red to e11c1t ton1c flexlon w1thdrawal

. : ‘0

'varleS"an1mals which’ have recentlv sustalned damage to an OF often

'A‘

.. showed - tonlc wlthdraya} in. response to. very 11ght mechanlcal st1mulat on.

1. Muséles .

v

'Tonlc wlthdrawal cannot be properlv observed in” an1mals wh1ch are able

;vto wlthdraw completely 1nto the1r shells.:

[

-'F(3) Motdr‘1nnervation4and'Museuiature;
a) Aratomy
e N

N hihe”bSband'MS_of the .antennule contain-a total .of five muscles which -

<



. B ’.} L . . ’
are d1v1ded into three muscle groups.: Muscle group 30 con51sts of a

51ng1e muscle, 30 0%30) Proxlmally the - flbres of M30 are attached to

“the dorsal. exoskeleton at the base of the MS Dlstally they are

attached to a tendon wh1ch is attached to the dorsal. exoskePﬁton at

p

the base of the DS (Flg. ). Ten51on 1n M30 causes exten51on at the
MS-DS JOlnt.x Cutt1ng muscle groups 30 and 31 shows that elast1c1ty

in. thls Jo1nt opposes dlsplacement of, the DS from 1ts restlng pos1t10n

bl

B

shown 1n Flgure 1. This elast1c1ty 1s weak in recently moulted anlmals.'

MuScle group 31 cons1sts of two muscles Sarcomere measurements,

¢

_excltatory Junctlon potent1a1 (EJP) shapes and whole-muscle tens1on

l

responses have: suggested that these muscles probably conta1n only slow

(=S

3(muscle 315) and fast (muscle 31F) f1bres, respect1vely. Distally the
'f1bres of both muscles share a common tendon wh1ch attaches to the
.ventral exoskeleton at'the/base of the DS. The f1bres of muscle 31S
'Oﬂ315) 11e along a d1agona1 to the MS and are attached prox1mally to .
ithe mes1a1 exoskeleton near the base of thlsQfegment The f1bres of
, muscle 31F (MSIF) 11e along the ventral exoskeleton of the MS to whlch
' they are attached in"the prox1ma1 reg1on (Flg.'l) Although tens1on 1n
either M31S or M31F causes flexion of the MS- DS 301nt the movement
caused by M31F is. small compared to that caused by 'M31S. ; "} .
| Mu§c1e group 32 consists of two muscles. Sarcomere measurements,
EJP- shapes and whole -muscle ten51on responses have suggested that these
muscles nrobably contaln only slow (muscle 328) and fast (muscle 32F)
‘flbres respectlvely. °D1sta11y the flbhes pf both muscles share a’
.common tendon whlch attaches to the ventral exoskeleton at the base of
the Ong,Ihe fibres. of.both musclesdlle ‘along: a diagonal to the DS. _

v

o XJ/
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exoskeleton aboutxone half to two-thirds of the way from the base of

-

the DS, while those of muscle 32F (H32F) are attached to the mesial

exoskeleton near the base of the DS (Fig. 1). Although tension in either

M32S or M32F causes f]ex1on at the DS-OF joint, M32S con51sts of only

'about six fibres and it can thus develop very llttle ten51on in comparl—

. son with M32F. When muscle group 32 is removed the OF assumes a raised
Cp051t10n to which it returns after manual depre551on suggestlng that
ﬂv/elast1c1ty w1th1n its joint with the DS is important in ralslng the
| OF durlng normal activity. | ‘
The five muscles descrubed above may be grouped on the b351s of
their coloratlon and sarcomere lengths. Muscles 31F and 32F have an .
orange colouration while mscles 30, 31s anﬁ?xzs are fe]atiielv colour-
less. Data from elght antennules ShOhed that muscles 31F and 32F had |
:;short sarcomeres (2 -1 to 3-9 ym), hhxle the sarcomeres of muscles 30

51
31S and 32S .were about twice as long (usuallv 4-8 to 6- 6 um) (Table 3)

2. ‘Nerves

All nerves to the OF, IF, DS and MS branch from a 51ng1e nerve '
wh1ch enters the base of the PS. h1th1n the base of this segment three
major. branches arise which will be referred to in order of decre351ng '
diaméter as nerves 1to3 (F1g. 1) \erve 1 (\1) is about 280 pm in
diameter and contalns mainly the fine axons of the sensory neurons of
the. OF " Nerve 3’ (NS) divides 1nto‘two branches which appear to termi-
nate near the MS- DS and DS- OF 3o1nts re5pect1vel). herve-S varies *
con51derably in dlameter between animals. No contractlons or'Junctlon

€«

potentlals were observed in any of the above muscles on stlmulatlon of
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 Table 3. Mean sarcomere lengths (pm) of ante- wlar muscles

Antennulé

no.

7

8

Means \are baSéd on five to ten measurements of ten sarcomeres

N

@

“Muscle
30

3-8

in each muscle.

k4

Muscle

31F

3.7
3.0
2.5
3.9
3.2
3-6
2.4

2.3

“

Muscle

31S

5-6
5.7
56

5-2

5.5

5-7

5.3

4-9

O

Muscle
- 32F
2.4
2.2
2-6
2-4
2-1
2.9
2-6

2-5

Muscle
32S
6-6
6-1

5-6

5.2

5.8
5.4
5.5

5.0
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N1 or N3, .

Nerve 2 (N2) is about 1%0 um in drameter. It is a mixed nerve
conta1n1ng the motor axons to all five muscles descrlbed above and
sensory axons many of whlch arise from receptors on, the IF. Within‘ |
the PS a fine nerve (approx d1ameter 33 um) branches off N2 and coils.
dround its lateral s1de before entering the MS. This branch will be
referred to as nerve 2a (N2a) (Fig. 1). |

Thin Epon sectionS’show that N2a contains only two axons of about

13 to 14 pym in d1ameter and that N2 ‘contains two glant axons. of about K
40 to 42 um in dlameter (Plate 25) Serial sect1ons of antennules‘show
that one g1ant axon leaves N2 in *he basal half of the MS and can ‘be -

seen runn1ng ‘between M31S and M31F . The other giant axon enters the

DS where it becomes associated with muscle group 32.

(b) Physiology
If the branch N2a is cut, st1mulat10n of N2 evokes ten51on and

EJPs in muscle groups 31 and 32 but not in muscle group-30. In most
' preparatxons N2 was,stlmulated proxlmallv to branch N2a. .
No 1nh1b1tory Junctlon potentlals were recorded in any of the

muscles 1nvest1gated an stlmulatlon of any of the antennular nerves.

1. Mbtor znnervatzon and tensmon responses of muche group 30
Nerve Za con51sts of two axons, and attempts were therefore made .
in. each preparatlon to separate ‘these axons by alter1ng the 1nten51ty

or durat1on of the stlmulus. “Two, parameters were used to monltor the

responses to. st1mu1at1on (1) the ten51on deveIOped by MSO and (2) the

)

occurrence of 1ntrace11ular1y recorded EJPs within d1fferent cells of

M30. - Successful separatlon was achleved_ln only 50% of these

67



Plate 25. ' A light microg_raph of a cfoss—sgction of'nervés 2 and
2a. Note the two axons of motoneurons A30F and A30S

in nerve 2a and t‘h‘e‘giant axons of motoneurons A31F and’

N ar/\ASZF in nerve 2. X 550, o - -

3,
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- preparations, and examination of these records suggested that‘it was
cgjmpossible tolpfedict which axon would have. the lower‘threshol&l This
would be'expected from the slmilarity in;diameter of the two»axons
"(Plate'_f25).v . C SR » , - ) s

S v : . L7 ) o
f + » The ‘following.data were éollected from preparations where the

x,

raxons or motoneurons?of N2a’had different”thresholds. When single
- stimuli.of dufferent 1ntenS1t1es were app11ed to N2 two tension .
.: _ responses were e11c1ted\1n muscle 30: (l)ua rap1d, usually largef“
w1tch response (Flg, 8Aj;fmd‘(2) a slower;‘usual}y Smailét éo;trac;.
.tion (FigngB). _The largen and smallet responses‘Were characteri;ed ._~

B T A o
by‘faster and slower rates of tension development and relaxat1on,

. re5pect1ve1y. The relat1ve magn1tude of the larger and smaller _ ) g

responses var1ed &eﬁyeen preparat1ons Even when both motoneurohs were.

‘exc1ted M30 seldom developed more than 14 mg ten$1on. .7 R s

k)

‘:-., ) Intracellula£ record1ng in dlfferent cells of M30 wh11e stlmulatlng .

N2 at d1fferent 1nten51t1es revealed (hat each cell was 1nnervated by '

R

o only ane motoneuron Two m1croe1ectrodes were employed to d1fferent1ate

,.

) : G
between the EJPs evoked by each motoneuron of N2a A}though restlng

“

3 'J" potent1als among the f1bres of M30- were usually hetween 50 and 60 mv, - p

N +

. VEJPs varled in 512e from 2 to 62 mV.kalt was noted that . larger EJPs ‘q}'” )

v gli (39 to 62 mV) occurred only‘withrn a few fibres along/¥hg/ventral - S }U

| surface of MSO and that elsewher&\ln the muscle EJPs were smaller 2 ' B

to 25. mV) . The larger EJPs followed a faster t1me course than theA"h, o
smaller:EJPs. (Flg. 8C, 9AI and BI) ' S1multaneous record1ng in the‘.

, ventral flbres and f1bres eLsewhere 1n M30 showed that the EJPs 1n” -

o.

: each group of f1bres had d1fferent thresholds to. st1mu1at1on of&lZ

&
3
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60 mV,gSOImsec.'_ o _ ' ‘ R s

R

Fig. 8. Tension responses and 1ntracellu1ar record1ngs in muscle 30

S, .

in response to a 51ngle h1gh 1nten51ty and low-intensity stimulus to

nerve 2. Hngh—1nten51ty stimulation e11c1ts a twitch of muscle 30

o

(A) and an EJP in the ventral fibres (C upper trace) and fibres
elsewhere in nuscle 30 (c, lowei trace) Low-inteffsity St1mu1ation

e11c1ts a small slow contractlon of muscle 30 (B) and an EJP in flbres
k)
elseuhere'1n muscle 30 (D, louer trace), bpt no'EJP in'the ventral’

fibres (D, Uppendtrace); .Scale‘—-'A and B: 54 mg; 150 msec; C and D:”

v 'Fig..9 AI and BI: Junctlon potentlals in the ventral flbres (large

~ , 3 .
EJPs) and fibres elsehhere (smaller EJPs) in muscle 30 in response{ﬁgy .

o~
‘a 51ng1e h1gh 1nten51ty stlmulus to nerve 2 AII and III and BII and

2 . h

II‘ ‘Lntracellular recordlngs (louer tuo traces) and whole muscle

<

Y

ten51on (top traces) in response to repetltlve stlmulat1on of nerve 2

- --\
at hlgh (II) and lou (III) 1ntens1tk Records A and B are from dlf—

oo © (

ferent preparatrons 1n hhlch the motor axon to the ventral f1bres;,k‘f,i

(mlddle/traces) had the hlghest and louest threshold 'reSpect1ve1y. ‘
. e, . ’f _ﬂ N

Note\the aonlc ten51on development'in the absence of a depolarlratlon

¢

: plateau (BII) (AIII) Scale — AI: 30 mV 15 msec; BI- 15 mV, 15 msec;

"AII ‘and lII 1500 msec, top’ traces 22 mg ;- mlddle ‘traces . ISO.mV, lower

A

-traces 60 mv; BII and Illd 1500 msec, t0p traces 54 mg, middle-and_

lower traces 60 nV
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‘}f;

’ record1ng w1th1n f1bres 1nnervated by ASOF‘and A30S, respectively, -
atlon. Preparatlons in wh1ch AaOS bad the louest threshold were used

'thls motoneuron while other preparat1ons were used to 1nvest1gate

(Fig. 8C,D). ﬂIt was therefore concluded that each motoneurdn of N2a
1nnervated a different populat1on of fibres within M30. These moto-
neurons have been named A30F and A30S in accordance with the fast and

slow t1me course of the tension responses they e11c1t in M30. Thus.

. the motoneuron 1nnervat1ng the ventral fibres will be referred to as

) ) . ¢ . v '
A30F while the motoneuron innervating the fibres elsewhere in the

muscle will be referred to as A30S.

Repet1t1ve st1mu1at1on of A30F at frequenc1es of 5, 10, 20 and

v -

404 ar Q¢resu1t in fac111tat10n of EJPs in the ventral fibres,
g i o

bu"thmul%?«? of A30S at frequenc1es as low as S/sec resulfed in
b ATy r

fac111tat10n of EJPs in fibres elsewqfre in M30. The degree of facili-

_ tatlon 1n the latter group of frbres was 1nverse1) related to the

1n1t1a1 51ze of the EJP. JunctIon potentlals of- around S mVv 1ncreased

S

)‘ Ay
jto three o, four t1mes the1r or1g1nal he1ght after fbur st1g;l1 applled

AN

f‘at 10/se¢ (F1g..9AIII)" yet EJPs of around 25 mv rncreased by only’a ,;‘
fractlon of their original size (Fig. QBII)\ Junctlon potentlals of

. A30F showed sllght d1sfac111tat10n at frequencles of 20/sec.

v

Monltoring of ten51on deveIOped by M30 uhnle 51mu1taneously

- -

ﬂ . /

':enabled the contractlle propertles of M30 to he related to 1ts innerva-

-

!

. to 1nvest1gate the ten51on responses attrlbutable to the exc1tat10n of

b i

s | reSanSes to exc1tat10n of A30F. The st1mula§§on of A3OS at frequen- .

c1es as low as S/sec resulted 1n a ton1c contractlon of M30 on wh1ch

& . . . . . e

ES

small contractlons were superlmposed Each;small_cOntraction correlated-

-~
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C, A

1

\

w1th an EJP in those muscle fibres innervated by A30S (F1g. 9AIII)
Increa51ng the st1mu1us 1ntens1ty resulted ‘in an EJP in fibres inner-

vated by A30F, and larjzr tw1tches became superimposed on the tonic

contractlon'lnduced by
/ 1
of both motoneurons did not result in 1ncreases in the magnitude of

the ton1c contraction (cf F1g. 9AII w1th AIII) In preparatlons '

where ASOF had the lowest threshold its stlmulatlon at frequenc1es up

I

to 10/sec resulted in a series of large tw1tches with no:tonic con-‘

” traction (Flg. 9BIII) Tonlc contractlon however resulted when the"

st1mulus 1nten51ty was above threshold for A3OS (F1g. QBII) e

It should be noted that the ton1c contract1ons observed in these
experlments arose from summat1on of thd‘slow 'tw1tches' evoked by
st1mu1at10n of A3OS and not by the bu11d -up . of a depolar1zat10n plateau

b
from: summatlon of the EJPs of th1s _axon. The tw1tch response evoked

: by st1mulat1on of A30F lasts for less than 50 mse¢ whereas the decay

of ton1c contractlons of heggame magn1tude may take up to 500 msec”

. r} IS oy

N

' (cf Flg. 8AIII with 9 . , ,2"‘

30S. At frequenc1es up to lO/sec st1mulat1on”

74

In conc1u51on It ppears that a%toneurons A30F and ASOS 1nnervate _~é5f//ﬂ-

LY

;‘dlfferent populatlons of muscle flﬁres | The f1bres 1nnervat‘d by ASOF

‘are fast in character Whlle those 1anervated by(%?OS are slow

f,sarcomere measurements of the f1bres in M30

dlstlnctran between populatlons however, 1s not- clearly appare’t from“

~

R . . &

2. Mbtor znnervatzon and tenszon responses of muche group 31

The appl1catLon of a- h1gh 1ntens1ty 51ngle st1mulus “to N2 evoked

‘a large contractlon (150 560 mg) 1n muscle group 31. This tension-

: .developed rap1d1y and decayed slowly Lowerlng the st1mulus 1nten51ty

N



resulted.in a smaller contraction (90 to 270 mg) wh1ch developed at the

same rate but whlch decayed rap1d1y (Fig. -10A). Visual .inspection

durlng this twitch suggested that: only MSIF was contractlng. After

'"1n whlchaten51on developed at a. slower rate than in the Jntact prepara—

'f tion (F1g. lOB) Max1mum ten51on development and the rate of decay of

ten51on were the sameihs in t--t

dation tens1on developed rapldly up to 310 mg, whlle at low intensities

tension developed rap1dly up. to 190 mg. Upon cntting M31F no rapid

. : teg51on development oéoyrred These data suggested that ‘M31F was
o K?gus . .
\\\\ o respons1ble for rapld ‘tension’ development and that it gave dlfferent

4
Y

‘responses to h1gh inten51ty and low 1ntens1tv stlmulatlon of N2,

r *y

Attempts to record these by CUttlng MSIS Were unsuccessful probably,

5éﬁue to damage of the motor nerve branches to M31F In a few intact.

preparatlons ‘however, v1sua1 examination showed that MSIS failed to
. - .

reSpond e st1mu1at10n of N2 and the ten51on responses of M31F to

L. .
N Both hxgh 1nten51ty (Flg 10C) and low Lnten51t) (F1g IOD) st1mu11

evoked a thtch response The former ranged from 200 to 400 mg in

h1gh 1nten51ty and low 1nten51ty st1mulat10n could thus ‘be. recorded z\

dlfferent preparatlons wh1le the latter was smaller ranglng from

90 to 200 mg These results ‘suggest, that M31F is 1nnervated by at
VA

least two - motoneurons and that st1mu1at1on of one or both of these

results in small or large rap1d ten51on development in 1ntact prepara-

[
¢ \

thﬂS .

o f
-

Restlng p§ient1als in cells of M31F and. M31S were from 35 to j B

65 mV and from 40. to 70 mv, reSpectlvely Srmultaneous-1ntrace11u1arl

[P
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4

Fig. 10. »Tensioﬂ responses of muscle group 31 in response to a single
stimu1u£ to nerve 2. A: the tension responses to a hlgh-intensity

. (larger responee) and a low-intensity (smallef, faster decaying
re5ponse) stlmulus. B: thg tghsion responses in 2he.same preparation
to a h1gh 1ntens1ty stlmulus before (arrow) and after cutting muscle
31F. Note the slower rate of tension development when only muscle 31S
isftbntr1but1ng to the response. C and D: -the tens1on responses to a
highfihtensity (C) and low-intensity (D) stimulus in a preparation
where muscle 315 was not.contracting. Note the,difference in magnitude .
of the two fesponses. Owing to vibration following the twitch' records .
o and D have been touched by dott1ng through the mean p01nts of the

L2

vibrations. Scale — 280 mg, 60 msec. .

B

-

Fig; 11. Intracellular recordlngs 1n muscles 31F (top traces) and 31S
Y

(bottom traces) 1n response to a h1gh 1ntens1ty (A) and low-lnten51ty
(B) stimulus to-nerve 2. Note the two peaks in the iop trace of A

_(arroﬁ marks mechan1ca1 artifact) the second of which occurs- synchro-_ :

~

'nously w1th the peak in the lower trace . Récord iﬁé/aws only the EJPs’
of motoneurons A3LF (top}trace) and A31S’ (bottom %- ce) -Scale:——

60 v, 15msec.",": C e

~
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*n

recordlngs in MSlF and M31S dur1ng h1gh -intensity st1mu1at1on’of NZ
resulted in a double -peaked response in most of the’ fibres of M31F
and a single- peaked response in all fibres of M3IS (F1g. llA) The‘
‘response in fibres of M31F ¢g slsted of a large (40 to 60. mV), sharp;
1n1t1al peak which decayed raﬁgﬁly but incompletely before being
followed by a smaller (20 to AGVNV) blunter peak The second peak

1n1t1ally decayed at about the same rate as the f1rst but this phase

"was usually 1nterrupted by movement art1factS‘(F1g llA) The first

0% of M31F fibres,

(20 to 40- mV) wh1ch had about the same magnltude and latency, in any,

i

preparatlon as the ‘second peak in f1bres of M31F Subsequent decay
-of the responSe in MSIS was slow in comparlson w1th both peaks 1n
M31F In ‘all. preparat1ons the second peak in M31F had the same thresh—

old as the response in MSIS and- 1t was thus. concluded that they were
‘EJPs of a- 51ngle motheuron wh1ch 1nnervates both muscles As thlS

-
-~

" motoneuron may e11c1t slow and fast ten51on responses in ‘muscle grOUp

'i 31 it w111 be referred Lo as motoneuron A31F-S.

