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Introduction 

A major  portion of the brain or supraesophageal ganglia of m a n y  
decapod Crustacea is located in the eyestalks. In  addition to the three 
optic ganglia - -  lamina ganglionaris, medulla externa, and medulla 
interna - -  each eyestalk also contains the medulla terminalis, a structure 
often considered to be a lateral extension of the protocerebrum and 
to contain regions homologous with the mushroom bodies or corpora 
pedunculata of insects (VIALLA•ES 1884, 1893; HA~STR6M 1925, 1928). 
Major tracts connect the medulla terminalis with the olfactory centers 
of the deutocerebrum and with other areas of the brain. On the basis 
of structural complexity and central connectivity, therefore, the eyestalk 
ganglia, particularly the medulla terminalis, appear suited for extensive 
roles in central neural integration. 

This suggestion has been strengthened by  recent electrophysiological 
analyses of impulse traffic in the optic peduncles (WI~SMA 1962). 
Not  only is there an afferent flow of complexly coded homolateral 
visual messages, there is a similarly complex e//erent barrage of impulses 
originating both in the opposite eycstalk and elsewhere in the nervous 
system. A number  of sensory modalities or peripheral locations may  
be represented. The full significance of such activity for the integrated 
behavior of the animal is not clear, however. Although ablation of one 
eyestalk is known to affect both the dynamic and static aspects of 
posture and equilibrium, these effects usually have been ascribed to 
simple loss of symmetrical  visual stimulation (see SCH6NE 1961). General 
act ivi ty levels are also affected by  eyestalk ablation, but  these are 
associated with sensory deprivation and/or interference with the neuro- 
endocrine system of the eyestalks (BLms 1962). I t  is therefore of some 
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in teres t  to demons t ra te  t ha t  eyestalk removal  can interfere specifically 
with the higher in tegra t ive  funct ions  of a non-visua l  system. 

This paper  presents evidence suggesting t h a t  the in i t i a t ion  of food- 
seeking and  feeding ac t iv i ty  b y  ehemo-taetfle s t imula t ion  of an  an t ennu -  
lar f lagellum is d is turbed  by  ab la t ion  of the homolateral  eyestalk. The 
d is turbance  is no t  generalized; spontaneous  movement s  and  reflex 
wi thdrawal  of the an t ennu le  upon  s t imula t ion  seem unaffected,  and  
a n t e n n u l a r  cleaning reflexes remain.  I%rma1 feeding ac t iv i ty  can also 
be in i t i a ted  via the o t h e r  an tennule .  

Materials and methods 
Twenty-six adult Panulirus argus were used in this study. They were of both 

sexes and ranged in carapace length from 8,2 to 11,7 em or approximately 470 to 
1320 gins. Animals were maintained ir~ running sea water in large holding tanks 

at the Bermuda Biological Station. 
Individuals were isolated and placed 

/ \ : in smaller, glass-fronted aquaria for 
[ ~ ~husj/and observation. Various kinds of fresh 

Hedolla ~ / ~ : ~  or frozen fish were normally fed the 
/e/,m/zel/'s ~ t~:~:.~ J t t animals intheholdingtanl~s2--4times 

U ~  ~ per week but intervals between feed- 
~":"~!I ( 2/" ing were occasionally prolonged for 

~ i ~ l  ~ ~ specimens scheduled for observation. 
~ ~ I ,, Eyestalks were amputated at the 

~ .  ~ J  joint between basal and terminal 
- //NC~ ~---~---'~ ~ CJ X segments (Fig. 1) and the stump was 

Op/(c / ~ - - ~ _  r pedantic" " " ' ' ~ - - ~ - - ' ~ ~  t,~.,t ~ - crushed to reduce bleeding." Mortality 
~"~--~ ~ / / -  was nil. 