St1mu1at10n of N2 at’ an 1ntens1ty Just below the threshold of

&

'A31F S resultedl1n a small EJp (l to 5 mV) 1n f1bres of MSIS (F1g. llB)

i o
In a few. preparatlons no small EJPs were seen but th1s was probably

because the axon respon51b1e for the small EJP had a hlgher threshold
than A31F- S in these 1nstances. In the few f1bres of M31F wh1ch d1d
not respond to st1mu1atron of A31F no EJP was observed on stlmulatlon
subthreshold to A31F- s. In these preparat1ons small EJPs could be

4

..m
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~51multaneously recorded in H3lS and 1t was ‘therefore : concluded that .
these resulted from exc1tat1on of a S1ng1e motoneuroh which 1nnervates
only MSIS Because of the low rate of decay of ;he EJPs of this
motoneuron and the slow tens1on Tesponses and long sarcomeres of MSlS
this motoneuron will be referred to as A31S. ,fl SR

Stimulation at intensities subthreshold to A31F S-and A3IS -or
JUSt A3IF-S evoked only the first peak in most fibres of M31F (Flg.“
11B). This showed. an all-or-none behav1our to further decrements of
the stluulus 1nten51ty., This reSponse was concluded to be the EJP
of a s1ngle motoneuron’ uhlch 1nnervates M3IF. Because of the rap1d
'rate of decay of the EJPs of th1s motoneuron and the fast tension
responses and short sarcomeres of M3IF this motoneuron will be referred

1';-'

" to as A31F
S1mu1taneous recording of ° tensron ‘of mu5cle group 31 and EJPs
“within fibres of M31F and MSIS showed that when only A31F was, stimu- - 2

lated a brlef (20 to 30 msec) twltch contractlon s1m}}af—fo that shown

-

in Flgure IOD was ellcrted,, V1sual 1nspect10n showed that only MSIFﬁn w.j*yﬁf’
'was 1nvolved in’ thlS response At 1nten51t1es Just above- threshold ;;*ﬁ ;;
‘h_ ;\;"} « )_ - - "~ .‘_"’.L-.
for A31S, MSIS gave a small contractlon hhlch d1d not appear to alter, T ft

“the recorded tens;on Nhen MalF uas cut thls small contract1on of

”MSIS could be measured as ranglng from 1 to 23 mg in dlfferent prepara- " B

o
EY

tions. Slmultaneous st1mulat1on of ASIS A31F S and A31F in 1ntact

,'preparatlons resulted in a rapldlv developlng, sloulv decaylng, l\rge

\\\

contractlon of muscle group 31 (Flg. IOA) R R
| Repetltlve stlmulatxon up to 40/sec of A31F d1d not res?lt 1n

B 'fac111tat1on of EJPs recorded in MSIF or any tonlc_ten51on development..

=~
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Similarly, although stimulation of A31F-S at wp to 40/sec did not"
" result 1n'£ac111tat1on of EJPs recorded in, M31F or M31S, tonic tens1on
deve10pment occurred at" frequencies as low as 5/sec. This tonic ten—

sion was observed in preparations in which M3lF had been severed and

is due to the summation of the slowly decaying contractions of M31S

(Fig. 12A) Repet1t1ve stamulat1on of A31S at about Ze/sec in such
preparatlons resulted in threefold fac111tat1on of EJPs and ton1c

tensi. a development. This tonic tension’ was due to the summation of

rthe small, slowly decaylnglcontract1o;s of M31S el1c1ted by st1mulat1on
‘of A31S and not to the bu11d up of a depolarization plateau from

summat ion of the_EJPs of thls-motoneuron (Fig. 128) |

In'conclusion, it appears that there are three motoneurons

A31F, A31S and A31F- -S, 1nnervat1ng muscle group 31. Muscles 31F and
31S are composed of fibres which are fast and slow in character,
respect1vely The f1bres of M31S are 1nnervated by ASIS Motoneuron

A31F 1nnervates 950 of the f1bres of M31F. TIts low thresholifsuggests

that- ASPF is the giant axon of N2 which assoc1ates with muscle group

(31, Motoneuron A31F-S 1nnervates all the f1bres of MSIS and -80% of

k4

the fibres of M3IF. . , _‘ ;% .
'3.,‘Mbtor;innérvatiou and tens%on responses o?‘muséle guoup 32

The appllcatlon of 51ng1e st1mu11 to N2 e11c1ted thxtch contrac-
'tlons (60 to 220 mg) of muscle group 32 Careful observatlon of the’
'_exposed muscles showed ‘that at a lower st1mu1us 1nten51ty only M32F )

.contracted Repetltlve st1mu1at1on at frequenC1es up to 40/sec at

" this- intensity resulted in a series of twitches w1thout any ton1c ten-
: 4 . *

Vﬁ..51on development Increasing the stimulus 1ntens1ty resulted in thlc 3

C "}/" . LT o T
_-a//‘ K oo T - >

-



-rmFig; 12. Tension responses and intracellular recordings in muscle 31S .
'durlng repet1t1Ve stimulation of nerve 2 at hlgh (A) and low (B) inten-

sity. Muscle 31F has been cut. A: high—}ntenSJty stimulation at 5/sec

o

results in tonic ten51on development (top traces) due to summatlon of
7‘1{
the 51ng}e contractions of muscle 318 B:- low- 1nten51ty stlmulatlon

N Y Y L =

) P

af 10/sec’st111 results in tonic tension development (top trace) due to
s&mmatlonaﬁf 51ngle small contractions of muscle 318S. Scale — 104 mg, - ,

60 mv, 1500 msec B: 166 mg, 48 mV, 2400ﬂmsec.

LL’[()
L
Ly

o\

Fig. 13.f A: junction pofe/ilals in muscles 32F (large EJP) and 32S-

(smaller EJP) in response to a 51ng1e high- 1nten51ty st1mu1us to ndrve

2. B and C : ten51on responses in muscle group 37 (top traces) and -

.

?g'lntracellular recordlngs in muscles 32F (middle traces) and 32S (lower

-

~ traces) in response to a h1gh 1nten51tv (B) and low- 1nten51ty (C)

stlmulus to, nerve 2.- Scale — &; 30 mV, 15 msec; B and C: 100 mg,

s

63 mv,'63 msec,
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7tension development at frequencies of only 10/sec The threshold for
tonic tension was identical to that for c/ntractlons in M32S and
furthermore the rate of decay of the ton1c ‘tension was. far less than

that of the twitch contractlon (Fig. 14A)

i

Slmultaneous 1ntrace1ﬁ§1ar recording in MSZF and M32S Suggested o~
that each muscie-was inuervated by a single motoneuron. The EJPs in

f1bres of M32F were large (40 to 72 mV) and followed a very short tlme

y
course (duratlon* 4 msec) whlle those: in flbres of M32$ were ‘smalleri’ .

N ©

(12 to 18 mV) and followed a longer time course (dgr§t1on 50 msec)

; (F1g._13A) The f1bres of M32F and.M32S had 51mllar resting potentlals

‘_:of 58 to 75 and 60 to 70 mV, respectively.

The motoneurons 1nnervat1ng M32F and M328 u111 be referre: to ps

'f AoZF and A32$ reSpect1ve1y, in accor\hnce with the t1me courses of )

J
the tension responses they elicit in muscle™ group 32. In aIl prepara-

glant axon in N2 which associates W1th muscle group 32 The marked

‘33
dlfference in the. latenc1es of the EJPs in M32F and in M32$ further

ter (Flg. 138). < o - :

'~ . r

. . ¢
Slmultaneous recordlng of tension developed by muscle group - 32

| and the EJPs hlthln flbres of MoZF and Ma’S made possible fufther
analv51s of thé contractile propert1es of - muscle group 32 in relatlon
to 1ts 1nnervatlon . High-intensity stlmulatlon of N2 e11c1ted twltchi

: contractlons‘of muscle group 32 vet stlmulatlng subthreshold to ASZS
d1d not elicit a detectably dlfferent contract11e reSponse (cf. Flg 13§ .

wlth 13C). Repet1t1ve stlmulatlon of A32F at 5 to 40/sec d1d not result

B




Cm

muSLle 328 but not to the" presence of a depolarlzatlon plateau

: bottom traces 64 mV

a

g Fig5!14 Tens1on responses and 1ntrace11ular recordings in muscles

32F (mlddge traces) and 325 (lower traces) dur1ng repet1t1ve (10/sec}f

stlmulatlon of nerve 2 at h1gh (A) and low: (B) 1nten51fy \ The tonic -

ten51on developmeﬁ& 15 threshold-11nked to the appearance\of EJPs in

A

.

%v mv,

<; ‘,A— . \
Scale — A and B: 1600° msec top traces 110 mgcgalddle traces I

ol ER -

-~

.
t

. Fig, 15. Ten51on responses 1n‘musc1e 328 durlng stimulation of nerve

2 at 5/sec (A) 10/sec (B) and 20/sec (C) vMuscle 32F has been cut

(see text). The tonic tension development results from summatlon of

the 51ngbe contractlons of muscle 325 which can be d1st1ngu1shed

dur1ng low-frequency st1mu1at1on A). Scale — 54 mg, 1500 msec.

&
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in facilitation or summation of EJPs in M32F. Disfacilitz._on was only

';very slight at TTequencies‘from 20 to 40/sec. No tonic tension was
developed and at frequenc1es of 10 to 40/sec the twltch magn1tude

‘:decreased by 10 to 30% over the first few twltches (Fig. 14B). Repeti—._v

'tlve stlmulat;dn of A32S at § to lO/sec el1c1ted two- to threefold I .
th111tat10n of EJPs in MSZS (Flg. 14A) At frequenc1es of 10/5ec v'\

»thls was coupled wlth tdwlc ten51on development by muscle group 32,

but no depolarlzat1on ‘plateat developed in the fibres of M325 untll B

A32S was stimulated at 20/sec. Ton1c ‘tension below thls frequency can(u

N
only be expla1ned by the summation of small contractxons in M32S each
of whi¢ch arose from a s1ng1e stimulus to the motor nerve.

In order to record the contractxle responses e11c1ted by A32S

[

~alone "M32F as cut and A32F was select1ve1y st1mulated at 100/sec

o

unt11 the remants of M32F ceased to respond td st1mulat1on.(90 sec).
| A s1ng1e st1mulus to N2 t Just above- threshold 1ntens1ty to A32S
~elicited a contraction 1n M32S. Such contractions were too small in
B magn1tude (approx. 1 mg) to be accurately mon1tored on the recordlné
system and therefbre did not reglster at all durlng preV1ousbrecord1ngs
of the tw1tchesvof M32F. -U51ng h1gh amplification'afgﬁrepezitive
5stimulation‘at frequencies of\Sﬁto 20/sec a tonic tension development
could be recorded (Fig.flSh-C) At frequenc1es of 5/sec the reSponses '
to each stlmulus pulse can be seen superlmposed on the ton1c response ),
(F;g. lSA) ‘ |
In summary,‘the muscle fibres of M32F and MoZS are fast and slow
‘in,character, respect1vely. All the fibres of M32F are 1nnervated by -
motoneunon A32F. whxle all thoSe of M32S are 1nnervated by\aotoneuron lﬁ‘
1 ASZS |

\\ K
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(4) Patterns of Act1v1ty in the Antennu'lar Motoneurons

‘_:_J@“l, .
ﬂz) Identzficatzon of'motoneurons active dhrzng {W

specific antennular activities -

‘Myogram records from M30 revealed both. 1n1t1ally small, fac1lr-

tatlng EJPs and" larger/\non fac111tat1ng EJPs. The fac1l1tat1ng EJPs

_occurred al hlghest frequency during extens;on movements at the

MS DS joint (Fig.' 16B).or when thlS joint was being held rnﬂa fully-
extended pOSition. In contrast, a burst of 1 to- 4 large, non-
fac111tat1ng EJPs occurred only during antennular flicks (Flgs. 16A
17A’and20) S ¢

The fac1lf§iting EJPs almost certainly result from activity in

!

'motoneuron A30S which .innervates the slow fibres of M30 S1m1lar1y,

A, the non- fac111tat1ng EJPs almost certainly.result from act1v1ty in

M i
motoneuron A30F wh1ch 1nnervates ‘the fast fibres of MSO
. The synchronous recordlng of myograms in M31F and M31S revealed

the presence of three motoneurons 1nnervat1ng muscle grOUp 3L. Dur1ng

f11ck1ng there was a burst of usually l to 7 large non- fac111tat1ng

- EJPs in,M31 but no te orally related act1v1ty in M%lS (Figs. 17A
» 77 mp 4

20 and 21). The size of the EJPs usually decreased throughout these

bursts but 1ncreased 1f an unusually long 1nter—EJP 1nterva1 occurred

'(Fig. 21). In contrast dur1ng slow or tenic flex1on at the MS-DS
- Jo1nt there was a tra1n of 1n1t1ally small fac111tat1ng EJPS in

. M31S but no activity in M31F (F1g. 184). The non- fac111tat1ng EJPs

N AN

in fast miscle M31F almost certalnly represent act1v1ty in motoneuron

fA3lF whereas the fac111tat1ng EJPs in slow muscle M31S can be attrl-

-~

A buted to act1v1ty 1ﬂ—ugtoneumon A31$.. -4\'",
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Fig. 16. Slmultaneous electromyogram recordangs in flexor muscle 31F
and extensor. muscle 30 of the _medial segment A~. recordlng -during a

flick. B: record1ng durlng an exten51on-w1thdrawa1 reflex. Moto-

neurons cons1dered respon51b1e for the electromyogram patterns are

shown in parentheses at the top of records A and B. Time scale_—ﬂ
A ’ ‘

IR

- 1000 msec. ‘ ) : : ? o g : ' R

L N
., Fig. 17. Slmultaneous e1ectromyogr record1ngs in flexor muscles 31F

and 318 and extensor m. :le 30, A .record1ng*dur1ngua flick. Arrows

mark pick-up of splke in muscle 31F by .the electrode in

cle 31S. -
B: reCOrdlng dur1ng flex1on w1thdraual reflex. Arrda) ark times»
-of occurrence of splkes in motoneuron A31F S Motoneurons cons1dered

respon51b1e fbr the electromyogram patterns are shown in, parentheses

Cat the top of records A and B " Time scale ——vSO msec.

-
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(16)

A?
Flick
(A31F, A30F)

Flick

(A31F, A30F)

LV

‘ . B
Extension-withdrawal

: reflex

(A30s)

Ny

' B
" Flexion-withdrawal
reflex
(A31F-S, A31S)




;)
Slmltaneous electromyogram record1ngs in: flexor muscle

.and.{‘extensor nuscle 30. A: recording dunng a slow ﬁi%gmcm— v
U P .
Lo » s

“B: recordln& durmg a

fast fle xion- wlthdrawa

\. g. 19, S:tmltaneous electromyogram recordlngs in flexor musqles 31F .'.“\“h'

ég%d 325 and extensor muscle 30. Dunng the penods of electr1ca1
5:” "é i \4._4 o ) PR '

actnnty in muscles 315 and 328 there was slow flexmn at the MS- DS and

DS-OF Jovmts. Dunng the penods of electncal act1v1ty in muscle 30.

<

there was extensmn at these “joints. The mc()toneurons considered respon—

51ble for various- portlons of the recordmg are shown in parentheses. _

2

‘Time scale. — 1000 -se_c,.-A o o | o -

. L e S . ) . '
)
. N
— sy
o
, S el
S



fofn.
Slow fléxiom-

.as)
~
wvithdrawval reflex
’ ( (A31S)
M31F NSRS
M30 bt gt
8
. \
\
(19)
~ (A31S)  (A31S)
- (A328) - (A325)
M31F
M31S
om0
‘M328

: B
. - Fast flexion-
" withdrawal reflex
o (A31r-8)

i
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Fig. 20. Sinﬁltaneous electromyogram recorﬂings in flekor muscles -

3YF; 31S and' 32F and extensor muscle 30 during a single flick. The

‘triangles mark the motoneuron spikes which were discernible in muscles

31F andYSZF. Arrows mark the peaks of>tne EJPs which were considered"

L

to repregent the t1me of occurrence -of the 5p1kes in motoneurons A31F
(top trace), A30F (2nd bottom trace) and A32F (bottom trace) Time

s
scale — 10 msec. .

“Fig. 21. A-H: simnltaneous'electromVOgram recordings in flexor (
muscles 31F and 32F dur1ng s1ngle flicks 1n a s1ngle crab The

act1v1ty in each muscle durlng each f11ck is considered to represent '

. a single burst.__Note the'extreme variation 1n the number of EJPs/

», : ‘ : _ . . ) / .
burst, the burst lengths ‘and the inter-EJP intervals. Note also the

3 . : o a v '
occurrence of bursts with many EJPs'but no long inter-EJP intervals

(G) and the occurrence of a very long inter—EJP interval in muscle

31F whlch .is not fbllowed by -an EJP in muscle 32F (F) Time scale

‘—50&-

L 7]
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, i
non-facilitating EJPs occurred in both’ M31F ‘and MSIS Each EJP in.-

motoneuron A31F .S wh1ch 1nnervates both M31F and M31S.

.the MS-DS joint reflects act1v1ty in th

N . . - i v - . LA e

’ . - ' - N e '
£« . . N . W s . Q \
. - " " - - .
‘Q ~ , » . . . : O 3 . .,
: S . «U“QQQ L R

. - . .
.

During rap1d large flex1ons at the MS DS }01nt ‘a burst of large,
f ~

]

M31F occurred synchronously w1th an EJp!,in M31S (Figs. 178 and 133)

' Th1é‘myogram ‘pattern -is almost certainly the result of act1v1ty in

~ ~ .

A s1ng1e electrode.was used to record from. muscle group 32.

-
o

Dur1ng f11ck1ng a burst of usuallyul tg S large non- fac111tat1ng EJPs

ol

was observed (Flgs. 20 and 21) @ In A

of:reparat1oqs 1n1t1ally small,

fac111tat1ng EJPs vere recorﬁed dur1ng ﬁlow flex1on at. the DS-OF

301nt (Flg. 9); The small fac1l1t&t1ng EJPSnwere only observed when
the retordlng electrode was placed w1th1n the dlstal one-third of the

distal segment. They are thus con51dered to be the.rrsult of acff;;ty

in motoneuron ASZS wh1ch 1nnervates the t1ny slow muscle M32S. Ip,-

Tty
contrast, the large non- fac111te¢f£g EJPs are cons1dered to be the'. '

result of act1v1ty 1n motoneuron A32F which imnervates fast musch

€

- N

M32F - - o~

In conclus1on, it seems that the phasic conponent of the antennu-

lar motor system (motor un1ts 30F, 31F and 32F) is act1ve dur1ng

antennular flicking. In contrast, slow or tonic’ flexion at the MS—DS

or DS- OF 301nts or slow exten51on at the MS-DS/folnt is the result of

activity in the tonic component.of the-anten lar mggfr-system (motor -

units SOS' SISQand 325) Furthermore powe ul flexion monements at -

phaso ton1c component of the

: antennular motor system (motor un1t 31F-S). o : : f ”"

o BecauSe of electrode displacements clear records were not obta1ned

durlng antennular w1p1ng. Nevertheless, some 1ncomp1ete record1ngs )

A . L. - . . B v e

RN
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A .
, suggest that I{ o'?* 1ts 30F 31F and 32F are not 1nvolvcd n}plng.
/ -

Motorhf\ 3fF=\S may be active dunng a wlpe in add1t10n to notor
v : . .

wits 30S, 31S and 325. _ e O

’

. (b) Motone‘uro_nal actiuity during a_ntermular' ﬂiéking’_ S .

<
s
~ 4

1. Estimation of tzmcng of motoneuranal spzkes from myogram records
' ‘During fl’rng there is z:‘h1gh frequency (100 to 300/sec) burst
of non-facllltatlng.EJPs in MSIF;.MSZF and-M30 (Fig. 20; Table 8). A

single EJP often had a dtu‘ationof. ‘only' 5 msec. In ana'lysing the
I

patterns of motoneuronal act1v1ty d”urlng f11ck1ng 1t was thus necessary ) -

to define a point- 1n_t1me durmg each EJP as repr sent1ng thé tlne of

: | A 3
occurrence of a,épilie in motoneurons A30F, A31F /or A32F. Usuall : the
.
EJPs were b1pha51c ‘and the peak of the flmt“’)hase was chosen to ;

represent the t1me of occurrence of the Just presynaptlc motoneuin

sp1ke (Flg. 20) S ) “ ' : s

Th1s approach@makes two assumptmn5° (1') ‘that ‘the tiine of

neuromuscu@gr transm1551on and the ris¢-time of the extracellularly o

S

recorded EJP are constant w1th1n and between fast motor 1m1ts 30F

"~ 31F and 32F; (2) that the time of occurrence of the, f1rst peak of an/ .

E:JP is ~not related to the pos1t1on of the recordlng electrode alon{

i

. t?e muscle. Be‘%ause of the close temporal sPacmg of bursts An M31F

" and MSZF these assumptlons are most c1'1t1cal to analys1ng actlnty in

’

motoneuron‘§ A31F and A32F.v Exam1n1ng the va11d1ty of these assuipt1ons

is thus restrlcted to motor um.ts 31F and 32F

i(}\thjfrespect to assumpt1on (1) there 1s httle vanalnhty in

the latency of the F.JP recorded 1n M31F or M32F on strmulatlon of

,ub
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: .;;e¥aration )

T
1 4‘}§13
2 308
3 | 3-74
-4 3-64
s 3-76
6 - 2-30
7 L 287
8 E 275

Table shows the mean times
number LOf observations

nerve (Nerve 2)

P

L

Flicks
» N . "k' T r;
+ S N
+0-376, 48
+0-806 §16

A
+0-138 . 12
+0-191 39
+ 0252 70
+0-368 20
+0-230 52

e iy

+ 0-225

35

mseé)
“and the’ coeff1c1en s ‘of variation (CV) of_

R durzng‘flzckzng and beZowzng a szngle shock to the motog

Table 4 (;Delgy between the firét EUPB in ‘Teqor muscles 31F and 32F4'§<

+ standard d

“ [ ' .. \
//. 29 Stimulate 1‘\1erve“'2h{'§'L
B AR S I -
9:1% 2402 % 0- 089 ) 48.35%§;4%'
26-2%+  1-20 0: 063 16 543%
3-7% 1-59f{ o- 052 * 12 4.0%
5-2% : o
6~7% 4
%550% *’]5#\‘ -+
e -
" 8-2% = -
.

<

tlons (X+SD), the

the delay between the first EJPs 1n muscles 31F and 32F

"N
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nerve 2 (Table_4). Furthermbre when the motoneuron spike was recorded

_from either motor un1t the first peak of the EJP always fo110wed 1t

with'a Ebnstant latency-fsee F1g. 20). Zhis cr1ter1on however .cannot

‘be-used for compar1sons between motor un1ts because of variations in

the wavefbrm of the extracellularly recorded motoneuron splke.- ‘\ (
With ] pect to assumpt1on (2), reéordlng 51mu1taneously at t .

di fferent points along M31F or M32F showed that the first peak of an

* EJP may be’ sh1fted by up to l 0 msec by altefin;\th\“record1ng site. ﬁ?

A

The record1ng 51tes used in most pr&paratlons are shown in Flgure 28
‘The record1ng slte on both M31F and M32F usually gave the ear11est
* f1rst peak in dual edectrode record1ngs from these muscles. Thus I
con51der-that (1) the var1at1on in th tlmang of EJPs within and
Y tCly reflects variation in the

*
t1mé\9f arrival of 5p1kes at the repromuscular termlnals of motoneurons

'l between motor units 31F and 32F accura

A31F ;ld A32F and (2) the pxec1se delay between just presynaptlc splkes

-~

"-1n motoneumon _A3IF andvsuch sp1kes in motoneurgn A32F may have'been

-con51stent1y misjudged by any d1fferences in the t1me of neu muscular

transm1551on and EJP rnse—tlme between motor unlts 31F and 32F‘

N

Dual electrode record1ngs in M30 proved d1ff1cult to obtain’ and

wﬁythus the recordlng site: generally nsed cannot be conf1rmed as g1ving
v &%

)
rlse'to\§he eatl1est.peak fbllOW1ng a sp1ke cn»motoneuron ASOF. "Thus
the'delay between Spikes in motoneuron‘ASIF or A32F and motoneuron

ASOF could have/ been overestlmated by up to 1- 0 msec +Zdifferences in,v
the t1mes of neuromuscular transm1551on and EJP Tise- tlmes between
" motor: unlts 31F and 30F or 32F and 30F

.‘ .‘Q,‘
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4 o .
2. Motoneuronal pdtterns o

-

It was rarely posSi%}e to- achieve stable, clear ré:ordings of

activity in M31F, M32F and M30 during flicking. The usual procedure

was to record in M31F‘and M32F or M30 and to make conparisons between d
preparations. X )

A fllck is 1n1t1ated by a burst of 1 to 7 EJPs QnﬁMSIF (Table 6)
From 2 3 to 4. 2 msec after the f1rst EJP in M31F a burst of usually

1to5S EJPs was always obserwéd in M32F (Figs. 20 and 21; Tables 4 and

. 6). The delay between these bursts cannot be fully accounted for by

| the conduction time in motoneuron A32F between M31F and M32F or by

-dlfferences 1n the t1me of neuromuscular transm1551on or EJP rise-time d
between motor umxts 31F and 32F. This follows because stipulation of
nerve 2 1n the prox1mal antennular segment above the threshold of
motoneurons ASIF and A32F resulted in only,g/’\S to 2.0 msec delay
between the EJPs recprded in M31F and M32F (Table 4) Thus at the level
of the proxlmal segment the f}rst spike in motoneuron A32F follows the
f1rst sp1ke -n motoneuron ASIF by 1. 8{to 2. l msec (Table 4). _

| From 20 to 40 msec after the/first EJP 1n M31F a Bgrst of 1 to 4

non- fac111tat1ng EJPs is usually recorded 1n M30 (Tables 5 and 7).

The delay between the first EJP in M3IF and the flrst EJP in M32F Jis

more constant than the delay between the flrst EJP in M3IF and the

first EJP in M30 (cf standard dev1at10ns in Tables 4 and 5)

r :
The number of EJPs per f11ck in M31F M37F and M30 was h1gh1y
varlable in_some preparatlons but qulte constant 1n others. There were

never mone, and usually less, EJPs in M32F than ‘in M31F (Table 6)

The most frequently encountered M31F-M32F pattern var1ed in dlfferent

98




Table 5. Delay between the first EJPs éf‘fiexor muscle 31F and

- extensor muscle 30 during flicking

Preparation

'Mean
Time
" (msec)-

- 29.5"
33-0
\28-1
25.7
21-4
32-8
. 36-1

37-3

I+

L T T T

I+

.

Standard
'deviation

4-08
4-89
2-55
438
0-94.
1-16
2.12

~2-01

No._of'
Observations

56
53

100

To
10
10

10

Coefficient
of
variation

©13.8%
14-8%
9.1%
17:0
C4ean
3.5%
5.9%

5-4%
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animals. Furthermore, during long {over 10 h) recording sessions from

a'single animal, the most frequently‘OCCurringvpattern has been observed

. -
. to change (Table 6)
No clear relatlonshlp between the-number of M30 EJPs and the
number of M31F EJPs could be found (Table 7), but there were very
rarely moTe and usually less EJPs 1n M30 than in M31F. The delay
~between the first EJP in M31F and the f1rst EJP in M30 did not bear
any relationship the number of M31F EJPs. o t - o i
Dur1ng f11ckzag the most frequent 1nter—EJP interval in MSIF was |

“in the range'of 3-3 to 5-5 msec. Th1s is less than the most frequent
1nter-EJP 1nterva1 1n~M32F wh1ch was between 5. O dnd 8.0 msec. When
more than one EJP was record d in M30 the most frequent 1nterva1 was
betueen 5-0 and 11-0 msec. It should be noted, however, that,in a few
preparations the most frequentlyweneountered(intervale in‘some'or ail
of the"hasieimotor units,iay outside'these ranges.

| Buists of 4 to.6”EJPsiin'M31F usuallf'éontaineo one. or more

inter-EJP 1ntervals of more than 6- 0 msec. Occa51ona11y these longer

1nterv ls also occurred in M31F bursts of only 3 and even: 2 EJPs.

Follo 1ng a longer 1nterva1 the frrst EJP in M31F 1s.usua11y followed

in-M31F is often'reflected by a longer inter-EJP interval in M32F »h

(¢f. Figs. 21D with‘ZIG). 'It should be noted that. in a few prepara-
tions “flexor bursts of 3 to 5 EJPs which were not interrupted by a

flong inter-EJP'intervaI (Fié.{ZlG) were the most frequently;occurring
type.
o *;“

~and M32F on initiation of a flick. Thus a longer inter-EJP inter- o
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During some flicks a single M31F EJP occurs following a longer
inter—EJP,dnterval.without being accompanied by an EJP in M32F. Such
EJPs may occur in the middle of a burst in M31F but are more frequently
"the last EJP in the burst. “'In the. latter case such an EJP ‘has been
seen to follow an interval,of up to 50 msec (F1g. 21F).

Rarely loné intervals in the bursts in M3IF result in an overlap
: ef'activity in this muscle with activity in extensor muscle MSO.(Fig.
227). .This weuiﬁ(he eipectedstbvresult\in twitches'in.antagonistic
muscles durlng a 51ng1e f11ck | 3

During fl1ck1ng the 1ntra—burst frequency in. M30 M31F and M32F
‘was qu1te var1able within any preparat1on. Much of thls var1at10n in
fM31F and M32F resulted from the var1ab111ty in the duratlon of the
inter—EJP intervals., In almost all preparations, hduever, the mean
o intra-burst fre,quency- (number of _EJPs-l'/bvur_st duration) in M31F
exceeded that of MSZE or M30 (Table 8). | -

In summary a flick usually results from a burst of 2 or 3

v

v in‘motoneuron A31F. At.the level of the»prox1mal antennilar se

- the first Spike in A3IF is'considered to.precededthe first spiké lﬁ)'

A32F by 1-8 to 2 1 msec. Usuallyﬂcnli 1 or'2 Spikes‘occum in moth—

neuron A32F. From 20 to 40 mse% after the f1rst splke in motoneumon-_ }

- A31F a burst of usually 1 to 2 sp1kes occurs’ in motoneuron A30F.
Within any preparatlon there is often con51derable var1at10n in the :

structure gf~the bursts:1n motoneurons A31F, A32F and A30F.

'Y
(e) Motoneuronal activity during antennular withdraval
Bending of_thehtip-ef the‘Othowards the‘aesthetasc‘Setae-qr

‘pipetting'distilled water directly over the aesthetasc setae elicited

103



Fig. 22. Overlap of activity in fléxor nuscie 31F with activity in

(

-

extensor muscle 30 during flicking. A;_”oVerlap'of activity in moto-

~ neuron A3IF with activity in motoneuron - A30F resulting from a long

—

r e

interval (bar) in the burst in motoneuron A31F. B and C: recOrds_

_ from the same antennule during high- (B) and low- - (C) frequency

activity in motoneuyon A30S. In B the f1rst of the

»

31F. In comparison, C shous'that during lou;frequEncy activi‘y in
notpneuron ASOS a large EJP in muscle 30 only occurred ‘about 28 msec
after the first EJP in- muscle 31F The EJPs of motoneuron A30S (C
arrow) rarely occurred dur1ng a f11ck and were always of small ampll—
tude. The motoneurons considered to be reSpon51b1e for the electromyo-
giéi patterns are shown in parentheses above each record In B it is
not clear uhether the thlrd EJP in muscle 30 results from a spike in-

motoneuron A30F or ASOS. See text for further explanationc' Time
scale'—— 20 msec. - . :' L _ T .
Fig.,23. Electronoogram recordlngs in flexor muscle 31F and 315 and

extensor -nscle 30. A: low frequency of small EJPs in antagon1st1c

luscles 31S and 30. B:' stimulation of the antennule to produce

exten51on then slou flex1on then extension and then slow flexlon

novements -at the HS DS ]Olnt Upper three traces in B are. contlnuous

| with the louer three traces. Note the 1nh1b1t1on of h1gh frequency

act1v1ty in ~one mu5c1e before the 1n1t1at1on of act1v1ty 1n its antag—
onist. The motoneurons consxdered respon51b1e for varlous portions of

the recordJng are. shoun in parentheses. - Tlme scale — A: 500 msec-e'

.

" B: 1000 msec.

—
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- Table 8. Intra-burst frequency in motoneurpns A31F, A32F and A30F

during flicking

Motor unit. 31F
N

Animal Fft SD cv

B 271:11-5  4.2%
2 137:32-1 23-4%
3 '>2%4i56-04 23-9%
3 278:f3-7 4-6%
4 272¢50-9 18-7%
5 200+28-7 14-4%
5 207¢27-6 13-3%

6 215+39.

Table shows the mean frequencies (no of EJPs -
* standard deviations (SD) and the coeff1c1en 'of variation (€V), in
gérements are shown fbr a

8 18-5%

six different animals.

s1pg1e animal,

they were. taken at least 1

67

52

39

29

52

98

47

Where two sets of pea

Motor unit 32F.

Motor unit 30F

249129-9 12-0% 29 -

£+SD v N f+sp® cv N
171£13-8  8-1% 59
, ‘ 96:17-8 18.2% 25
199+32.8 16+5% 28
_ ' 318;}2-6 19-2% 25
199:32-i«'16-1% 51 —
103£29.0 28-2% 23
269:51>5

o

24-6% 33

’;‘/
<f

o "‘al‘t

9‘/burst length) ®,
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a burst of 1 to 16 synchronous non—fac111tat1ng EJPs in M31F and M31S
(Flgs. 17B and 18B) The.mean int: i-burst frequency of these EJPs
(number of EJPs-1/burst duration) was highly variable but‘has been
‘observed to be as hrgh as.ISO/sec;< In’two‘freely—moving animals.such
’patterns uege seenleach time the tips of the OF touched the side of-
the small observation chamber. ﬁhen‘this response'was recorded the
antennule was rapidly flexed at the MS- DS joint (cf. fast flex1on- ‘
wlthdrawal reflex Section 2 (d) Chapter III) and any act1v1ty 1nr .

M30 was abollshed

A}

Bursts 1n motoneumon A31F—S often overlapped with act1v1ty in
motoneurons A31S (Flg. 17B) and A3ZS For example, when_the antennule
is in 1ts resting, extended position' touchin; the sides or dorsal
surface of the OF several times wlth a glass ‘rod el1c1ted aiburst of
non-fac111tat1ng EJPs in. M31F and M31S whlch was preceded by fac111—m -
tat1ng EJPs in M31S and M32S. When this occurred exten51on at the
Aé DS Jo1nt was usuaIly dela)ed for several seconds due, presumabiy,
to tonic tension in MSIS resultlng from cont1nued act1v1ty in moto-

. ‘neuron ASIS. ' » ‘ v

| 'High-frequency'(ls to 60/sec) activity in motoneuronS'ASIS and
A32S (F1g. 19) and a slow flexion- ulthdrawal reflex could be elicited
by touch1ng the- s1des or. dorsal surface of the OF once w1th a glass
rod or pipetting d1st111ed water into the sea water near the aesthe-"‘
: tasc setae. ProYonged stlmulatlon of the aesthetasc setae wé;;\
dlstliskd water or repet1t1ve mechan1ca1 stlmulatlon often resulted

in h1gh frequency act1V1ty in motoneuron A31S be1ng ma1nta1ned for a

per1od of mnnutes even in the absence gf further st1mu1at10n.'
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-L1m1ted observatlons suggest that the hlgh.frequency act1v1ty in moto-
neuron A328 elicited by these st;mull is maintained for less time.
yDur1ng act1v1ty in motoneuron A32S the posture offthe antennule was
" similar to thatzdescrlbed as tonic flexion w1thdrawa1
Touchlng the IF or strok1ng the endopodltes of the 3rd maX1111— ‘
- peds with a glass rod e11c1ted an exten51on w1thdrawal reflex and a .
high frequency (15 to 60/sec) df faq%£1tat1ng EJPs in M30 (F1gs. 168
and 238) This activity was seldom malntarned for as long as. act1v1ty
in M31S follow1ng most flexion- w1thdrawal reflexes.

- Cont1nued appllcatlon of d15t111ed water to-the OF often-el1c1ted/;
'hlgh frequency act1v1ty in motoneuron ASOS but only after a perlod of
hlgh frequency act1v1ty in. motoneurons ASIS and ASZS A most str1k1ng
’feature of this response was the gvolltlon of act1v1ty in motoneurons
ASIS and A32S before the beglnnlng of hlgh frequency act1v1ty in moto- .
neuron ASOS 51m1lar1y, high- frequency act1v1ty in motoneurons A31S
. and A32S was preceded by the abolltron of act1v1ty in motoneuron ASOS

In a few preparatlons a low frequency (mean' 7 4/sec) of small
EJPs could be 51mu1taneously recorded in M31S’ and M30 (Fig. 23A)

Dur1ng thls act1v1ty ‘the antennule was ma1nta1ned in its resting posi-
tion." Appropr1ate strmulatlon of the OF e11c1ted an.abol1t10n of the
small EJPs in M30 then an increase in the frequency/and fac111tat1on
of the EJPs 1n,ﬁ31$ and f]exzon at the MS-DS Jo1nt Strok1ng the
endopodltes of the 3rd max1111peds durlng this response e11c1ted an :
abol1t10n of ct1v1ty in M31S and then a h1gh frequency train of

'fac111tat1ng EJPs in M30 and extens1on at the MS bS Jo1nt (F1g. 233)

These myogram recordlngs clearly represent act1v1ty in motoneurons




" motoneurons. A31S and A30S. -

A31S and A30S- but\they cannot be con51dered as ev1dence fbr rec1procal ,

,_1nh1b1t10n betweeJ these motoneurons. Flrstly, the high- frequency

activity in one motoneuron usually followed ab011t1on of activ1ty in
the other motoneuron. Secondly, trlggerlng the osc1lloscope on the
small EJPs din. M30 or MSIS durlng Tow- frequency act1v1ty in both these
muscles d1d not show any period folIOW1ng or durlng an EJP in’ one
muscle when EJPs 1n the ofher muscle were rare. Furthermore prelim- ,
1nary ana1y51s of-the s1mﬁltaneous . low- frequency act1v1ty in motor
units -31S and 30S u§1ng cross- and‘autocorrelatlon techniques did

not'produce\any evidence fbr direct, inhibitbry'coupling betyeen

In conclusion, it seémg‘that‘lnputs which elicit slow flexion at
the, MS-DS and DS~0F 301nts inhibit slow &6tensor motoneuron AZ S and

that 1nputs wh1ch e11c1t exten51on at the MS—DS Jo1nt have a s1?ular

'act1on on slow flexor motoneurons A31S aﬁd ASZS.