~ " . A clean glass rod was generally 
used for mechanical stimulation. In  
some instances a small cloth or paper 
swab was tied to the end. For ehemo- 

Fig.  1. Dorsa l  a spec t  of r i g h t  eyes ta lk .  I ,  b a s a l  
s e g m e n t ;  I1, t e r m i n a l  s e g m e n t ;  X ,  p o i n t  of 
a m p u t a t i o n .  All e y e s t a l k  g a n g l i a  a re  f a r  d i s t a l  
to  t he  p o i n t  of e y e s t a l k  r e m o v a l  a n d  t h e  
r e m a i n i n g  c e n t r a l  s t u m p  of t he  op t ic  ped tmc le  
is severa l  man  long.  B o t h  p a r t i a l  r e m o v a l  of 
e y e s t a l k  g a n g l i a  a n d  u n i n t e n d e d  i n j u r y  to  t h e  

r e m a i n i n g  c e n t r a l  g a n g l i a  a r e  t he re fo re  
n n l i k e l y  

tactile stimulation the swab was dip- 
ped in fish juice--  15--20 gms of fresh 
or frozen anchovy macerated in 400 em a 
of sea water - -  immediately before 
application. In  preliminary experi- 
ments fish juice was applied directly 
to the appropriate organ via pipette, 
but stimulus localization and intensity 

control proved difficult. When the soaked swab was used, behavioral tests suggest 
that diffusion and convection of the fish juice was more restricted. For the first 
few seconds after introduction of the swab into the aquarium, significant con- 
centrations of the stimulating substances seem limited to the immediate region 
of the swab or to the water through which it has passed. 

57o particular attempts were made to control or measure the absolute intensity 
of the chemical stimulus. Within a given series of experiments on a single animal, 
however, standard procedures of stimulus presentation were used so stimulus 
intensities were probably comparable. 

Most observations were made during the latter half of August, 1962. At that 
time water temperatures were in the neighborhood of 280 C. 
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Results 

Normal behavior 
Spontaneous aetivity. When undisturbed in the laboratory, Panulirus 

argus spends much of its time during the day either crouched in a corner 
or other sheltered location, or slowly patrolling the confines of the 
tank. During this time, one or both of the antennules are in almost 
continual motion. Such antennular activity increases when foreign 
objects are presented to the lobster, and was undoubtedly greater in 
the relatively unfamiliar test aquaria than in the holding tanks. 

ir s3 s z si . # ined. 

or / - r  d- x I~_, \ jdT /a/ 

of ~ d u z  
.A-  

s c ~  Ven/. 
I I I I I 

Fig. 2. Basal  segments  of left  an tennule .  Uppe r  f igure,  dorsal aspect ;  lower f igure,  la tera l  
aspect ;  f lagella cu t  off abou t  1 c m  f rom base,  t h e y  arc typica l ly  as long or longer  t h a n  the  
ent i re  por t ion f igured  (see Fig.  4). Arrows  indicate  direction an d  ex t en t  of joint  m o v e m e n t  
a t  ~'--1, j - - 2 ,  and  I - - F ;  direct ion o~ m o v e m e n t  only a t  ] - - B .  j - - B ,  basa l  jo in t ;  1--1, f irs t  
jo int ;  i--2, second joint ;  j - - F ,  flagellar or th i rd  jo int ;  s 1, basal  or f i rs t  s egmen t ;  s2, second 
segmen t ;  s3, t h i rd  s egmen t ;  if, in~er  f lagel lum; o/, ou te r  f lagel lum; c, elastic cushion. 

Elas t ic  or pliable cuticle a t  joints  is s t ippled 

Flagellar /licking. The most obvious component of spontaneous 
antennular activity is a periodic series of flicks of the outer terminal 
antennular flagellum. Flick rates during a series are characteristically 
greater than one per second. The basic rates presumably depend upon 
both body size and environmental temperature. 

Each complete flick consists of a rapid, active downward stroke of 
the outer flagellum followed by a somewhat slower, passive return 
upward. The downward movement is caused by the contraction of a 
single depressor muscle (Musculus reductord; SCHMIDT 1915; COCHRA~< 
1935) which acts against an elastic cushion at the flagellar joint (Fig. 2). 
At rest, or when the depressor muscle is fully relaxed, the outer flagellum 
assumes an upward angle of several degrees with the third antcnnular 
segment. The inner flagellum has no independent movement;  it extends 
forward from the third segment. 

Although flagellar flicking may occur without other antennular 
movement ; i t  usually is associated with movements of the more proximal 
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segments. These often follow one of two characteristic, repeating 
pat terns:  the vertical sequence and the horizontal sequence. 

Vertical sequence. A typical vertical sequence begins with the basal 
and second segments pointing forward, and the ~thirA segment elevated. 
The outer flagellum then flicks two or three times and this is followed 
or accompanied by  a depression of the third segment. Subsequent 
elevation of the third segment completes the cycle. The two proximal 
segments are thus usually motionless during the sequence. Presumably 
both extensor and flexor muscles of the basal joint are in balanced tonic 
contraction. 