I

-

(d) OverZap of actzvzty between phasmc and tontc

" motor unzts g o A )ﬁf
: ‘ : . _

Activity in phasic motor unfks SOF ,~31F and 32F often overlaps

~ .with act1V1ty in tonic motor unlts 305 318 and 32S. During hi gh- '

o

frequency act1v1ty in extensor motoneuron ASOS fllcklng often results

in an overlapplng of actrvrty in antagonlstlc motoneurons A31F and

ASOS (Flg. 22‘8) Under th’ese conditions ﬁ"EJP of motoneuron A30F
g . " ) .

frequently is not recorded or cannot be recog?ized from the facilitated
"y

EJPs of motoneuron'ASOS. In the same preparatlon durlng low-frequency

act1v1ty in motoneuron ASOS a, burst of‘l to 4 large EJPs occurs 1n -

~M30 20 to 40 msec after the first EJP in MSIF (Flg. 22C) These can .

<

.
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thus be rec0gnlzed as resulting from act1v1t;\§nhmotoneuron A30F,

-

When' f11c&1n§/occurs during high- frequency act1v1ty in motoneuron

~ A31S there is often no act1v1ty in motoneuron A30F When motoneuron

: .
Fs -

A31S is f1r1ng'at frequencles above fﬁ?éfi the ‘antennule is tonically
ck;r

.

flexed at the MS-DS joint. While re M31F-M30 patterns during

fllcklng, occa51ona11y a serleh of f{;cks would occur which were not

.,

correlated with act1v1ty in motoneuron ASOF V15ua1 examination
&

f'showed that the MS5-DS joint was being malntalned fu]ly flexed dur1ng

' :
‘these anomalous patterns. It should be noted however, that ‘even when ,

thq MS DS joint was not ton1ca11y flexed licks occa51onally-occurred
w1thout act1V1ty 1n motoneuron }g%F Fli king'usually did not occur

during h1gh frequency act1v1ty 1n motoneu on A32S but it must be

»

stressed that only 2 preparatlons y1e1ded short recordlngs from this =
..unit. - . ;_‘ ‘ ’.4 : ' ' -
In conc1u51on it seems that high- frequency act1v1ty in slow flexor

«

.motoneuron A31S, and sometlmes in slow extensor motoneuron ASOS
"correlated with the abol1t10n of act1V1ty in the fast extensor moto-

neuron ASOF uh1ch is normally actlve durlng a f11ck‘ . v .‘(L-‘.
//'\"* ' . : 2 i . . S L

e (5) Centra] Patterning and Reflex Control of " ';\, )
- Antennu]ar ickmg

(a) FZexor patterns beZowmng the aZteratzon of
| sensory 1nput - <\
F11ck1ng is not 1nh1b1ted by excision of one antennule both )
antennae both eyestalks -and the DS OF 301nt of the remalnlng antennule; \ (\ ’.7
: In such preparatlons the only 1nputs to the braln -are the tegumentary o *f{%

nerves the c1rcumoesophagea1 connect1ves and the receptors in the

e N . . . - . . -

Cwl )
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remaining portion of one antennule. Furthermbre; flicking has been
observed in parlially—isolated brain preparations in,uhich only the
eyestalhs, antennae and antennules and their nervous connections with
the brain.were intact. As yet, however, flicking has not been observed
in isolated brain- antennule preparatlons. This suggests that flicking
may not.occur in the.total absence of - non-antennular- sensory 1nput.

In 1ntact animals a flick is initiated by a.burst of 1 to 7 -

’spikes'in erxor motoneuron A3IF and a burst of spikes of 1 to 5
spikes in fleror ~motoneuron A321"A The first spike in motoneuron A31F
precedes the first splke in motoneuron A32F by an almost constant
1nterva1 uhlch‘;n d1fferent an1mals lies in the Tange of 1. 8 to 2-1

- mset (Sectlon 4 (b) Chapter III) No operatlon to, or manlpulatlon,
of "the antennules, evestalks or antennae alters thlS 1nterval

Increas1ng the rate of-flow of sea'water through thevchamber,'
p1pett1ng d15t111ed water 1nto the 1nflow1ng stream or over the

'dactylopodltes of the claws or legs or, in some animals, 1ntroduc1ng .

 fish Ju1ce to the 1nflow1ng stream, 1ncreased the mean frequency of

-4’f11ck1ng; These st1mu11 however, had no. effect on the number of

splkes 1n motoneurons A31F and A32F duang a 51ngle f11ck Further—
'more no combination of st1mu11 were found wh1ch31nf1uenced the number

- of sp1kes/f11ck although the most cbmmon number of splkes was some-‘

.t1mes seen to change dur1ng a long (over 10 h) record1ng seSSlon.

- These observatlons are cons1stent w1th the(:bservat1on that the

.‘number of splkes in motoneurons A31F and A32F is not ‘related tovthe"

v precedlngyrnter#flrck 1nterva1, .In'add%i}on,.it should.be:noted that

‘ the percentage of long flexor_burstSvis‘qudte'variaule'between animals.
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In conclu51on it seems that the number of sp1kes in motoneurons
A31F and A32F are sensitive e1ther to subtle and slowjfnﬂctuat1ons
~_,1n the env1ronment or to endogenous changes in the phy51olog1ca1 state
of the crab, or to both these factors. This conblusion however, does
not preclude that the number of flexor sp1kes is 1ndependent of any

"sensory 1nput but just that any such dependency is under some form of

long-term regulation. = . - \

Excision of the IF and the long, thin, diStal‘segments of the OF;'

'or 1mmoblllzat1on of the MS-DS and the DS-OF Jo1nts by\stapllng the
. MS and DS to the . Sylgard block (Fig. 2A) did not con31stent1y -alter
the -numbers of spikes in: flexor motoneurons A31F and A32F (Table 9)
In contrast, exC1s1on of-all but. the basal'segment of the OF‘usually
- resultedeln the almost total abol1t1on of long bursts in motoneurons

‘A31F and A32F (cf Flgs. 24A wlth Fig. 248 Table 9) This effect was
p'most c]earlv seen in crabsaln which the number of splkes 1n motoneurons
',ASIF and A32F- was hlghly var1ab1e. Followlng this operat1on most
f]leS reshlted from only 1or2 spxkes in motoneurons’ A31F and A32F

X

(Flg. 24B; Table 9) “This was’ true ‘even dur1ng series of f11cks whlch

had a short mean 1nter-f11ck 1nterva1 By far the most frequent

* pattern was 2 spikes in motoneuron-A3IF and 1 spike_in motoneuron A32F

~while 1 spike in motoneuron A31F was’ never followed by ncre.thanul
spike in motoneuron A32F. Records from muscles 31F and 32F more than
-2 weeks after this operat1on showed no recovery or the ab111ty to

'

‘ produce an apprec1ab1e percentage of longer bursts in motoneurons

' AFIF and A32F Only one anlmal whlch was 1n1t1a11y show1ng a hlgh b

percentage of 2: 1 A31F: A32F patterns fa11ed to show a clear reduct1onf‘
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Table 9. The effects of altered s

LI

[T

i

Ant'le’
Anim. . Cond't
1 Free :
1 MS-0S Im.
1 S-S
0S-OF Im.
T gs-or
L Qe
2 Free
L MS-DS &
2 { DS OF Im.
. OF -
2 { Excised
3 Free
- OF
3 ggcised
4 Free
OF
41 Excised
S Free -
5 (MS-DSs
DS-OF Im.
5 { Frecd
5 { Freea
OF
5 Cgycised:

7a

211,242
2 10

- zg'

7 50

45 -

-145 10

ne -

18 20

27 8

15

30,372,373
-3 1N
-
<15 10
- 6
-.7 s
21 38 -
23116 -
- 5 o
- 45 2
- 5 .
1. 5 -
- N -
- 10
- 12 -
- 13 s
- 9m

.
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sory input on the number of spikes
~ in flexzor motoreurons A3IF and A32P during antennular flicking’

fio. of AIIF spikes/io. of A32F spikes

4/1,8/2,8/3,8/8. 5/1,5;2,5/3.5/4

1

2

n

k]

22 4
28 7
132
16 2
8 -
.
1 -
S
1 -
2 -
5 1
3 s

8 .
v

3

9

2

6/3,6/4.6/5 7/3.7/4

-

2

Total

100
100
100

50 .
27
180

180

. 170

0
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60

60

X of ¥/1,
2N 8 272
patterns

22

‘30%

582
ax

152

152

972
i
a1z
862
89z
782

58t
552
k>3

1002

The patterns under each condition are those of successive flicks. 1In
each animal operations or manipulations were

which they appear under antcnnule condition (ant®
specified the antennule was alw

Im. - Immobilized.

a

sed in the order in
le cond't). Unless
ays intact and unrestrained (Free).



?ig. 24 >51multaneous electromyégram recordings in flexor muscles 31F ~
‘,and 32F during 51ng1e flicks: before (A) and after (B) exc1s1on of all
but the basaleegment of the outer flagellum. Note the reductlon in
the number of EJPs in each muscle which reflects a reduction in,-thé
-4number.of spikes in flexor motoneurons A31F and A32F. Time scale'-;

30 msec.

;Fig. 25;: Simultaneéﬁs electromyoéraﬁ recording$ in fléxér muscle 31F
and extensor muscle 30 durlng flicks of a freﬁrantennule (A) and B
followmg 1mmob1hzat10n of the MS—DS JOlnt (B) and follovung 1mmobi‘lli-,- '
zatlon of both the MS- DS and DS- OF Jomts (C) The moton‘eur_ons
cons1dered re5p0n51b1e fbn the various pa}terns are shown in‘parenf
theses Note the progress:we abolltlon of activity in 'eﬁ(ten$or moto-

" neuron A30F through sets A, B and C. Time scale — 30 msec..
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in the percentage of Ionger flexor bursts fo11ow1ng thlS operatlon
(An1mal no. 4 Table 9), and in no case d1d this operatlon affect the
numbers of spikes in motoneurons A31F.and A32F of the contralateral '

s

g g_antennule.
: . §
In conclus1on, 1t appears that 1nformat1on from receptors on
the short segments of the OF is necessary for the. generatlon of most

bursts of more than 2 Splkes in fiexor motoneurons A31F and A32F

dur1ng fllcklng in intact anlmals.‘ : o . ’ -«
A o (b) Extensor activity beZowing the aZteration‘
- . ‘of sensory input <

a burst°af 1 to 4 splkes in extensor motoneuron A30F. The first. spike

of. this burst follows the first sp;ke in flexor motoneuron A31F by 20

to AO msec. . The. number of sp1kes 1n extensor motoneuron ASOF is" not

related to the frequency of f11ck1ng or to the number of Splkes in

3

' flexor motoneuron A31F. Furthermore‘ the act1v1ty in motoneuron ASOF

is not 1nh1b1ted by the exc151on of ‘the OF IF or the DS-OF joint
(Table 10).
Act1v1ty in extensor motoneuron A30F was often absent dur1ng

A

fllcks W were performed uhlle there was tonic flex1on at the
\ MS~DS JOln (Sectlon 4 (d) Chapter III) ‘When the antennule is
f11cked dur1ng tonic flex1on at the MS-DS 301nt there is 11tt1e or no
movement at the MS-DS JOlnt (Section 2§p1) Chapter III) Th1s sug-
gested that MS-DS ynlnt flexion mJght be necessary for the exc1tatron
Aof motoneuron~A30F. ’ L ﬁ o Lo | .

To test this hypothesis the MS-DS joint'was.immobilized by

In intact animals the'extension phase of a flick is the'result of

é
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Ta‘Lblev 10. The effects of altered sensory input on the nwnber of spikes in

flexor motoneur-on A31E and extensor motoneuron A30F during
antenrmlar flwks '

% flicks
Ant'le No. of A3IF spikes/No. of AJOF spikes—— with no
Antm. Cond’t  1/0.2/0,3/0,4/0.5/0.6/0 1/1.2/1,3/V.8/1.5/V,0/) ‘22.3/2,4/2,5/2 2/3.3/3.473 38,473,508 Total AMK spa.
T . Free 1122 1 - - AMN5 3% 4 - - 22 6 2 - - 2 Vv 1 2 243 =
VoomSIa 37533 7 2 1 - 7 88 - - .- 3 - -« - . . 'l _ . 2z
TRt s o4 oo o e T
1 B - M 8 - - - S5 2 - - - - oo . ..o o« _ﬁ($
1 e T T | T N S L S =
2 . Free - - - . o . . 2 . - - - &2 - - Ly . L L m
T e (T e O s nz
N I T T - - e - - e - %62
O T T T P 9z,
Ms-DS . co . P : .
2 Fees - - a. -_-usn:j - - 421 - 24 + . - . m o
DOS-OF : C e . » :
4 (Exused‘ - % - .- -. 18 oot 2 - - - %‘/l - - - - - 3 (zx
3 Free 2 1 1 - - 28315 M - - 31 2 2 - 2 - y o1 - us 261
3 mseSIm. 8 4 6 1 - - 5 50 & 3 - - Y2 - - oo o2 e e
3 g:gﬁ :ﬁ e T S L H S SR
3 ‘nsmoru'rsr:ea 9 3 2 - - 119 4 - ) 3 Y 1 - - . L e 26z
P Free St st s i o8By - - Z W3 - - . o Lo om
4 M0SIm. - 38 1 - L e 2 s T an
MS-D5 8 . S .o Lo o _ ' '
oS OF fm. - 7 ,-_-_-.~,(/ T TN T T s s s e s T e
s PO L L T e s IR -
4 ;‘.5“’5' ... B2 S e T 2R ot
4 MsDSle T - 1372 1 - - . 7.2 e T TR R JE * |
I R T - - - 3 L -
"s-0S 8 : o 4 - ' o
. 0SOF freea = - T - - - B 3 - - .43 - . . . . _ .. n ox

The patterns under each condition are those of'surccssvvw flicks. In each animal aperatinne or mr.vpuhlicn. were hvou'd
in the order ‘n which they appear under antennale vonditlon (an( Te ccm't) Unless spcclhcd the antennule was chuys
intact .and unrest,ained (Frcg) In. - lmmbnlizco. .

v . v“ﬁ
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stapling the MS and DS to the Sylgard block. Th1s was done in such a
way that the MS—DS and DS-OF Jo1nts were in the partially extended”
cond1t1on they adopt in the resting antennule (F1g. 4A). In unre-
strained antennules there was no activity in notoneuron A30F dur1ng
»0 to 27% of flrcks (Table 10) Followrng 1mmob1l1zat1on of the MS- DS ﬂ v
Jornt 10 to 97% of fllcks were not correlated W1th activity in moto-
neuron A30F CTable 10).' In thns cond1t1on fl1cks wh1ch conta1ned* ’ : -
more than a srngle extensor spike were rare even in preparatloﬁs wh1ch
1n‘the unrestra1ned state usually showed 2 or more extensor sp1kes | .-f”

durlng a flick (cf Flgs. 25A w1th 258 Table 10).

khen both the MS- DS and the DS-OF 301nts were 1mmob1112ed there ot

ibas no extensor act1v1ty in 60 to 100ﬁ of flrcks (Fig. 25C; Table 10).

Furthermsre only 3 out of 85 fllcks in a s1ngle anlmal were corre-

~lated with more than one extensor spike (Animal no. 3, Table 10) In

this condltlon a f11ck was con51dered to be correlated ‘with the

appearance of bursts in flexor motoneurons A31F and A32F which were

1dent1cal to those seen dur1ng flicking in. an umrestralned antennule. -
Releasrng the DS-OF-Jornt and then the MS—DSvjoint progresSively :1 "

restored extensor act1v1ty (Table 10). The antennule could then be |

1mmob1112ed and released again w1th qualltatlvely 1dent1ca1 results

-.(Anlmal no. 4, Table 10).

There was some var1ab111ty between anlmals in the extent to whlch

301nt 1mmob1112at10n resulted in abolltlon of extensor act1v1ty. In

- nost anlnals 1mmob1112at10n of the MS DS and DS OF Jo1nts abol1shed

/’;tensor actxvrty in 90 to 100% of fl1cks. In. one animal, however,.

- only 60% of f11cks were without extensor activity'following complete



N

Fig. 26. Simulténeous elect%omyogram recordingsdin flexor muScle'SIF

~

N

and extensor muscle 30 of a single antennule. A: a flick of a free'5

antennvle. B*-subthreshold st1mu1at10n of flexor muscle 31F C‘ '

threshold st1mulat1on of muscle 31F. D: a flick follow1ng,1mmob1kié'

zatibn of the MS-DS joint. _E: threshold stimulation of flexor muscle ‘

31F fbllow1ng 1mmob1112at10n of the MS DS 301nt F: a higher-
1nten51ty shock to flexor muscle 31F follow1ng 1mmob111zat10n of the
MS-DS ngnt G: a hlgh—lnten51ty shock to flexor muscle 31F in a.
.free antennule. H: a h1gh intensity shock to flexor muscle 31F 1n

a free but excised.antennule. Arrows 1nd1cate sp1kes e11c1ted 1n'>

‘ _muscle 31F by dlrect st1mu1at10n. See‘text'for.further explanatlon‘ .

Time scale — 30 msec.
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. immobilization (Animal no. 3 vTable ld).

In an attempt to excite motoneuron A30F by evoking flexor muscle .
ten51on and Jo1nt flexion, 2 myogram electrodes were used to s1multane—
ously stimulate and record electrical act1v1ty in M31F while a th1rd
l'electrode was used to record the EJPs of motoneuron A30F in M30
When clear records of the EJPs o motoneurons A31F and A30F were
_ obtalned (Fig. 26A), single 1 msec shocks were applied to M31F. On

4 9%

1ncrea51ng the stimulus, 1ntens1ty, 1'or.2 all or-none spikes were
recorded in M31F and there was rap1d flex1on of the MS\DS joint (Flgs.
268 and 26C).’ In_40% of the animals tested,'up to 50% of the stimuli
:elicitedzl or occasionally 2 soikes in M36. The%size and‘shapehofv
.these snihes in‘y30'were‘identical to'thefEJPs recorded from M30'durfng
a flick (cf. Fig. 26A with 26C). They—are thus considered to be the -
EJPs of motoneumon‘£30F -In successfulvpreparations‘the,EJP of moto-l'
_ neuron A30F followed the frrst spike in M31F with apnrorimately the
same - delay as that separatlng the f1rst EJPs- 1n M31F and M30 durlng
a f11ck (cf. Fig. 26A with 26C)

Immob11121ng the MS DS joint abolrshed the EJP of motoneuron ;
A30F durmng most fllcks and on threshold st1mulat1on of M31F (Figs.
26D and 265) Increa51ng the st1mulus 1ntens1ty e11c1ted l or 2

~

large EJPs in M30 w1th a latency of lO to 14 msec after the f1rst
{

| spike 1n M31F (Fig. 26F) When the MS—DS‘JOlnt was released a highé '7

1nten51ty st/pulus torM31F sometlmes e11c1ted an EJP in M30 w1th a

\

”'.normal latency in add1t10n to the short- latency EJP (Fig.- 266) The

1

short- latency and the normal latency EJPs were. permz'ently abollshed

by excision of the antennule at the prox1ma1 segment—medlal segment

ih

TV



122

joint (Fig. 26H). 1t is thus con51dered ‘that the. short- latency EJP

in M30 results ‘from direct st1mulat10n of receptor:);ons which have
Salutudr . .

an excitatory effect on motoneuron A3OF

L

In excised antennules threshold stlmulatlon of M31F always

resulted in a single large splke being recorded from nerve 2. Thls

?f ~
occuxred wrth a latency of 1-4 to 1-8 msec and was- thus presumed to. be » ;
’ Fe : : i . i
an antidromically propagating action potent1a1 in motoneuron_ASlF EE y"

In add1t10n threshold stimulation of M31F e11c1ted a mu1t1 un1t burst
‘of SplkeS in nerves 2 and 3.  These bursts began 10 to 15 msec after
the stlmulus art1fact and had durat1ons of 19 to 46 msec. Act1v1ty

. in some units-in nerve 3 could be. abollshed by 1mmob111z1ng the MS-DS

* - joint but many units were st111 act1ve follow1ng this man1pulat10n.

In conc1u51on, it seems that flex1on at the MS-DS and DS- OF

-

fJo1nts is usually necessary for the consistent excitation of extensor

motoneuron ASOF dur1ng f11ck1ng. Desplte this, the comblned effect

¥

of antldromlc actlvatlon of motoneuron A31F, ten51on~1n M31F and

.
v flex1on at the MS-DS Jo1nt is only occas1onally suff1c1ent for the - ;.

~

»exc1tat10n of extensor motoneuron ASOF and then onlg,ln some anlmals.

I3

Furthermore antldromlc act1vat1on of;kntoneuron A31F and tens1on in’

M31F are never’ suff1c1ent to exc1te extensor motoneuron ASOF



to 15 Sensory neurons (Barher and Hayes 1963; Hayes, 1971;'Hyse,

IV. DISCUSSION - - . o
. ‘ . /# |
(1) Surface Structures of the Antennular Flagella

e .
: \\\ (a) Exoskeletal Eifs and Pores

o
N

o

. Exoskeletal pits are well distributed over the surface of the
inner,and outer flagella-and-the distal antennular segmeht They are

extremely tiny and in no case appeared to contaln any mater1a1 Thus

- rather than sensory structures they are tentatlvely considered to be

; the openings of the tegumentary ‘gland ducts (Demnnell, 1961).

Exoskeletal pores 1dent1cal to those descrlbed on the antennular

v

‘ flagella of Pagurus aZaskenszs have not been described in other dv'

crustaceans.' Ong (1968) has descr1bed receptors . on the mandlbles of

Pl
<

copepads which . con51st of a pore in the exoskeleton in which are the

R

tips of the dendr1tes of 1 to 5 sensory neurons Slmllarly the .

c@emoreceptors of the ch11ar1a and flabella of”xhe arachn1d Ltmulus'
. %;

poZyphemus consist of an exoskeletal pore which is 1nneri;ted by 6

\;\% . .

1971) B

The structure w1th1n the pore has not been 1dent1f1ed ;n the

o
‘present study. If the pores are sensory receptors these structures
- may be nerve endings. Clear def1n1t1on of thelr functlon must awalt a

.comb1ned behav1oura1, electrOphys1olog1cal and transm1551on EM study

' (b) setal Morphology.

Thomas (¥Q70) has reported only plumose acumlnate and aesthe-

»

‘tasc setae on the outer flagellum of ' the crayf1sh Austropotamobzus

Y

pallipes. In contrast, only smooth walled setae uere fbund on elther

L. 123 ] . "..“ )
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iantennular flagellum of P. dldskengis.' Thomas (1970) furth T notes that
a11 the setae of A. paZthes have a single annulatlon somewhere along
the1r length. In P. aZaskensts a s1ngle annulatlon was often seen'cn "
the dorsal and ventral setae, the type I and. type II 1ateral~mes1al
setae accessory setae and the setae of the most d1sta1 segment of the )

‘outer flagellum but Q;ver on the type I or. type 1T .setae of ‘the inner

flagellum.\ ;
AR )
™ The aesthetaSc setae of P. “alaskensis resemble those reported in

A

the brachyurans, Cbncer productus‘.? antenmarius and Pura

'gatm&rdii the anomuran Ragurus hzrsuttusculus and seven f§m111es of =

cryptohlsc1n1d 1sopods ‘(Ghiradella, Case § Cronshaw 1968b Cronshaw

e a

& Case 1968 1970; Nielsen & Stromberg, 1973 Snow, 1973) in that they
have periodic. annuﬂgzaons along much of thelr length In contrast

only a 51ngle annulatron is reported to. occur fn E&f aesthetascs of

A pallipes and none hawe been reported in the ae thetascs of several
cypr1d ostracods (Thomas 1970, Danlelopol 1971) l_ - |

‘Thomas (1970) con51ders that a general feature of all crustacean

setae is an jz1cal pore. In an SEM study of thi.setae»of thegcrayfish,

A paZZzpes, e Teports thatvihdeed the setae o _the"crayfish'have an
ap1ca1 pore wh1ch is 0-5 to 1. 5 um in dlameter (Thomas 1971). ln the
present study an ap1ca1 pore of 0.4 to 1-0 Ym has been found in all ‘but-
A_the aesthetasc type I lateral mesial setae and the prox1mal dorsal

.
‘setae of the ‘outer flagellum It must be stressed that the p0551b1e
'presence of secretions which mlght f111 a pore mean that it is diffi-
~cult to demonstrate the absence of even 51z§ble pores: using the SEM

The que r:on ‘of the presence or absence of ap1ca1 or other pores.
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. mechanism may also allow éf
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is of particular interest with reSpéct to the chemoreceptive aesthetasc

i

setae (Laverack "1964; Laverack & Ardill, 1965* Ghiradella, Case § -

Cronshav, -1968a, b Ghlradella Cronshaw & Case 1968, 1970; Danielopol,

' 1971; Nielsen & Stromberg, 1973; Snow, 1973). Lavérack (1968) has
'suggested that such pores would be important for the penetration of

 chemical stimulants to the sensory dendrites. Pores cannot, however,

be considered a diagnostic characteristic of crustacean chemoteceptive~

setae for two reasons; Firstly, all setae in the crayflsh A. paZZzpes

.have an aplcal pore .(Thomas, 1971). In: add1t10n on the ‘antennules

of Pugurus aZaskenszs many setae, for wh1ch a mechanoreceptive function

w111 be argued below have an apical pore. Secondly, not all crusta-
ceans>exam1ned have been shown to have aesthetascs with an ap1cal pore. '
Terminal pores have been reported in the aesthetascs of A. paZthes
Panulzrus argus, the cryptonlsc1n1d 1SOp1dS Czronzscus and CZypeontseus'

and several cyprid ostracods (Laverack'&‘Ard111, 1965; Thomas, 1970,

©1973; Danielopolvv1971~ Nielsen & Sterberg,'1973) No pores, how-

{

7

- ever, have been found in the distal portxons of the aesthetascs of the

decapods C. prodhctus C. antennarzws,}Coenabmta compressus, Parulirus

znterruptus EUgurus hzrsutzusculus and Puragrapsus gazmardzz or the

cryptonlsc1n1d isopod Asconzsv' (Gﬁ1radella Case § Cronshaw, 1968a,b;
! »
Ghiradella, Cronshaw & Case, 1 68 11970; N1elsen & Stromberg, 1973;

14

Snow 1973) The absence of an apical pore suggests that a similar
4(

ST
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appear to be'hlghly sensitive’to osmotic, mechanical and chemical
stimuli (Sectlon 2, Chapter IIT). All the ~setae of tﬁ antennular
flagella are thus con51dered to have a sensory function.

Although morpholog1cal s1m11ar1t1es may 1nd1cate similar sensory
'funct1ons of setae, d1fferences in setal morphology ‘'do not necessarily
1nd1cate dlfferences in sensory function. Rather than setal morphology,
more reliable determlnants of setal funct1on would seem to be'd
(L) the1r topographlcal locatlon in relatlon to other surface struc-
tures and to the normal activities of the appendage or portlon of the
body on . whlch thev occur; - (‘) 1nformat1on from the limited behaV1oura1
'electrophy51010g1cal and transm1551on EM stud1es on crustacean setae.
'UnfOrtunately, detalled descr1pt1ons of setal arra?gement and morphology
are seldom given in electrOphJs1olog1cal and behav1oura1 stud1es. Thus
at present 1t is necessary to draw comparlsons between the setae of
dlfferent Spec1es on the bas1s of their general p051t10n.'

'7 The companlon" setae uhlch Laverack (1964) describes as~occurr1ng
"near.the aesthetascs of the lobster are most probably analogous to the _
_accessory setae of the herm1t .crab antennule. The "companlon"'setae

were found to be mechanoreceptors 1nnervated by 2 to 4 sensory unlts.-
During a study of the antennular activities of Pagurus aZaskenszs I
‘was able to ellcit antennular,wiping by mechanical stimulation of'the
aesthetascs (Section 2‘(c) Chapter ITI).. It is poss1b1e that during
these exper1ments, stlmull were actually be1ng delivered to and
'reglstered by the accessory setae rather than the aesthetascs.» A e -

~ nular w1p1ng, ‘however, is probably 1nportant in remov1ng part1c1e5‘ .

“Ltrapped amongst the aesthetascs and it is - dlfflcult to see how the,




accessory setae: could reglster the presence of such particles. If
the accessory setae are mechanorggéptors then their very close struc-
tural’ 51m11ar1ty “to the type I setae of the inner flagellum mlght
1nd1cate that the latter are also utilized for transduc1ng mechan1cal
stimuli.

The type IT setae of the more proximal segments of the inner
flagellum could be con51dered to form a comb- like guard along the

* ventral approach to the aesthetascs while those on the dlstal segments

form the most ventral extenslon of the resting antennule Prellmlnary'

s :
experlments have shown that mechan1cal st1mu1at10n of the prox1mal

type 11 setae results in 1ncreased act1v1ty in antennular nerve 2.

'

P1pett1ng water around the inner flagellum also resultediin prolonged

,act1v1tv in nerve 2, even after removal of the outer flagellum

‘Holmes and Homuth (1910) Copeland (1923) and Laverack (1964) ‘have
reported mechanlcal sen51t1v1ty of the inner flagellum “of J%varlety
of crustaceans. Chemical sen51t1v1ty of‘the 1nner flagellum has

also been reported by Holmes and Homuth (1910) and Copeland (1923)

T The setae of the inner flagellum have an ap1cal pore; which may enable;
dlstrlled water or chemlcals ‘to penetrate to the sensory neurons.
Mechan1cal stlmulatlon of the,1nner flagellum or pipetting distilled
water around the’ antennular flagella of P alaskenszs was shown to, be;
suff1c1ent to e11c1t an extens1on-w1thdrawal reflex (Sectlon 2 hi)
Chapter III) but both these types of stimuli could have affected both
type I and type I setae. Extens1on-w1thdrawa1 reflexes are p0551b1y
'1mportant in remov1ng the antennules from potentially nox;ous.stlmull

(see Sect;on 3 (d), Chapter V). It is thus poss1b1e that the type If

o




i
and type I1I setae functlon ‘as polymodal sen5111a that reg1ster poten- ‘
t1ally noxious. stimuli. It is 1nterest1ng to note that Bessou and Perl
‘(1969) haVe described 51ngle polymodal sensory neurons in vertebrates
whlch respond spec1f1cally to nox1ous st1mul1.
The setae ‘of the long, th1n d15ta1 segments of the outer flagella
are most probably mechanoreceptors.“ Mechanlcal sen51t1v1ty of the
outer flagella of a variety of crustaceans has been well documented

(Holmes & Homuth 1910; Copeland 1923; Mavnard & Dingle, 1963-

: Laverack 1964) Furthermore mechanlcal st1mu1at10n of these segments

P,oln D. aZaskenszs resulted 1n a fast. flex10n—51thdrahal reflex but once

aga1n the stimuli were, not spec1f1c enough to accurately- local1ze the

setae 1nvolved (Sectlon 2 (d), Chapter 1IT1).
\ . . ,
v Slmllarly the proxrmal dorsal satae and the type I lateral mesial

isetae are probablv mechanoreceptors. Mechan1ca1 st1mu1at1on of the
3 rﬁ.

: dorsal surface or sides of the outer flagella were suff1c1ent to elicit

,_‘ }_ . ’

'a slow flex10n-w1thdrawa1 reflex and such st1mul1 would almost certa1nly '

4 B

have affected these setae (Sect1on 2 ﬁi} Chapter 111) . The extreme
recumbence of these setae under the SEM and their absence on most of -
'the fused short segments 1n1tlally suggested that the) mav _register
bend1ng of the outer flagellum across the short segments ;In fresh
imater1al however these setae do not make contact w1th the more distal
‘gshort segments even on extreme dlstortzon of the outer flagellum “,,
“Furthermore Laverack's (1964) data suggest that the small setae near

the Jo1nts between the short segments of the lobster outer flagella .

are mecbanoreceptors while lateral bendlng of the outer flagella is

/

reg1stered by 1nternal proprloceptors.
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The setae of the antennular flagella must be subject to consider-
" able stresses durlng antennular flicking in P. aZaskenszs (see Section
2 (a) Chapter III) If, indeed, many of these setae are mechanorecep—

'.Ptors then one must Lmaglne that each flick must e11c1t a mass of sensory
~/

‘

dlscharge“- Alternatlvely it is poss1ble that the setae are either
. insensitive to deflectlons e11c1ted by antennular f11ck1ng or that
' thelt'sensory neurons. are in a_cont1nua1 state of adaptation to such
deflectiOns.' . .
J. The'setai armature efvthe’entenhﬁlar flagella of P. aZaskensis is
suff1c1ent1y con51stent to’ enable a detalled neurophys1olog1ca1 study
of the receptlve propert1es of spec1f1c types of setae which have a
;spec1f1ed topograph1ca1 locatlon. It should also be. possible to use
‘ partlally restrained preparatlons (see Section 4 (a), Chapter I1) in
, .4
comb1nat10n w1th§prec1se1y 10ca112ed'st1mu11 and very spec1f1c setal
abalations to gain much 1nformat1on regardlng ‘the whole animal s1gn1f1-'
caqee‘qf the varlous_setae.: The ab111ty of crustaceans to regenerate
antehnules'then makes this a favourable.system fot looking'at the re-
iestablisﬁment of~sﬁecifie-reeepte; preperties and_central conhections{
Furthetmore,.beeause;hetmit crabs een.now-be successfﬁlly raised:ih
o theyleboratory [Nybiade, 1970; Roberts, 1970) ene may coﬁsider study-

L ing these -areas in relation to theAdevelopmental process.
(2) @ Analysis of the Anten_nu'l-af‘ Activities

(a) Antennular flicking
ingseeking.the major function ofjantennulaffflickingvone is led

“to cghsider the most obvious result of this activity: the splaying




 of the aesthetasc setae.. Although the movements during flicking are

t'g-‘very-ra,pid they are .also relatively small. Consequently it seems

unllkely that they could generate water currents which are of s1gn1—;.
‘f1cance to structures.other than those on the antennules. In addition,
the antennules are usually extended upwards in front of the crab so
»;that antennular f11ck1ng is - generally away from the body and other oo
_appendages It could be suggested that f11ck1ng is 1mportant in |
removing debrls caught amongst the aesthetasc setae but debris rapidly-
accumulates foIIOW1ng the removal of the endopodltes of the 3rd maxll-
11ped and thlS operatlon does not 1nh1b1t f11ck1ng.'_I therefore
propose that the functlon of antennular f11cklng'in aquaticrdecapods
is related to;the function of the'aeSthetasc setae._

There is.considerable behauioural, electrophysiological'and
ultrastru#tural ev1dence that the aesthetasc setae are of prlmary
importance in distance" chemoreceptlon (Laverack 1964;-Laverackv8‘
v‘.Ard111, 1965,‘van Weel § Chrlstofferson, 1966; Hazlett,'1968;"-

’ Ghiradella'et’al '1968b: Ache E Case, 1969'.Snow 1973). Marine .
brachyurans and anomurans have long (up to 1700 um), th1n (basal

dlameter 10 to 30 um) aesthetascs which are crouded 1nto closely

Spaced TOWS on the outer antennular flagellum (Balass,_1944 o “;\
'.Gh1rade11a et aZ 1968b) In Pagurus aZaskenszs the maximum separa-

* tion between the long TOWS of aesthetascs occurs near the bases of

the setae and is only 80 um, Thls suggests that there would be-little
exchange between the water surroundlng the aesthetascs and that of

tthe crab's 1mmedlate env1ronment The 11m1tat1ons wh1ch thlS struc-

tural’ organlzat1on may place on chemoreceptlon are empha51zed when one

)
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considers that probably only the distal portions of the aesthetascséof
marine decapods are permeable to d1ssolved materlals (Gh1radella et al.
1968b). Any mechanlsm which facilitates the c1rcu1at10n of water
around . the aesthetasc setae could thus be cons1dered of prlmary impor-
tance to the chemoreceptlve process. |

In P. alaskensis there are two types of. spec1allzat1ons which
'could be 1mportant to the c1rcu1at10n of water around the aesthetasc
setae: (1) the spec1a11zed structure of the outer flagella and the
aesthetasc setae' (2) the patternlng of movements durlng antennular-

w

f11ck1ng. o o o
1. Structure of outer flagella and aesthetqse setae
The’aesthetascs of marine decapods may contain the processes of

up to 400 sensory neurons per seta (Ghiradellavet al. 1968b). Nater

.resistance forces -during antennular fligking result in bending of the
aesthetascs and movement about thexr basal attachment w1th the outer

flagellum.. If the wall of an aesthetasc resembled a un1fbrm cyllnder,

. <
¢

v'rigidly fixed to the surface of the outer’flagellum then these water
res1stan¢e forces might be suff1c1ent to cause dlstortlon of the wall'

‘vand damage to the densely packed sensory processes. The socket in

wh1ch each aesthetasc of P. aZaskenStSvls borne would allow some move- '\
ment of each aesthetasc around 1ts basal attachment while the per10d1c o

-

annulatlons along each’ aesthetasc may act as 301nts whlch permmt

. \,'

bendlng of the setae w1thout d1stort10n of the cyllndrlcal fbrn

5

(Plates S and Sa)
Flex1b111ty of theubasal attachment of the aesthetascs of . Chncer

productus and P, hprsutzusculue is,3ugge5ted‘by»figures 2hand 3 shown
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by Ghiradella:et al. (1968b) and’such structures‘have also been
observed in Phraarapsus aatmardzt (Snow, 1973) and in ep1car1d 1sopods
(Nielsen § Stromberg, 1973) ’ Structures which resemble the per10d1c

‘N

annulat1ons of the aesthetascs of PUgurus alaskensis have been

observed in the aesthetascs of the brachyurans Paragrapsus gatmardtt

’ (Snow 1973)\‘€hpcer antéhnarmus and-C. productus (Gh1rade11a Cronshaw

O Case 1970) in the anomuran, Pugurus hzrsutzusculus (Ghlradella

Cronshau & Case 1968) and in seven fam111es of cryptonlsc1n1d '
1sopods (Nielsen § Stromberg, 1973) 1elsen and Stromberg (197%),
l'hOhever have suggested that these annulatlons may be 1mportant in
reta1n1ng the cyl1ndr1cal form in the restlng aesthetasc.
)

In P.. aZaskens¢s there is extreme bend1ng of the outer flagellum

about 25 msec after the 1n1t1at1on of a fl1ck Thls results from water

re51stance forces act1ng on the long, th1n dlstal segments of the outer

‘ flagellum to cause cons1derable bend1ng across the d15ta1 shorter
.segnents. The result of_thls bendlng,1s a more un1form separatlon
between the aesthetascs of adJacent long‘rows. Furthermore the
4nedlalﬁeart which divides the’ ‘aesthetascs 1nto a mes1al\and lateral
group faC111tates the lateral me51al splay1ng of the aesthetascs. The
outer. f]agella of manv marrne brachyurans and anomurans are of
51mmlar morphology to those of P. aZaskensze (personal observatlon);
In contrast however the outer flagellum of the semi- terrestrlal

,~h§rI1t crab Coenohzta conpressus lacks the th1n d1stal segments and

: the conical form of the outer flagellum of p, aZaskenszs. The"aesthe-

" tascs of Coenobzta are short pegs and (part1cularly in a gaseous med1um)‘

dlstortlon of outer flagella (if poss1ble) would not greatly 1ncrease
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contact of the aesthetascs with chemical stimulants.

"~ 2. Patterming of movements .