Several vertical sequences were t imed in one animal; each required 
from 3 to 6,5 sec for completion. 

Horizontal sequence. The horizontal sequence involves movement  
at  all the antennular joints. Starting with basal and second segments 
pointing forward and third segment elevated, the following sequence 
is typical. A lateral movement  at the first joint between the basal and 
second segments is closely followed by  lateral movement  at  the basal 
joint. While the basal and second segments are progressing laterally, 
the third segment is depressed. These overlapping actions result in a 
smooth downward and lateral movement  of the antennular flagella, 
carrying them beneath the antennae and pointing them out from the 
sides of the cephalothorax. At the end of the lateral excursion there 
may  be a sl ight elevation of the third segment, but  usually medially 
directed movements  a t  the basal and then the first joint bring the 
antennule back forward under the antennae and finally, elevation at  
the second joint completes the sequence. The contraction order of the 
muscles of the basal and first joints may  vary.  Although it generally 
repeats in a given animal, the two joints at times begin movements  
almost simultaneously, and in some animals, the basal joint m a y  clearly 
initiate both lateral and medial movements.  In  any case, the resultant 
movement  of the antennular flagella appears essentially the same, a 
smooth lateral sweep of over 900 associated with a vertical component  
at  the forward position. 

Antennular flicking during the sequence was variable, but  usually 
occurred during or slightly before depression of the third segment. I t  
also occurred occasionally at  the end of the lateral excursion and during 
the return to the forward position. One got the impression tha t  main- 
tained depression of the outer flagellum often correlated with depression 
of the third segment. 

Where measured, the t ime required for completion of one horizontal 
sequence was similar to tha t  for the vertical sequence. 

At this point it must  be emphasized tha t  antennular movements  are 
not as rigidly defined as the above descriptions might suggest. The 
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vertical and horizontal sequences are best considered basic patterns 
followed in the absence of specific stimulation, for although they are 
definite and can be observed repeatedly, all ~ a t i o n s  and ointergrades 
may  occur. A cycle may  be interrupted or stopped at  almost any point, 
and quita differer~t s  patterns of activity are often interposed. 
Most commonly, the relative extent of movement  at any of t~e four 
joints may  vary  from one cycle to the next. In  the extreme case, the 
horizontal sequence is essentially converted into the vertical sequence 
by immobilization of the basal and first joints. The movements  of the 
two antennules appear  independent of each other, offering little indica- 
tion of close bilateral reflex integration or synchronization. 

Reflex activity. The antennules, one of the major sensory a p p e n d a g e s  
of the lobster, are involved in a number of reflexes and behavioral 
sequences. Those most relevant to the present discussion are briefly 
described below. 

The stimuli used were of two general classes: 

1. Mechanical stimulation in the form of taps or strokes of a clean 
glass rod, or of touch with a clean cloth swab. 

2. Chemo-taetile stimulation in the form of touch with a cloth swab 
soaked in fish juice. Although the tactile component of the latter may  
introduce certain response patterns not present following chemical 
stimulation alone, these differences are not germane to the major  
argument and were not systematically explored. 

Fast withdrawal re]lex (antennule). This reflex is unilateral and 
consists of a rapid, twitch-like withdrawal of the stimulated antennule. 
I t  m a y  be elicited by  both chemo-tactile and mechanical stimuli applied 
to the antennular flagella. In  the latter case, sudden taps seem most  
effective. With maintained contact the reflex usually occurs on first 
touch only. 

The exact form of the reflex varies according to the flagellum 
stimulated. Outer ]lagellum: The most consistent component of the re- 
sponse is a brief inward and downward twitch of the basal antennular 
segment. Usually a lateral movement  of the second segment, a down- 
ward movement  of the third segment, and a brief depression of the outer 
flagellum are associated with this. Inner flagellum: The movement  of 
the basal segment lacks the downward component and thus is an almost 
pure inward twitch. The second segment again flexes laterally, but  the 
third segment is markedly elevated, not depressed. The inner flagellum 
generally seems less effective than the outer in initiating a fast 
withdrawal reflex. 

Pointing movements. These and the following movements  are less 
stereotyped and more complex than the fast withdrawal reflex. They 
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occur less regularly and seem more dependent upon the "internal state" 
of the animal. 