During flicking in P. alaskensis the temporal relationship of
tension in muscles which control fiexion'mo#ements at the MS-DS and
DS-OF joints appear to be importanf'to the spreading of the aesthe-

tasc setae. A flick is initiated by flexion at the MS-DS joint 2-5

“msec before movement: of the DS-OF joint. This infers that tension

"deVeiopment in mosclé_SZF which produces fast flexion at the DS-OF

joint occurs onij offer the deveiopment of tension in muscle 31F
which produces fast flexion at the MS-Dsajoint. "Myogram recordings:
from these‘mgﬁg!bs‘in fact show that electrical activity in muscle 31F
precedos‘activit&,in musole‘SZF by 2-3 £0‘4f2 msec. Flexion at the

MS-DS'joint is interruptod for about 5 msecﬂfbllowing flexion at the

DS-OF joint, but'this'interruption is not observed following excision

of all but the basal segmént Of'the outer flagellum. Furfhermore,

- there is no consistent 1nterrupt1on of the e1ectr1cal act1v1ty 1n
muscle 31F which could account fOr the 1nterrupt10n -in flexion at the

Ms-DS 301nt (Section 4 (b),_Chapter'ILI). It is thus p0551b1e that

o -

" the contraction of muscle'3IF~befofe muscle 32F may be important in

~

preventing extension at the MS-DS joint resulting from water resis--

‘tanoe forces generated by flexion at the DS-OF joint, Such a

mechanism would ensure that the outer flagellim is moved through

»sufficient”water to spread the aesthetasc setae. |
(71
Unfortunately ‘the t1m1ng of movements w1th1n a S1ng1e flick have
not been prec1se1y descrlbed in other crustaceans. Pre11m1nary obser-

vations suggest that the morphology of the -antennules of most aquatlc

~
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decapods either resembles that described in P. alaskensis or that

described in lobsters and shrimps (Maynard § Dingle, 1963; Ache § Case,

1969). The outer flagellum of the latter type of antennule is long |
' . B

and thin and bears little_resemblance to the short, conical outer

' flagella of P. aZaskensis. Decapods with antennules 51m11ar to those

of P. alaskensis show relatively high frequency of v1gorous fllcks

but, ‘in contrastL in specxes with antennules resembling those of

_shr%mﬁs and lobsters antennule flicks occur less frequently and are

less vigorous (personal observat1on). Maynard and D1ng1e (1963) . report

that 51ngle flicks of the lobster antennuie may Involve movemen; of

“ v

the outer flagefTém only. More frequentlv however, they observed a

series of flicks of the outer flagellum which were accompanied by a

htonlc flexion of the MS-DS. JOlnt which lasted for the duration of the

serles ‘In lobsters ‘the rows of aesthetascs are bo e on the distalj'

1)

portion of .a long (about 20 cm) flexible outer'flagellum and are

.

» separated by approx1matelv 250 um (Laverack 1964). A series of" fllcks

of the outer flagellum mJght thus be suff1c1ent to exchange the water

around the aesthetascs despite the length andlflexlbility of the outer _

- flagellum,

A comparative study of the structure and activity of the anten--

Y

nules of various'aquapié'decapods may reveal a strong correlation
. . Y ey .

between the vigour and frequency of antennular flicking, the dens1ty

(

of ‘the aesthetasc setae and the size and morphology of the outer

flagellum, Exper;mentally, however the moSt conclusive test of whether

h'fllcklng is important to chemorecept1on may come - - from attempts to

'

' record gross act1v1ty from the aesthetasc sqpsory nerve (nerve 1)

1
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- flicking does prov1de a means of phas1cally sampling the dlssolved

'1nter—f11ck interval mlght thus provide a means of di

source of chem;cal stlmull. These pointing movements freqientlyﬁfbrm

135

. . .
" Y

(Section 3 02) Chapter III) dur1hg antennular flicking 1n a chemlcally

k4

-

changin env1runment

'Y

If fllcklng is essential for the circulation of water around ‘the -

b .
aesthetasc setae then it could be 8onsxdered that a crab only senses

changes in dlssolved chem1cals upon f11ck1ng an antennule. Although
*

thevlnter—fllck interval is hlghly variable in a constant environment,

the mean inter—f{?ck,interval may be decreased by increasing the water

_ Yol
currents or fish odour in the crab's suryoundings. ‘In addition, cer-'
tain StimnIi result in an interruption>of flicking. These observations

suggest that the inter- f11ck interval may be determlned by the selectlve

-

advantage of flicking, f1rstly in relatlon to recent sensory cond1t1ons

_and secondly under the 1mmed1ate senSory_conditions. Assuming that .~

wy ‘;7;"

. chemicals 1n a crab's 1mmedlate enV1ronment the plast:c1ty of the -

5 cting attention

(.

towards or away from chemical stimuli. It is d1ff1dult however to

see why a- central ney?bnal circuit would not be a more economical

e, :
means of ach1ev1ng the Same ends. : S I

-7

(b) Antenmular rotatioh

X -

In the lobster the antennules ‘are frequently p01nted towards the’

part of more complex exp10r1ng feedlng sequences (Mayn;ﬁd & Dapgh;!

- 1963). S1mL1arly, antennular rotatlon in the herm1t crab P.

E
‘i
raZaskenszs was most frequent when crabs appeared to be explorlng new

surround1ngs or when there was a h1gh mean frequency of f11ck1ng. N

In.ghe aqpat1c environment the movement of chem1ca1,st1mulants
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would be heevily dependent on water currents. In general_the anten-
nules . are con51dered to -be 1mportant to distance chemoreceptlon '
(Hazlett 1968 l971b) Furthermore, it has been argued above.that"

flicking facilitates’ the circulation of water around the aesthetasc
g a,
bﬁ-

setae wh1ch are probably the major sites of antennular chemorecept1on

(Laverack 1964 Ghlradella et al. 1968b) The splaying of the aesthe-
_tasc setae’ would bevmaximal when flicking is directed into existing
water currents. Antennular rotation might thus be important to chemo-

reception hy ensurlng that f11ck1ng is usually against water. currents.

-.f

The antennules are often orlentated so that the aesthetascs point into
existing hater currents . It would thus be 1nterest1ng to .attempt to
f1nd what receptors are 1nvolved 1n thls response (see Brock, 1930;

[N

Luther, 1930' Lavexack 1962). A second important questlon is whether
AN

the rotat1on of the antennules is 1mportant to or1entat1on of the

whole an1ma1 towards a food source in the presence and absence of water

currents. (see Brock 1926; Hazlett, 1968; Burrows G'Willows,'1969;

“:Charlton, 1971).
) s 3 ) : -
' (c) Antennular wiping

The functlon of w1p1ng is probably to remove debr1s caught amongst
the aesthetasc setae. In hlgh den51t1es -such materlals would greatly
‘1mpede the - exchange of water around the aesthetascs hhlch 1S suggested
above to be of 1mportance to the\chemoreeeptlve process During wiping
in Fugurus aZaskenszs the long comb like ietae on the endopodites of
the 3rd maxill@pedé probably passythrough the row§ of aesthetasc setae

removing'any‘trappegpmaterial. In contrast,'in'the sand crab Brerita,
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the antennules are cleaned with a growp of setae on the fifth antennal
segment (Efford, 1971). The flexibility of.the aesthetascs around
the1r.basal joints may be important in preventing damage from the
endopod1tes or the antennae. » 4 |
/ »

In attempt1ng to determane the function of an activity 1t is
1mportant to consider the. moda11ty of the tr1gger1ng s.. alus. In the
hermlt crab w1p1ng may be e11c1ted by l1ght mechanlcal st1mu1at1on of
the aesthetasc setae, but pure chemical st1mu11 were 1neffect1ve.
Efford (1971l-has noted that the sand crab Ehertta wlpes its anten~
‘nules when graph1te partlcles become caught amongst the aesthetascs
In contrast, Maynard and D1ng1e (1963) report that w1p1ng 1n the .
lobster was best e11c1ted by chem1ca1 or chemotactlle stimuli and only
'occaelonally followed mechan1cal st1mulat1on StimulatiOn of mechano—
Teceptors situated near the aesthetasc setae may be sufficient to
elicit w1p1ng in the herm1t crab, but in lobsters the 1ncreased'respon-
siveness ‘to chemotact11e st1mu11 means that Speclfic chemotactlle
.sen5111a cannot be ruled out (see Laverack, 1964 Hazlett l97la)

‘The observatlons that wiping in the sand. crab hermit crab and lobster
occur in the absence of apparent stimulation and that 1n the lobster
chem1ca1 stlmulatlon alone appears to be a suff1c1ent stxmulus

- possibly means that only very small partlcles are necessary to e11c1t
Jvth1s activity. Any fac111tatlon of wiping By chemlcal stlmull would

" be selectively advantageous as soluble materials trapped among the

: aesthetasc setae could result in an 1nval1d 1nterpretat10n of the,

'-Achemlcal enV1ronment

e —
e
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" (d) Antenmular withdraval
Although no attempt has been made to e11c1t antennular withdrawal
by st1mulat1ng Spec1f1c receptors both mechan1ca1 and osmdt1c stimu-

latpon of the antennules have been used successfully The electro-

+
<

phy51olog1cal exper1ments of Krljgsman and Krijgsman (1954), Laverack

<

(1964) and van Weel and Chr1stofferson (1966) have demonstrated the

F sence of- mechanoreceptors and osmot1cally sens:tlve‘receptors on the
antennules of var1ous decapods, and the ev1dence of Maynard and Cohen

l (1965) has suggested that some fast- conduct1ng antennular mechanorec-

v

. tors have a monosynaptlc excitatory 1nfluence on an antennular moto-_
neuron in the lobster. . _

;%? . , H In both the'lobster (Maynard &lDiﬁ%le 1963) and the hermlt crab
L an extension reflex could be e11c1ted by mechan1cal st1mulat1on of theb

1nner flagellum'wh1le a flex1on reflex resulted from st1mu1at1on of

“'g'he antennule awaf‘from~the stimulus. S1mllarly, prolonged osmotlc

dﬁ':l,
'1mu1at10n of the antennules in the hermit crab sometimes resulféd

. ln1f1ex10n and’ then extension of the antennule in what appears to be
an attempt to remove the antennule from the stxmulus.v Mechanlcal Or
;osmotlc st1mu1at1on could be 1nterpreted as be1ng potentlally noxious
‘to the aesthet - etae’ and other antennular structures and thus
antennular uithu wal ma2y be regarded as a purel& protective response;
The form of extenslon W1thdrawal in the lobster is 51m11ar to
that descr1bed in the hermlt crab and involved extens1on ‘at the MS- DS

v»JOlnt (Maynard & Dingle, 1963) In the hermrt crab both fast and slow

flex10n—w1thdrawa1 reflexes are recognlzable. A,slow withdrawalﬂreflex

4
3

~ Both the extension and flexion-re?lekes thus move
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involves a smooth‘ slow flexion at both the MS—DS and DS;OF jeints
: wh11e a fast withdrawal reflex involves a rapid flexion at only the
MS-DS 301nt Although flex1on withdrawal reflexes in the lobster .
" usually involve flexion at both the MS-DS and DS-OF joints it is not
clear that what have been defined as fast and slow'flexion—withdrawal
reflexes in the hermit crab are not both involved in flexion with-
drawal as described in the lobster (see Mafnard & Dingle,.1963).

In the hermit crab,“fast flexion;wlth&rawal reflexeg eould'be
elitited by strong taps to the‘efestalks or shell or bylbending.the

tip of the outer flagellum towards the aesthetasc setae. In contrast,

however, slow flexion-withdrawal reflexes could be elicited by touching -

the eYestalks, antenna, carapace or sides or dorsal. surface‘ef the
outer flagellum These observations suggest that the fast flexion-
,w1thdrawa1 reflex serves to rapidly remove the antennules from a
‘stlmulus wh1ch may cause 1mmed1ate damage to the antennules whlle the
‘slow flexlon-W1thdrawal reflex serves to temporarlly adJust the pos-

‘3
t of the antennules so as to avoid re et1t1on of a less severe
PIE\i P

,

stimulus. .
,In‘the‘hernit:érab repeatedi'echanical stimnlatien;of the anten—
nules;;eyestalks,-antgnnae, lege or body, or continnal'stimulatibn of.
the'antennules with ¢ .illed water results in tonic flexlon of both.
‘antennules as well as in postural modlflcat1ons of the eyestalks and
antennae Th1s response appears to be an av01dance wh1ch provides

maximum protect1on of the antennules from the p0551bly noxious effects

“of ﬁgese stimuli. In" the natural state this ton1c w1thdrawal posture

ﬁould provide protect1on of the antennules in an1mals-occupying shells'

. T
Rl

139



ot

140

too small to permlt the1r complete w1thdrawa1 or in animals disturbed
in the process of changing shells
It is 1nterest1ng to note that many brachyurans thhdraw their

antennules by foldlng them 1nto a groove in the ventral 51de of the .
]

cephalic sternum (personal observation). This foldlng involves move-

ment at the MS-DS joint which is in the opposite-direction to flexion‘
at this joint'in the hermit'crab antennule 'Although such differences
may be purely the result of d1fferences in the anatomy of the anten-
nular musculature (cf. Schmldt 1915; Cochran 1935 ‘Section 3 (a)
Chapter III), a comparatlve behav1oura1 and neuromuscular study of

the brachyuran and macruran antennules may prov1de interesting examples

°

of the adaptat1ons of a neuromuscular system.

(3) Motor Ih,nervatior{'a'nd Musculature ‘ -

(a) Organzzatzon of the musculature
No overshootlng EJPs were observed in any muscles studied. "The

fibres of these muscles could however, be divided- 1nto two groups on

-the b3515“0f the rates of decay of the1r EJPsA their sarcomere length

and their rates of contractlon and'relaxatlon. Atwood (1965) has shown

D> “.f' !
that the EJPs in the rapldly relax1ng,‘short sarcomered . thick fibres

K

" of the opener muscle of Chionectes have a shorter t1me constant than

those in the slowlv relaxlng, long sarcomered ‘n flbres Although

»

'record1ng of tens1on from S1ng1e muscle f1bres of the antennular . ,{r}'“7“

muscles was not practlcable the present experaments show" that EJPs‘fw 5

S
with- slow rates of decay occurred 1n muscle f1bres with long sarco"m'eresJm

and were always threshold linked with slow ranes of contractlon and _y;rfl L

L . . s 3

.

o8
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relaxation. In addition, EJPs with fastvrates of decay were recorded .,
.1n muscles which had short sarcomeres and were threshold linked with
fast rates of contraction and relaxation.

A p0551b1e exception to this scheme are'those fibres of muscle

30 which are 1nnervated by motoneuron A30F. The EJPs of motoneuron

ASOF decayed rapidly and could be threshold- 11nked with a br1ef tw1tch

. in muscle 30, yet fibres with'short sarcomeres were only rarely

observed in this muscle. Frequently fibres 1nnervated by motoneuron

ASOF were difficult to. flnd suggesting that they represent only a

| small percentage of the fibre population of muscle 30. During the

measurements of sarcomeres a few fibres with sarcomere lengths of

about 3-5 um were found in three preparations of muscle 30 Failure

- otor discover such fibres in other preparations may only reflect their

i , o
cagc1ty. R o 4

_’,,-‘ g

(b) waparzson with other systems i
The neuromuscular organization of the antennular motor system is -

summarized 1n/F1gure 27 The motor system can be divided into a’
'W' N

pha51c component a tonic component and a pha:o tonic. component The -

pha51c‘component consists of motor wnits 30F 31F and 32F muscles 31F
N .
and %ZB and the fast fibres in muscle- 30._ The: tonic component con51sts

RN )(

3 }of motor units 308 “31S and 328 (motoneurons A30S, A31S and A32S,

,t{muscles 318 and 328 and the slow fibres of muscle 30) Finally, the

phaso- tonic component consists of a 51ngle motor unit 31F S (motoneuron
A31F-S° and muscles’ 31F and 31S).’
With the exception of" motoneuron A31F-S there is no sharlng of

motoneurons between anatomically separate muscles ThiS‘Situation
: : 5 .

?

.41



8 ." ’
“Has

C s R

.fig; 27. Schematlc dlagram of. the motor 1nnervat10n and muscuiature

of. the distal and. med1a1 antennuier segments.b Stlppled areas’ of the

blocks represent fast musclq cells wh11e unmarked areas represent L

slou muscle cells. Contlnuous 11nes rdpresent ‘motor axons uhose EJPS'

do not,fecilitate x'l"he thlckervllnes represent the g1ant motor axons
A31F end‘ASZF. Broken 11nes represent motor axons hhose EJPs show '

',\‘

. facilitation. a
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&; parallels that of the crayflsh uropods (Larlmer § Kennedy, 1969) a&@w

with thq@&xceptlon of the common excitor to ‘the stretcher and opener

muscles, that of»the crustacean leg (Wiersma § Ripley,-1952; Sherman §

~ Atwood, '1971). The anatomical distribution of motoneuron A31F—S

differs from that of the common excitor of the crustacean leg in that,

it 1nnervates synergistic muscles (M31F and M31S) and in this respect

- it is more analogous to motoneuron Dg which innervates four of the six

cockroach mesothoracic and‘metathoraciC‘coxal‘depressor muscles
(Pearson  § Iles, 1971). Separate synergistic bundkes with shared
motoneurons have been 1dent1f1ed 1n the lobster sw1mmeret system, but
Davls (1968a) has chosen to con51der these_astparts of a single func-
tional.muscie thSefdivision simply represents antoptimal meChanical )

arrangement of the muscle and its attachments within an irregular

'enc}OSure.

* second 1nterest1ng feature of the antennular system is that

w1th the exceptlon of motoneuron A31F S, all motoneurons 1nnervate

.e1ther fast or slow muscle f1bres (Flg 27) vAvr1g1dvseparat1on

between the 1nnervat10n of fast oT slow muscle fibres has been docu—V

mented in the crayfish abdomlnal musculature (kennedy & Takeda 1965a b

1Parnas & Atwood, 1966). In contrast however the motoneurons of the

crustacean leg 1nnervate a mlxed populatlon of muscle f1bres (see
Hoyle & Wiersma, r958, Atwood, 1963). The crayf1sh'abdomen and the
crustacean'leg.represent extremes, and more intermediate situations

are found in the crayfish'uropods and the cockroach leg. Most motO—

" neurons to the urOpod muscles 1nnervate only fast or. slow fibres but

‘1n at least one case Lar1mer and Kennedy (1969) observed a motoneuron

<
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1nnervat1ng both fast anﬂqglow f1bres of a mixed muscle. Similarly,
29 ui—'

although the four fast coxal depressor muscles of the cockroach leg

o

are innervated_by a single motoneuron Df; the two slow muscles and two
‘of the fast mpscles are innervatedfby a single motonehron‘Ds (Pearson
G,Iles,'1971;.Iles § Pearson, 1971). In both these.syStems.the moto-
neurons-innervating both‘faét and slow muscle fibres may be comnared

A .

with motoneuron A31F-S in the antennular motor system.