In  these experiments antennular pointing movements were usually 
elicited by  visual or chemical stimuli (see LINDBE~ 1955). Normally 
they did not follow mechanical stimulation alone. In pointing, both 
antennules were extended toward the source of the stimulus, often with 
partial depression and/or flicking of the outer flagellum. With chemical 
stimuli it was usual for one antcnnular flagellum to be stimulated first 
or to be nearer the origin of the stimulus. Under such conditions, the 
more distant antennule moved over so that  flagella of both antennules 
came into the region of the stimulating agent. Antennular pointing was 
often a component of the more complex exploring-feeding sequences 
described below. 

Cleaning movements. The cleaning sequence begins with depression 
of the antennule, particularly the third segment and outer flagellum: 
The flagella arc then grasped, brought down, and eventually drawn up 
between hairy pads on the inner surface of the carpus of each third 
maxilliped. This action may be repeated two or three times in succes- 
sion, but  in our experiments, one cleaning stroke was usual. In  those 
cases where close observation was possible, one or the other of the two 
flagella usually passed directly through the cleaning pads, but  not both. 

Cleaning occasionally occurred in the absence of apparent stimuli 
or following mechanical stimulation. I t  was most commonly elicited, 
however, by chemical or chcmo-tactile stimuli. Often cleaning followed 
the presumed stimulus with a latency of tens of seconds. 

The cleaning response differs from the two preceding in that  it  
requires integrated movement of-appendages other t han  the a~ntennules 
alone. Not  only are the third maxillipeds, and occasionally the first 
perciopods, brought into active antennular manipulation, but  other 
appendages are involved in maintenance of the appropriate bodily 
posture during cleaning. 

Bodily withdrawal. The movement sequences grouped under this 
class are heterogeneous, but  all have the general effect of withdrawing 
the total organism from the region of the stimulus. Under appropriate 
conditions they may be elicited by  both mechanical and chemo-taetile 
stimuli, as well as almost any other kind of stimulus applied to any part 
of the body. 

The startle reaction is characterized by a single, synchronized twitch- 
like contraction of most of the appendages. I t  is often associated with 
the antennular fast withdrawal reflex, and involves both antennae and 
walking legs. The net effect is a sudden, limited withdrawal of the animal 
from the stimulus situation. 
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The tonic withdrawal is characterized by maintained slow flexions or 
extensions of the appropriate appendages. Those on the stimulated side 
usually extend, those on the unstimulated side flex so the animal is 
drawn down and away from the stimulus. 

Stepping withdrawal reactions include all active locomotory retreat 
from the stimulus area. Often this involves a few backward steps 
followed by turning and forward movement away from the stimulus. 

Although each of the above reactions may occur alone, they often 
follow in sequence. Initial contact with an antennule may  elicit the 
startle reaction. With maintained or repeated contact, tonic withdrawal 
becomes apparent, and with more prolonged or stronger stimuli, active 
stepping withdrawal movements begin. In  most animals bodily with- 
drawal often involves various ill-defined combinations of these move- 
ments, so distinction of the component reactions is generally omitted in 
the following analyses. 

Feeding sequence. The complete feeding sequence, as initiated by 
antennular stimulation, might be described as follows. Upon contact 
o~ either antennular flagellum with the appropriate chemical or chemo- 
tactile stimulus, antennular pointing movements and elevation of the 
fore part  of the body occur. Walking legs, usually of the homolateral 
side, are extended and moved forward into the stimulus area in explora- 
tory movements. These may be accompanied by active forward stepping. 
As the pereiopod dactyls come into contact with the chemical stimulus, 
searching movements, i.e. extension and waving of the leg, increase in 
intensity and extent. Upon contact with an object, searching movements 
terminate and grasping movements begin in which the dactyl flexes over 
the object and carries it  toward the mouthparts. If the grasped object 
is the source of the chemical stimulus, other limbs, usually the first 
two or three pairs of walking legs, are brought over to help direct the 
object toward the mouthparts where it is eventually accepted or rejected 
(see BETHF. 1897). If rejected, searching and grasping begin again and 
continue until an acceptable object is retained or until the stimulus 
dissipates or the animal accomodates. ~ig. 3 summarizes the presumed 
sequence outlined above. There are at least three critical points where 
the movements alter in quality: 1. at the initiation of searching move- 
ments, 2. at the shift from searching to grasping activity, and 3. at the 
shift from grasping to feeding. 