K'An interesting feature of the slow mo::r.units 30S, 31S and 325:
ie the very small,'slow tension responseS nhich may be elicited hy af
Singie.stinulnégto the motor nerve. Such Tesponses fac111tate the -
development of extremely small tonic tenelons upon low-frequency (5 to

'10/sec) exc1tat1on of the slow motoneurons (Flgs 9AIII IZB and 15A,B).
‘During extension- W1thdrawal and slow. flex1on-w1thdrawal reflexes,
:-posturing of the antennule at the MS-DS joint and tonic flexion uith-
drawal, the frequency of spikes in motoneurons ASOS A31S and A32$ is
sometimes only 15/sec, Thus 1f the motoneuronal frequency muscle

" tension relationships of the slow motor un1ts are 51mllar to those

described in'excised'antennules {hen this phenomena could be

rded
as extendlng the low frequency response range of the slow musclez
f1bres to motoneuronal activity. Funct1onally this would be extremely

_ ) .
" useful for the fine’ postural control of appendages wh1ch 11ke the

antennules, have 11tt1§)Jo1nt re51stance and whose weight is largely
:Vbalanced by the den51ty of the enV1ronmental medlum.f A 51m1lar
mechan1sm however, has been shown to contr1bute to the nét tension
7produced in the crayf1sh slow abdom1na1 flexor muscles by bursts in - f

‘the largest: motoneuron (G1llary & Kennedy, 1969). -
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g (4) Patterns of Activitxlin‘the Antennular Motoneurons

N ﬁa) Functional szgnzficance of motoneuronal actzvzty
' during antennular flzckzng

‘ In Pugurus alaskensis an antenﬁufnr f11ck tons1sts of a flexion
_and then' an extension at the MS-DS and DS'OF JOlntS The flexion
B phase of’a flick results from a burSt of splkes in motoneurons A31F
rand A32F. At the level of the proxlmal Segment the first sp1ke in
motoneuron A31F is cons1dered to precede the first spike in motoneuron'
A32F by 1-8 to 2- 1 msec._ Tﬁggbelay between the bursts in these moto-'.
vneuron§~thus results in the'first EJP~in musele SIF preceding the
first EJP in muscle 32F by 2.3 to‘4.2 msec.v This sequence of activity:
is .considered to be functlonally 1mportant in preventlng exten51on at
" the MS-DS Jo1nt durlng flex1on at the DS-OF 301nt and thus in ensurlng
.splaylng of the aesthetasc setae (Sectlon 2 (a) Chapter IV)

From 20 to 40 msec after the first sp1ke in flexor motoneuron-
A31F a burst of usually 1 or 2.sp1kes occurs in extensor motonenron
A3OF. This would be expected to result in'a twitch ofvthe fast fibres
of'nnscle 30 and,rapid extension'at the~MS-hS joint Y’During a.fliek )
'exten51on at the MS-DS Jo1nt beglns 28 to 37 msec after the initiation
of flexion at thls 301nt (Table 2) suggest1nghthat the extension phase'

‘ ©

bof most flicks results solely‘from\gctivity infmotoneuron A30F. Some
flicks were not- accompanled by act1v1ty in motoneuron A30F even though
the antennule was in an extended pos1t10n.. In these cases’ it is |
‘necessary to attrlbute extension to MS-DS joint. elast1c1ty. Durlng a11

'uovenents extens1on at DS-OF 301nt is cons1dered to be purely the

result of JOlnt elast1c1ty.‘
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'gvarzable 1ni%mny aﬁ&maf‘

a strong,movement of the outer flageliumf

Tesult in a

Th eng;h and e?pber of splke‘
’aaqbeeﬂ argued above g@g& the sequence

ofﬁact1V1ty in flexor motonéhrons'ASlF :f fHZF is adapted to’ produce
g oy NS v LR

?ough the water, thus

. ‘ensuring the exchange of water around the chemOreceptlve aesthetasc

setae. An extension 9£»this hypothes1s is that longer flexor bursts
[
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result in an increase in the amplltude and duratlon of flex1on at the =

MS-DS and DS-OF joints and thus‘a more complete exchange_of water
around the aesthetasc setae. This couid result in a purer sahplé‘of
the Qater'in the crab:é‘immediate‘surrouhdings and so a more distinct
sensing of any changes in disSolved chemicals. o

Visual observatjions have‘suggested that longer flexor bursts do

degree of flexion at the MS-DS joint. This would

’

be expected as durlng a flick the flexor motoneurons fire with frequen-
,c1es 1n the range of 170 to 270/sec. A s1ng1e stlmulus to motoneuron

A31F or A32F results in a twitch contractlon w1th a total duratlon of .

i1

20 to 25 msec in muscle 31F or 32F reSpectlvely Even considering .

'the longer 1nter sp1ke 1ntervals dur1ng flexor bursts, it seems. likely .
‘that summation of s1ng1e tw1tches ‘would" occur on the f1r1ng of moto-

. heurons A31F and A32F at their "natural" frequenc1es. Foroexample,

the occurrence of 2 or 3 spikes in a single motoneuron of the fast,

dorsal longltudlnal flight muscle of the locust w1th an inter- splke

1nterva1 of 4 to 8 msec, produces a smooth twltch of 50% more tens1on
than is e11c1ted‘by a sangle sp1ke (W1lson & Wfrs-Fogh, 1962; Nev111e
& Weis-Fogh,'1963), It should, hoﬁever, be strongfy emphasized-that

the relationship between motoneuronal discharge patterns and. muscle

Vd
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contractions may be complex (see: Spirito; Evoy & Fourtner, 1973).
v"j

may be of ne functonal 51gn1f1cance but rathér might Tepresent an
unnecessary feature of the underlying burst- -genérating mechanlsm This

proposal h1nges on the observation that very long flexor bursts often

-result in an overlap between electrical activity in flexor motoneuron

S

A31F and,extensor motoneuron A30F. The duration of tens1on in’ locust
flight muscle is dlrectly determlned by the duratlon between the first

and the last closeI) .spaced motoneuronal sp1kes (Neville & We 1s—Fogh

&£
1963) If a 51malar ten51on-burst length relat1onsh1p ex1sts in flexor

motor umit 31F then it is almost certa1n that tension would be developed
synchronously in the fast portion of extensor muscle 30 andlln flexor
‘muscle 31F. The d1ff1culty:1n-suggesting a function for synchronous
‘tension deuelopment in ahtagOnistic fast muscles leads‘one.to conclude
that the longest bursts in motoneuron A31F may be wjthout functional

v

.s1gn1f1cance.

(b) Neuronal cdntroZ of antermular mthdramal
During a fast flexion-withdrawal reflex the MS-DS Jolnt rs flex- .
v rap1d1y through 50 to 80° This reflex is always accompan1ed by a
burst of EJPs in flexor muscles 31F and 31S resultlng, presumably, = om
a burst of splkes in motoneuron A31F-S. The proxlmal attachment of
muscle 318 1s such that any ten51on developed hould be ‘most effectlve
.follow1ng partial flexnon while tension in muscle 31F would become

less effect1ve as flex1on contlnued (F1g._l) A single action poten-

t1a1 in motoneuron A31F- S could therefore elicit rap1d but brief .

flexlon at the MS-DS 301nt via muscle 31F wh1ch would then be ma1nta1ned-

o

-

There is some evidence to suggest that the longest flexor bursts’ e
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or even augmented by tensidn in musele SISk A relatlvely low frequency
(10/sec) burst in motoneuron, A31F S could thus easily overcome water
resistance fbrces which would oppose the large and rapid flexion move-
ment constltutlng the fast flex1on~€ithdrawal reflex (Flgs. 7A and 10A,B)..
There is evidence, that during antennular flicking contraction of &

muscle 31F and rapid flex1onlat the MS-DS JOlnt'mlght ne'sufficient B
fbr excitation of extenser)motoneurdn A30F: (Section 5 (b), Chapter III).
Therefore one feature of the fast flexion-withdrawal reflex which must
be accounted for is that the contraction of muscle 3IF and rapid'flexion
. at.the MS-DS joint never result _in ercitation of motoneuron ASOF. One\'
must s@ppose that the stimuli which excite motoneuron A31F-S also result
in inhibition of extensor motoneuron ASQF. Rapidvprotective refiexes N
night thue be ‘considered to fit nith‘ﬂe:generai concept of eéeape
Behav1our, that at the threshold level of eXC1tat1on the escape response
(or fast wlthdrawal reflex) is e11c1ted and all- other act1v1t1es and
pqstures are termlnated (Roberts, 1968) |

. Slow flex1on—w1thdrawal reflexes are the result of act1V1ty in the
slow flexor motoneurons ASIS and A32$ whlle extens1on-w1thdrawa1
reflexes are the.result of actlv;ty in slow extensor“motoneuron,ASdg.

Sometimes there was an 6ﬁerlep of activity 4 oneurons A31S and T

" A32S with activitybin motdneumon A31F-S.; . Whether the resultant move-

ments are claSS1fied as a fast or a slow flex10n—w1 hdrawal reflex»
’ probably depends_on the‘relatlye burst lengths and 1ntra-bur$t fre-

quencies'in motoneurons A31F-S and A32S (see Section 5'01); Chapter e
St U T b :
IIT). It seems beSt?to consider that flexion-withdrawal reflexes

are graded in ‘intensity from those which result from a train of spikes-
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o in motoneurons ASISAand A32S JUSt suff1c1ent to cause flexion at the

'MS-DSHand DS-OF joints, to those which result solely from a hlgh-

frequency burst of spikes in motoneuron A31F-S causing the powerful

flexion at the MS-DS joint»characteristic of the fast flexion-withdrawal

reflex“(Section 2 (d), ghapter 111). S
The most striking aspect of the motoneurbnal activdty dnring ;

exten51on-w1thdrawal .and §low flex1on-w1thdraha1 reflexes is the o

rec1procaty wh1ch ex15ts between high- frequency act1v1ty in flexor

: motoneurons A318 and A32S and extensor motoneuron ASOS " Evidence is

presented to suggest that sensory input which ‘results in excitation of

‘ flexor motoneurons A31S and A32S also 1nh1b1ts—act1V1ty in extensor
-motoneuron A30S. Slmllarly, sensory inputs wh1ch exc1te motoneuron A30S

.probably also inhibit motoneurons A31S and A32$ It is not known whether

th1s 1nteract1on between the afferent. and efferent neurons 1s d1rect or,

medlatgd via one or more layers of 1nterneurons. St1mu1at1on of the

i

1npér5f1age11um elicits exten51on w1thdraua1 and 1nh1b1t1on of flexor R

'act1v1ty in the lobs&er antennule OWaynard & Dlngle, 1963 Maynard

1965). Furthermore Maynard and Cohen (1965) suggest that many recep- -

,1'

" tors on the antennular flagella 1nf1uence the- antennular motoneurons

Q.

whlchbare 1nvolved in withdrawal reflexes via at least‘One‘layer-of

" interneurons.

'In the hermit crah repeated‘mechanical’stimulation of the anten-
nulés; eyestalks,bantennae, legsior'quy, or contrnual stimulatidn of :
the antennules with distilled water results‘in.tonie flexion ofAhoth
antennules at the MS;DS'and DS-QF joints;and‘postural modifications of
the eyestalksland antennae."%his'pOSture has.been'classified.aswtonic

-

2
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flexion withdrawal and it is always associated with a train of spikes&

‘in motoneurons A31S.and A32S. The DS-OF joint is extended first,
o & ; _ R
while continued activity in motoneuron A31S maintains flexion at the

"MS-DS joint e&en after antennular flicking has been,tesumed.
‘Somef{mes 1ow¥freQUenoy activity;(mean: 7-4/sec)nwas recorded

simultaneou51y~in antagonistic motonenrons ASOS and A31S. eIt is pos-

sible thatithlsiaetiwity'is inportant in'mal%taining slight tension

in muscles 31S and 30‘whien’cou1d stabilize the MS-DS joint against |
A ;passive'flexions'Of extensions induced by fluctuations ﬁn'water

C -

currents. This would allow more' controlled positioning of‘the anten-

.. nules in the crab's surroundings. v

v -

. W1th1n the postural control system of the crayfish abdomen L a
'V“

: ‘M;nnedy, Evoy, Dane and Hanakalt (1967) have shown ‘that act1v1ty in

v:snec1f1c command interneurons 1n1tlates and maintains spec1f1c abdom--

inal posturé;.: Further'more the activity in 51ngle motoneurons may
ap be controlled by the frequency of spikes in a 51ngle command élement
i “(Evoy & Kennedy, 1967). Wlth1n the tonic component of the‘antennular
“?Jﬁﬂvah motor system (motor unitsE Sbé,HSIS and 325) of the hermit crab four
e discrete. outnut patterns may. be recogn1zed vThus one might propose.

| that the ton1c ‘moter units are controlled by as few as four inter-
‘»neuronal’COmmand elements.

- Threshold exc, at1on of one command element could result in an

extens1on~w1thdrawé ;reflex by eXC1t1ng,mot0neuron ASOS while
’1nh1b1t1ng motoneurons ASLS and A3ZS Another-command element could
result 1n tonlc f1ex1on at the Ms- DS Jo1nt by exc1tiﬁg motoneumon

< ASIS and 1nh1b1t1ng motoneuron A3OS Another could result in tonic
FEo o v _ B

o
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low-frequency activity in motonéurons A31S and A30S which may play a
Trole in.stabilizing'the MS-DS joint to water current fluctuations.

Finally," stlll another could result in excitation of both motoneuron

‘A31S- and motoneuron A32$ but 1nh1b1t10n of motoneuron ASOS The

duration of. act1v1ty in this last command element could determlne
whether ton1c flexion w1thdrawa1 follows a slow flex1on W1thdrawa1

‘ , v
reflex.i In all cases-the level ofvactlvity in the command interneurons

" could control the level of act1v1ty in the relevant motoneurons and

thus be used to grade the veloC1ty of the movements .or the amount of

postural change.

fT (5) Centra] Patterning and Reflex Contro] of
N
AR Antennu]ar Flicking

e

a

(a),FZexor.dctivit% N

A f11ck is always 1n1t1ated by a burst, of splkes‘ln both fast

: flexor motoneurons. The dependence of the flexor patterns on central -
patterning versus sensory 1nput w111 be cons1dered in relatlon ‘to three :

- major questions: (1) How is act1v1ty in the flexor motoneurons

initiated? ,(25 How is the number of spikes/burst determined”b (3) How

@ .

is the timing between bursts in motoneuron A31F and bursts in moto-

1

neuron’ A32F determaned’

As yet spec1f1c st1mu11 have been unsuccessful in e11c1t1ng srngle
flleS._ Furthermore there is no clear coordlnatlon of flrcklng
<between left and right antennules. Although f11cks of e1ther anten-
nule occur at 1rregu1ar 1ntervals (1 €. non- rhythmlcally) some sensory
.parameters such as’ the presence or absence of water currents can alter

'»

the mean f]lcklng frequency (Section 2 (a), Chapter III) Neither
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‘these norﬁany other stimuli appear to‘lnfluence the number of sp1kes/
burst or the t1m1ng between bursts in the flexor motoneurons. Thus

- the flex1on movements at the- MSDDS and the DS OF Jo1nts during a f11ck
fulfil the maJor requ1rement of a. trlggered movement-—that "the
inteﬁsity ofvthe 1n1t1at1ng st1mu1us “must reach 'threshold' but the
moVement/itself will not vary as a functlon of suprathreshold varia-
tions in stlmulus 1nten51ty" (Bizzi 6 Evarts, 1971).

In addltlon to suggesting that the flex1on phase of a f11ck is

triggered, I _propose that' (1) activity in both:flexor motoneurons B
of a 51ng1e antennule results from actlvatlon.of a single trigger

y system and (2) that the flexor act1v1ty in each antennule 1s the

\\result of actlvatlon of a separate trlgger @}stem (Fig.. 28) This
"trlgger system may be a single cell, a group of cells or even part of
one or both of the flexor motoneurons. uInformat12n from receptors

.

- wh1ch register 1ncreases in water currents, distilled water app11ed
to the dactylopodltes‘and, in some anlmals, or poss1b1y some physio--
: 1ogrcaI states, the 1ntroduct10n of food stimulants, are considered as
_having a strong excitatory'effecthou the triggerbsystem (Fig.AZB);
“Furthermore, increasing the.temperature,above'I8°C~an& informatf%h
‘from receptors—registering potentia&ly.noxious stimuli or'reductions
. in water currents are considered as haV1ng an 1nh1b1tory effect on
the trlgger system (Fig. 28) (Sectloh 2 (a), Chapter III)
Bursts of more than 1 or 2 splkes in flexor motoneurons A31F and
‘.A32F are rarely seen follow1ng excision of the short segments of the

outer flagellum.‘ This is true even when a series of flicks. occurs

.with a short .mean 1nter f11ck 1nterva1 It thus seems 51mpﬁist to o

i
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Fig. 28. Model of the neuronal mechanlsms under1y1ng antennular

fllck1ng of a s1ngle antennule. Arrows represent exc1tatory 1nputs.

The reversed arrow represents 1nh1b1tory 1nputs to the trlgger system.
Infbrmatlon from receptors. (recs.) sen51t1Q§ to 1ncreases in water
currents, d1sti11ed water applied to the dactylepodites and in some
animals, food st1mulants have a strong exc1tatory effect on the
trlgger system.v Temperatures above 18 C and 1nformat10n from recep—-
tors reglsterlng reduct1ons in water currents and potentlally noxious N
st1mu11 have an "inhibitory effect on the trigger system Act1vat10n

of the tf\gger S)stem results 1n activation of flexor motoneurons

,,,,,

A31F and A32F. - Infbrmatlon from receptors on the short segments of

'

'{the outer flagellum is necessary for flexor bursts of more than 2

splkes The effectlveness of this information:is regulated by the

PR

phySiologlcal state of the anlmal. Actlvation of”extensor”motonetron'

| A30F is dependent ‘on feedback from ph851c un1d1rect10nal, 301nt-

movement receptors at both the MS-DS JOlnt and the DS OF 301nt Thisf

feedback reflexxvely excites- extensor motoneuron A3OF. See text for

h',further detalls.
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.
propose that flexor bursts of more than 1 or 2 spikes are the result
of information originating'from the‘many thousands of receptors onfthe
short segments of the outer flagellum ( Ghiradella, Case &zCronshaw,
1968b; “Snow, l973; Section 1 (b) 'Chapter I11). This infbrmatiOn could
influence the number of spikes/burst by 1ncreas1ng thesexcltab111ty of
‘both flexor motoneurons to activity in the trigger system (Fig. 28)
The low proport1on of bursts of more than 2 spikes in some’ intact
an1mals further suggests that certaln phys1olog1cal states maght.result'
| in ‘the suppre551on of a large number of flexor sp1kes desplte the

presence of the receptors on. the short segments of ‘the outer flagellum

- At the level of "the proxlmal segment the flrst splke in motoneuron
‘-7. Vo

A31F p ecedes the f1rst sp1ke 1n motoneuron A32F by l 8 to 2 -1 msec.

W1th1n any an1ma1 thls lag 1s qulte constant and 1s not changed by any

. ’\

" alteratlon of sensory 1nput It 1s poss1ble that th1s delay results -

L ,r,

from motoneuron A32F hav1ng a h1gher threshold than motoneuron A31F.

Act1vat1on of the tr1gger system would thus cause depolar1-at10n of

r‘

_utfear11er sp1k1ng of motoneuron AolF (F1g. 28)

both motoneurons
| Th1s mechan1sm cou"d a150faccount for the fact ‘that the ‘mean 1ntra—burst ‘
frequency of motoneuron ASZF is usually less than the’ mean 1ntra-burst

, frequency of motoneuron A31F One problem with thls hypothe51s is

that even in preparat1ons where the mean 1ntra—burst frequency of moto—'
neuron A32F is greater than that of motoneuron A31F, there is still a -
delay fo110w1ng the f1rst spike in motoneuron A31F before the first

i Sp1ke in, motoneuron A32F Alternat1ve hypotheses such as monosynaptic f
_exc1tat10n of motoneuron A32F by a collateral of motoneuron A31F are

possxble. Eurthermgre there is no nece551ty to attr1bute the timing
. -



of the flexor bursts and the int;gkburst frequencies-to the same factor

or factors. The present model must be regarded as tentat1ve (Flg. -28).

Its maJor advantage is'that 1t is slmple and should be relat1vely easy -

‘%3 te tgPy recordlng and st1mu1at1ng intracellularly in the central

g‘l

ushal 1y7,

&,
;prb e%tfs of . the flexor motoneuréns.
L

(b) Extensor activity
Following the'flexion phase of a flick extension at the MS-DS

- . - " . '.“' ‘° -
joint results from activation of the fast f1&&@s of extensor'muscle 30

by a burst of 1 to 4 spikes in motoneuron A30F. In’ contrast, extens1on '

at the DS OF 301nt is the result of 301nt elasticity, and its rate and

duration are probably determlned by water resistance forces act1ng;on

'l

the outer flagellum (Sectlon 2 (a) Chapter III). The present observa-

tlons suggest that the activation of extensor motoneuron A30F is

_ipendent on the movements at the MS- DS and DS OF JOlntS during
the flex1on phase of a fllck Thé preventlon of flex1on at the MS- DS

- ,v..