The extent to which the above sequence of activity is realized in 
detail depends upon a number of factors; among others, the strength of 
the stimulus, the duration of pretest fasting, and the physiological 
state of the animal (see below). Very commonly, when vigorous responses 
occur the initial antennular movements are omitted, and the animal 
immediately springs forward with extended pereiopods. Incomplete 
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grasping is interspersed with the searching movements.  At the other 
extreme, when responsiveness is low, the sequence can stop after weak 
pointing reactions and slight bodily elevation, or it may  continue briefly 
with incipient searching or pereiopod extension tha t  fails to reach the 
stimulus area. The feeding sequence also habituates with repetition. 
In  one animal, for example, six stimuli were presented to the same 

Hotor ad+~ A#ewate s//mu/us 
Recep/or site 
C'hem/ca/~ i, meai~ 

/ a n t e z a u l a r f l ~ e l f a  
.~/7/e/T/7#/gf poih.//~7] 
Step, m~g Wp,-oa~ 

Chem/?#/~ slmng 

ot'perel~pods 
U'heml~al 

, sl/'onao 
Ch el~ o - laol//e 
dac/g/s o~epe)o#ags . . . .  ~ - -  

#mSpl~<q ZTg pcpei'opods , - - ~ ' 7  - - - 
~azspo# to ,'nuul@erts ~ .  (he/leo tao'#e 

feed/zg ~ meut,~#ags 

Fig .  3.. P r o o o s e d  c h a i n  of s e n s o r y  a n d  
m o t o r  a c t i v i t y  i n v o l v e d  in  i n i t i a t i o n  of 
f e ed ing  a c t i v i t y  v i a  a n t e n n n l a r  s t i m u l a t i o n .  
E a c h  s t i m u l u s  leads  t o  m o t o r  a c t i v i t y  
w h i c h  i n  t u r n  fac i l i t a t es  t h e  s u b s e q u e n t  
s t i m u l u s  of t h e  cha in .  Imvels  l ,  2, and_3 in-  
d ica te  t he  p o i n t s  in  t he  c h a i n  w h e r e  a c t i v i t y  
a l t e r s  in  q u a l i t y ,  i n v o l v i n g  e i t h e r  n e w  

s t r u c t u r e s  or  t o t a l l y  new p a t t e r n s  
of m o v e m e n t  

antennular flagellum at  spaced 
intervals within three and one- 
half minutes total  time. The first 
three stimuli elicited full feeding 
responses, the first being the 
strongest. Cleaning movements  
followed the feeding activi ty of 
the third stimulus, and the re- 
sponses to the fourth and fifth 
did not continue beyond incipient 
searching activity. The sixth 
stimulus was completely in- 
effective. 

Even without obvious habitua- 
tion, the feeding response did not 
always follow every presentation 
of a presumably adequate stimu- 
lus. To control for failures because 
of generalized disinterest in food 
and/or inability to perform the 
motor  movements  necessary for 
feeding, the responsiveness of a 
later, apparent ly  more stable 

component of the feeding sequence was examined. This is the dactyl 
grasp reflex. As described below it was used as an empirical estimate 
of food interest. 

Pereiopod reflexes. With a few exceptions, mechanical stimulation 
of a dactyl resulted either in no response or withdrawal of the stimulated 
leg. When combined with chemical stimulation, however, as with a 
swab soaked in fish juice, touch of the dactyl  ordinarily caused grasping 
movements  and a t tempts  to carry the swab to the mouthparts .  This 
is the dactyl grasp reflex. As mentioned above, the two or three pairs 
of appendages bordering the one originally stimulated were often brought 
into act ivi ty with strong stimuli or in animals with low threshold. The 
grasping reflex could be elicited from all five pairs of perciopods, but 
the more anterior seemed most  effective, the fifth pair the least. Fish 
juice alone elicited searching activi ty when pipetted over the dactyls. 
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Physiological state. There are two physiological periods when the 
lobster shows no interest in feeding; immediately before molting and 
immediately after molting. 

Postmolt period. For the first two or three days following molt  the 
exoskeleton remains quite soft and the lobster tends to remain motionless. 
During this t ime it responds to tactile and chemo-tactfle stimulation of 
either antennules or dactyls with withdrawal reflexes. No indication 
of grasping or feeding is evident, and food placed in the vicinity is not 
eaten (see T~AvIs 1954). The exact duration of this fasting period is 
not certain and probably varies among lobsters. One animal showed 
grasping reflexes approximately 44 hours after molt  and fed within 
60 hours while another specimen still had no interest in food after 
77 hours. Many gave grasping reflexes within five days. 