. joint usually results in a reductlon of both the proportlon of f11cks

: correlated w1th extensor act1v1ty and the proportlon correlated w1th

~ more than a 51ngle extensor splke. Prevent1on of flexion at both the

- MS- DS and DS-OF 301nts further reduces the proport1ons of both these‘
»parameiers, sometlmes resultlngyln the complete abol1t1on of flicks
éghowing extensor-activity'(Table'IO)' This progressive aholition-ofh
extensor act1v1ty w1th progress1ve ab011t1on of Jo1nt flex1on suggests
‘that actlvatlon of extensor motoneuron A30F mlght have one of the

ba51c propert1es of a 51mp1e reflex. ~That is that the magnltude of

the reflex movement varies W1th the magn1tude of the 1nput (Blzzl &

N Evarts, 1971)
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It is useful to consider whether SUfficient time is available for
reflex activation of exten motoneuron ASOF During flicking the
first spike in motoneuron ASOF usually occurs about 30 msec after the
f1rst sp1ke 1n flexor motoneuron A31F (Table 5). H1gh—1nten51ty
st1mu1at1on of-muscle SIE e11C1ts an EJP of motoneuron A30F after ;
delay of’only 10 to 14 msec (Fig. 26). Observations 5uggest that this
results from direct st1mu1at10n of sensory neurons wh1ch in turn excite ?
extensor motoneuron A30F If thls is true then there remains only
16 to 20 msec for exc1tat10n ~contraction coupling in flexor muscle 31f
lJOlnt movement and exc1tat10n of the receptors wh1ch exc1te motoneuron )

';A30F. In faet, recordlngs from nerves 2 and 3. show that threshold
stimulation ;of muscle 31F does result in' a burst of sp1kes ‘the f1rst
of wh1ch follows the st1mu1us artlfact by only 10 to 15  msec. It is
" thus ent1re1y po551b1e‘that during f11ck1ng extensor motoneuron-A30F'“
is‘excited‘by sensorxry feedhack resulting from thewactivity in fiexor
motoneurons A31F and A32F. |
Tt seems.iikely that’activation of'phasictlunidirectional. move-

ment - receptors sen51t1ve to 301nt flex1on is’ necessary for the actlva-
tlon of extensor motoneuron A30F (Elg 28) Flrstly, phas1c uni-
d1rect10na1 moé%ment receptors have been reported in the chordotonal
. organs of the 'MS-DS and DS- OF 301nts of the- lobster antennule (Wyse &
Maynard '196§f~1965). Secondly, these receptors would theoretlcally
.be 1nact1vated by 1mmob11121ng the antennule Jo1nts in a part1a11y

extended p051t10n. 6lIn contrast thls manlpulatlon would not abolish

feedback from any receptors respondlng to muscle tens1on (Macmllllan §

Dando, 1972) and does fiot 1nf1uence act1v1ty in. flexor motoneurons A31F
: ’ : : . - #oe
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‘ 1965 Hartman G Aust1n 1972) In a few anrmaIs the first 5p1ke 1n

. suff1c1ent st1mu1us to exc1te extensor motoneuron ASOF ThlS stlmnlus
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aand A32F, - Thlrdly, in crustacean chordotonal organs ph351c un1d1rec—'

5oy,

tional, movement receptors are cons1dered das havang the largest axons
\x, .

and thus the h1ghest conductlon velocitles (Burke el%S%ﬁ Nyse & Haynard

ot .

S

extensor motoneuron A30F occurs only 20 msec afterxfhe firsf sprke in’ . & - #

flexor motoneuron A31F (Table S) A h1gh afferent COnducflon veloc1ty

4

would thus be advantageous for the reflex exC1tatron’9f motoneuron A30F

(see Burke 1954) - S

n;v

Threshold st1mu1at1on of flexor muscle 31F was only occa51onally

«
y

results in antldromlc actlvatlon offmotoneuron A31F and ten51on develop-
ment 1n muscle 31F as well as flex1on at the MS DS 301nt . As dur1ng a

Flick, f]ex1on at the MS DS JOlnt is necessary for the exc1tat10n of .é

'extensor motoneuron A30F It has not, however been.shown that f]exlon

£

‘at the MS-DS’ JOlnt is sufficient for eXC1tatlon of extensor motoneuron

A30F in the absence of ant1drom1c act1vat10n of motoneuron A31F ‘and

ten51on in muscle 31F Thus 1t is not’ known hhether antldromlc actlva-,

ltlon of motoneuron ASlF or tension 1n flexor muscle 31F -are also neces-

-sary for the exc1tat1on of extensor motoneuron A30F,

There are two factors that mlght account for the fallure of all

st1mu11 to muscle 31F to exc1te extensor motoneuron ‘A30F. Firstly,
‘stlmulatlng muscle 31F results in flex1on at. the MS DS )o1nt but not

the DS-OF Jo1nt Dur1ng f11ck1ng, flex1on at both Jo1nts seems to .

contrlbute to the exc1tat1on of motoneuron A30F. Secondly, it may be

Wi
y

that dur1ng a f11ck there is some. centrally patterned subthreshold

exc1tat10n of\extensor motoneuron A30F “This: could fac111tate

L.v‘ -

b

’
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excitation of motoneuren ASOf‘fn”response to sensory feedback.

.In a few animals, apparentiy complete abolition of jdint movement
- resulted in the abol1t10n of extensor act1v1ty in only 60% of flicks.
It has been argued above that extensor motoneuron A30F is excited by
, feedback from phasic, un1d1rect1onal Jo;nt -movement receptors.
Hacm1111an and Dando (1972) enpha51ze the extreme d1ff1cu1ty in
abollshlng feedback from crustacean chordotonal organs by 301nt
<1l-nblllzat10n.r In: the ‘present experlments a joint was considered
1mmob111’ed uhen it could not be seen to move during perlods of
ﬂelectr1cal-act1v1ty in the related muscles. It is thus completely
:p0551b1e that in some preparat1ons small and undetected joint movements
were occa51ona11y suff1c1ent to exc1te receptors capable of actlvatlng

4 extensor motoneuron ASOF a3

(c) The fhnctzonal szgnz fieanc of rqflex control
»To date ‘there ‘is no ev1dence for exc1tat1on of any compon@nt
f'movement of‘a stereotyped act1v1ty belng completely dependent on

v_.actlvatlon of receptors bv preced1ng .component movements.' Proprlo—

”;?ﬂceptlve 1nput has been shown to 1nf1uence pha51c motor systems in two

. P
' [}
.(1'

Sl : ‘
' e"magor Hays. F1rstly, 1t can be averaged and thus used to set ‘the

:_frequency of the actlﬂity, and seCOndlv, it can 1nf1uence th: moto-
C /\

L [neuronal actJV1ty umderlv1ng a part1cular phase of the act1V1ty

-1(Nllson 6 Gettrup 1963 Wllson G wyman 1965; Davis, 1968b 1969a, b

- €3 Pearson, 1972 Kater § Ronell 1973 Sp1r1to EVO) & Fourtner,

'*‘1973). 71;-»

It 1s becom1ng generally recognlzed that pha51c 1nformat10n

: J'fron proprloceptors is 1mportant in contr0111ng a partlcular phase of

\
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G S an act1v1ty in systems Where there is a high probab111ty of cycle to

cycle fluctuations 1n load ThlS genera11zat1on has been formulated
in systems wherevrncreased load results in 1ncreased output along the
compensatlng motor pathway (Dav1s. 1969a Pearson 1972;'Kater &
Rowell, 1973 Sp1r1to Evoy & Fourtner, 1973)

Changes in load could result in changes in. muscle tension, extra-
muscular t1ssue or 301nt stresses, or 1n the rate of tissue or joint
movement, or a comblnatlon of these factors Receptors reg1ster1ng

such changes have. been shown to be respon51b1e for the increases in

: motoneuronal burst lengths or 1ntra burst frequency wh1ch have been

.assumed to compensate forvthe changes in load. Within' the antennule
system however, ]OlPt flexron is necessary for the motoneuronal
act1v1ty requlred for the exten51on phase of a flick (Fig. 28) In
this system 1ncreased.load would thus result in a decrease of the

flexion movements and thus an abolition of extensor activity. It
should be noted'that a feature of this system is that increased load

G

does not fac111tate output along theqéompensat1ng motor pafhway (see

Flg. 28) N

o

In any medlum where the re51stance to repet1t1ous fast movements
is lrkely to fluctuate reflex exc1tat1on of related movements by

joint movement receptors will, in a mechanistic sense, appear as a

“

v rather 1neff1c1ent system. This statement, however, assumes that it

is the sequence of related movements that is,required; rather than the
function~which they might‘serua under‘stable conditions. 'The function '
of the flexlon phase of fllcklng 1s probably to c1rculate water around

the chemorecept1ve aesthetasc setae (Sect1on 2 (a) Chapter lV)._ The =

R Y

v

ATV -TE

PN
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are often rotated so that f11cks are directed into existing
fents (Section 2 (d) Chaptex III) Under these conditions
there Ie probably reduced flex1on at the DS-OF and partlcularly the
MS-DS joints but no reduction in the circulation of water around the

aesthetasc setae. Reflex control of'extensor motoneuron A30F would

thus be useful in ensuring that extension at the MS-DS joint only

occurs during flicks which resulted in appreciable flexion at this.

‘joint.

A second most attractive possibility stems from the observation
that motoneuron A30F is not active during flicking‘when the MS-DS
o

301nt is be1ng heId in'a flexed p051t10n by act1v1ty in slow moto-

neuron A31S (Section 3 (d), Chapter I11). Thls mi ght be expected as

'1n thlS posture there is little flex1on at the MS-DS 301nt during

flicking. The absence of flexion probably arises from the orientation
of‘fast‘muscIe 31F being such that the amount of flexioh it can»produee ‘
is ieddqed when the MS-DS jeint,ié pertially flexed. In~%ddition,

joint resistance to flexidn-prObably’inc:eases with the'degree of
initia} flexion."The antennules are held fleXe& at the MS-DS joint
durlng f11ck1ng in a crab that is w1thdrawn into its shell "In this
state extension at the MS-DS joint uould result jn the outer flagellum
hitting the énside”of the shell. If this did occur, motonepronvASIS

and possibly A31F-S would be excited and tonic'flexiontwould be Te-

established at the MS-DS joint (Section 3 (c), Chapter III).

It seems likely that the reflex control of extension during a

flick can be tolerated because circulation of water around the aesthe-

‘tasc setae may be achieved in spite of considerable modification of
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the component movements of a flick. The -mtribution of reflex control

-+

to flicking can thus be regarded as comple "entary. to the general concep

that cycle to cycle load fluctuatlons are  ually correlated with a
Sy )

' greater ut1llzat10n of pha51c feedback 1nformat1on in fbrm1ng the motor

butput (Pearson 1973 Kater & Rowell, 1973)



V. SUMMARY

The surface structures of the antennular flagella of Pagurus
alaskensis (Benedlct) are described in detail. Attention is directed
towards the surface morphology of p0551ble sen5111a -~ These may be :
divided into two major categor1es: 1 exoskeletal pores (1 0 to-

3-0 um 1n dlameter) and (2) a variety of types of setae. In addition;
small (0.1 to 0-2 um) pits occur in the exoskeleton wh1ch are not -
con51dered to be'sensory 1n functlon. The exoskeletal ‘pores ‘are found
at- fa1r1y spec1f1c locatlons on both the inner and outer flagella

This is part1cu1ar1y tTue of their d1str1but1on on the short segments
| of the outer,flagella. “Neither the inner nor the outer flagella are
bllaterally symmetr1ca1 ‘with respect to their setal armature On the
outer flagellum six groups of setae may be dlstlngulshed the
'lateral-mes1a1 the dorsal _the ventral, the accessory, the_aesthetaSCS

and the setae of the dlstal segment On the inner flagellum two. groups

uof setae may be d15t1ngu1shed those of the mesial and lateral TOWS.
The,morphology or1ehtat1on-and locat1on of all the flagellar setae'are
vdefined, and where possible the numbers of the various merphological'
types within~the.speCific‘setal grdups are‘given. Many. setal types
have eﬁvious“apical pores and.yet.no pbrea could'Le found in tne
chemoreceptive aesthetasc setae. The functibns of the various setae
afé diseuésed in relation to their topographical’position and to -
ex1st1ng electrophy51olog1cal and behav1oura1 data Some suggestions

"~ are made in regard to future experuments aimed at determ1n1ng the

whole- an1mal 51gn1f1cance and central connectlons of spec1f1c sensilla

)

or groups of sens111a.
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The antennular activities of P. alaskensis were studied with the
aid of motion p1ctures taken at speeds of 50, 200 and 400 frames/sec.

Most movements of the antennulp represent one of four. types of anten-

dnular act1v1ty: flicking, rotation, w1p1ng and wlthdrawal These

activities are described in detail. Water resistance forces contribute

to:the timing and duration of some antennular movements. Fllcklng

'occurs non- rhythmlcally and flicks of the left and right antennules are

never synchronized. The'factors which influence the mean'frequency of

‘ flki‘ck‘ingar'e discussed The timing of joint movemerits. during a flick,

and the morphology of the outer flagellum: and the aesthetasc setae

: appear to be adapted to fac111tate splay1ng of the aesthetascs It is

e :
proposed that this splaying might fac111tate the chemoreceptlve process

% .

by circulating water around the aes hetasc setae. Durlng\antennular

wiping the endopodltes ofvthe 3rd maxillipeds are usedhto remove,debrisv

‘

'caught amongst the aesthetasc setae. Light mechan1cal st1mu1at10n of

" .the aesthetascs is probably suff1c1ent to e11c1t wlplng. The antennules

&
oy

srg
P

are reflexively w1thdrawn from certain st1mu11 either by extension or

by slow or.fast flexion. The functlonal 51gn1f1cance of the wlthdrahal

'reflexes are d1scussed ;n relatlon to the stimuli 1nvolved and the form

of the reflexes. Contlnued app11cat10n of certain st1mul1 to the
antennules, eyestalks antennae or body results in tonlc flexlon Hlth—

drawal wh1ch 1nvolves postural mod1f1cat10ns of the antennules eye-

stalks and antennae..v

The motor 1nnervat10n and musculature of the med1a1 and dlstal

bsegments of the antennule have been descr1bed anatom1cally. Intracellu-

lar recordlngs w1th1n these muscles and s1multaneous monitoring: of

!

. . oo . . . - R - \
. . . Y]

165



v

whole-muscle tension.have been used to define the motdneurons and

';contract11e properties of the muscle fibres they 1nn=rvate " The motor’

systém con515ts of two fast, two slow and" _one mixed muscle which are

¢

1nnervated by seven motoneurons (ASOF A3OS,‘A31F ASIS A32F ASZS

~

“A31F- S) . No ev1dence of postsynaptlc 1nh1b1t1on wes found. The motor

'P\

c0mponents- a pha51c component (motor units 30F -31F and 32F), a .

¢

Nt

EF—S). “The tonic component is adapted to produce

LR

fine tonid

motoneuron_ mc'arge; It is suggested that this may be 1mportant for

a

the postural control of appendages which, owing to the density of the

env1ronmenta1 medium, are relatlvely we1ght1ess

X

U51ng electromyogram recordlng from the antennular muscles of

l\..‘

the med1al and distal. segments the patterns~of act1v1ty in specific

antennular motoneurons have been descrlbed dur1ng antennular f11ck1ng

»

and antennular w1thdrawa1 Only the phasic component of the antehnu}ar
motor system motoneurons. A30F A31F and A32F, is act1ve during_ anten-sv
nular f11ck1ng.‘ The flex1on phase of a fllck is the result of a burst

vof varlable duratlon and number of splkes within flexor motoneurons

™~

A31F and A32F - In any an1ma1 the. burst in motoneuron A31F nrecedes

the burst ln motoneuron A32F by a relatlvely constant duratlon in the

‘range of 1-8 to 2 1 msec. The functlonal 51gn1f1cance of the flexor

patterns are dlscussed w1th reference to a prev1ous1y proposed: functlon

o

.. of f11ck1ng\ The exten51on phase of a f11ck is. the result of a burst

.,’

of varlable duratlon and number of splkes in extensor motoneuron A30F.

-

‘)response.td relatively low-frequency (5 to 10/sec)

‘1nnervat10n is such that thls system may be dIVlded into three B -:-?y“

.
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The f1rst sp1ke in motoneuron A30F follows the f1rst spike in moto-
neéuron A31F by a delay of 20 to 40 msec. Dur1ng tonic flex1on at the

medial segment-distal segment joint there was frequently no. act1v1ty in.

| motoneuron A30F dur1ng antennular flicking. Extens1on withﬂrihal and )
7 L o . .

slow flexlon withdrawal reflexes ton1c flexion withdrawal and main-J;

talned flex1on at the medial segment—distal segment joint;reSUIt from

%=
£

aét1v1ty in the tonac component of the antennular motor system

L&

motoneurons A30S, A31S and ASZS The:pattern1ng of act1v1ty in these '

~

mzmotoneurons 1s dlkcussed Fast f1ex1on withdrawal reflexes result Trom @
- ) ) '
‘™ a burst of Splkes in motoneuron A31F S which: const1tutes the. phhso tonic

component of the antennular motor system. Durlng h1gh frequency gé/,//jﬁv

u,‘

act1v1§y (15 to 60/sec), rec1proc1ty ‘exists between the slo\hflexo
motoneurOns ASIS and A32S and slow,extensor motonEG;on A30S. ‘Th1s

3

‘

reC1proc1ty appears to resuit from 1nputs which. exc1te the flexor ' ,' ‘ ?A'
~_‘motoneurons wh11e 1nh1b1t1ng the extensor motoﬁeuron and’ 1nputs §m1ch ’

. T ~

exc1te the extenSor motoneuron while 1nh1b1t1ng the flexor motoneurons._ &

.

" The effects of alterlng ‘sensory 1nput on the motoneuronal patterns,

o

- underlylng antennuIar flléklng have been @ested “Removal of the short
segmentS‘of the outer f%agellum an most an1ma1s,'re5u1ts 1nﬂa marked

(

reductlon of bursts of ‘more than 2 splkese;nfflexor motoneurons ASTF .

4 B
-

o and A32F Dur1ng a f11ck the f1mung between he burst in motorneuron
- X -
. A31F and the burst in ‘motoneuron A32F 1s 1nsen51t1ve to- alterat1on of

sensory 1nput; Durlng f11ck1ng,erX1on at the Jo1nts between the. s

med1a1 and distal segment and the dlstal segment andﬂouter flagellum
RN

_1s usually necessary for the cons1stent exc1tat10n of - extensor moto-

neuron A30F Threshold stlmulatlon of’ flexor ‘muscle 31F is only
' e & - .

-



e

occas1onally suff1c1ent gp excite: motoneuron A31F i 40% of'the:animals

tested This stimulus ts ineffective in exciting motoneuron A30F
follow1ng 1mmob111zat10n of the medial segment dlstal segment Jant

The results are 1Jncorporated 1nto ﬁmodel in which flexor act1v1ty is

e11c1ted by actlvatlon of a trlgger system, while extensor act1v1ty is .

reflexively elicited by feedb@ck from phas1c, un1d1rect10na1 receptors
¢ .

sen51t1ve to JOlnt flex1on. The fuhgtlonal 51gn1£1cance of reflex

control of extensor act1v1ty is dlscussed 1n relatlon to both the form

4 7
and proposed function of antennular f11ck1ng and to the general role of

" reflexes in stereotyped act1V1t1es of other 1nvertebrates.«

s
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