Preraolt period. Softening of the lower edges of the carapace and 
resorption along the ecdysal line begin several days before molt (T~Aws 
1954). The number  of animals tested in this period is small, but  results 
consistent]y show absence of feeding or grasping responses. Indeed the 
only response obtained from one animal was the antennular withdrawal 
reflex; chemotactile stimulation of the dactyls elicited n o response what- 
so-ever. Such premolt  animals are very alert, however, and some show 
evidence of unusual aggressiveness, moving forward and striking with 
the antennae upon visual or chemo-tactile stimulation (see SCRXFEI~ 
1957; quoted in SCHSNE 1961). No animals were carried through molt, 
but  several were followed f o r  up~ to five days. The premolt  fast must  
therefore last at least tha t  long, and the state of the ecdysial line at  the 
end of observation suggests tha t  the duration may  be even longer. 

Post-operative behavior 

Removal  of one eyestalk caused an immediate and lasting change 
in resting and locomotory posture. The lobster t ipped toward the 
operated side. Although circusing tendencies were not examined, general 
mobili ty seemed unaffected and major changes in other behavior were 
not obvious in casual observation. 

Pr imary  attention was directed to the effects of the ablation upon 
antennniar function, particularly with respect to its effectiveness as a 
trigger for feeding responses. Several groups were examined at varying 
intervals following the operation. Deficiencies in certain evoked responses 
were more apparent  than  were disturbances in spontaneous activity. 
In  fact, upon gross observation, spontaneous antennular movements  
seemed essentially unaffected. The results are summarized in Tables 1--4 
and considered in more detail in the sections below. 
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Response to tactile or mechanical stimulation (Table  1) 

Five post-operative lobsters were tested with mechanical stimulation of the 
outer antennular flagellum. Two were examined 16 days after the operation and 
three, 145--161 days post-op. Animals 0-8 and 0-9 had regenerated a hetero- 
morphic antennular outer flagellum in place of the amputated eye at the time 
of testing. 

Table 1. El/activeness o/mechanical stimulation in elicitlng antennular, dactyl, and 
/eedlng responses 

Spec- Post- ?ost- 2kntennule Dactyl 
imen Date op. ~olt 

I I,ot eat (days) lays) reflex point clean feed grasp I retreal 
f 

o .o   .IOoo O-7 8-18 16 A-I A-I 
0-8 '  8-9 145 A-I (A) A-I 0 

8-13 149 A-I (I/A) 
0-9'  8-9 145 A-I A-I 0 
0-10 8-25 161 16 A-I A-I w 

Legend. (Applies to all four tables.) 
Specimen. N, normal lobster with intact antennules and eyestalks; NA, 

lobster with distal segment and flagella of one antennule removed, tested after 
partial regeneration; 0, lobster with one eyestalk removed; OA, lobster with one 
eyestalk and one antennule removed, tested after partial regeneration of an~ennule; 
", heteromorphie antennular flagellum growing in place of ablated eyestalk. 

Postmolt. 2nd, when two molts occurred since ablation, the time since the 
second is indicated. 

Antennule. A, stimulation of outer antennular flagellum on ablated side; I, 
stimulation of outer antennular flagellum on intact side; - -n ,  normal, unregenerated 
antennule; - - r ,  partially regenerated antennule. 

The designations under each specified antennular response have the following 
meanings: no symbol or 0, response not elicited by antennular stimulation; A-I, 
antennular stimulation on ablated and intact side equally effective; A/I or I/A, 
stimulation of the first designated antennule more effective than the second; A or 
I, only designated antennule effective; ? in place of A or I, response probably 
occurred but was not observed; (),  weak or questionable response to the indicated 
stimulation. 

Dactyl. 0, no response to dactyl stimulation; S, strong response; w, weak 
response or high threshold for designated motor activity; - - ,  dactyl not tested, 

Series of mechan ica l  s t imul i  ( touch or t a p  wi th  glass rod  or  c lean 
swab) were app l ied  to  r igh t  a n d  lef t  f lagel la  a l t e rna te ly .  Respons iveness  
va r i ed  among  ind iv idua ls ,  and  a t  d i f ferent  t imes  in the  same ind iv idua l  
so t h a t  the  re la t ive  effect iveness of s t imul i  app l ied  to  oppos i te  f lagel la  
wi th in  a brief  per iod  of t ime  p roved  to  be the  on ly  re l iable  e s t ima te  
of ope ra t iona l ly  i nduced  a symmet r i e s  in th is  and  the  fol lowing t e s t  
sequences.  Table  1 shows t h a t  in  all  animals ,  s t imu la t ion  of the  f lagel lum 
on the  a m p u t a t e d  side was equ iva len t  to  s t imula t ion  of the  f lagel lum 
on the  i n t a c t  side in  evoking  the  fas t  an t ennu la r  w i thd ra w a l  ref lex 
(ant.  reflex).  The  two flagellae also seem a b o u t  equ iva len t  in the i r  
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ab i l i ty  to  in i t i a te  bod i ly  wi thdrawal .  Feed ing  responses were never  
i n i t i a t ed  b y  mechanica l  s t imula t ion  of the  flagella.  I n  one animal ,  
a cleaning reflex occurred af te r  the  t e rmina t i on  of a pro longed  series of 
mechanica l  s t imul i  app l i ed  to  inner  and  ou te r  f lagella on the  a m p u t a t e d  
side. This  response was not  repea ted .  

I n  two  animals ,  mechanica l  s t imula t ion  of a d a c t y l  wi th  a glass rod  
caused w i thd rawa l  of the  leg; in  one animal ,  s t imula t ion  wi th  a clean 
c loth  swab caused a weak  grasping  reflex. 

I t  seems ev iden t  t h a t  un i la te ra l  eyes ta lk  ab la t ion  does no t  in ter fere  
wi th  a c t i v i t y  n o r m a l l y  i n i t i a t e d  b y  mechanica l  s t imula t ion  of e i ther  
antennule .  Iqor is mechanica l  s t imula t ion  alone effective in  t r igger ing 
feeding ac t iv i ty .  

Responses to chemo-tactile stimulation (Table 2) 

Ten lobsters were tested for asymmetrical evocation of the feeding sequence 
after removal of one eyestalk. Swabs soaked in fish juice were applied to the outer 
flagella of the antennules. Five animals were tested 1 2 ~ 8  hours after the 

Table 2. E[fectiveness of chemo-tactile stimulation in eliciting antennular, dactyl, 
and feeding responses in normal and postoperative animals 

Spee- Da te  op. mo l t  
, on I oolot I oloan I re,roatl  eo,' gras, 1 etrea, 

N-1 both 
N-2 both 
N-3 both 
N-4 both 

O-1 A-? 
A-2 

0-2 A- ? 
0-3 A-I 
0-4 A- ? 
0-5 A- ? 
0-6 A-I 
0-7 .A- ? 

O-8' A-I 
A-I 

0-9" A-I 
A-I 
A-I 

O-10 A-I 

i A-I 

both be1 1 
both bol 1 
both bol 

0 

AA [/)_ * [/)_ * 
A I 

I 

AA [/A * [/A * 
I I -~  

I 
l - i  ) 

I I / i  
I 

I A I / i  
I 0 

0 
I-A I/i 

I 

See legend of Table 1. 
* Incipient feeding response following stimulation of "A" antennule was 

directed toward the intact side, i.e. away from the stimulus. 
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operation, the remaining five were examined from 16--161 days post-op. Four non- 
operative controls included for comparison show the normal symmetry of response 
to antennular stimulation. 

The observat ions summarized in  Table 2 show tha t  uni la tera l  removal  
of an  eyestalk great ly  impairs,  and  in  some cases, appa ren t ly  abolishes, 
the abi l i ty  of the  an t ennu le  on the operated side to tr igger the feeding 
sequence in  response to normal ly  adequate  stimuli .  This impa i rmen t  
appears  short ly after the operat ion - -  the earliest tests were made after 
abou t  12 hours - -  and  cont inues wi thout  obvious remission for up to 
161 days and  over two molts. The impa i rmen t  seems l imi ted to the 
tr iggering of the feeding sequence, for all responses associated with the 
mechanical  aspect of the  s t imulus  remain  unaffected,  a nd  both  poin t ing  
and  cleaning ac t iv i ty  also occur. Three typical  excerpts (paraphrased) 
from the protocol i l lus t ra te  the observat ions on which Table  2 is based. 
The notes and  comments  were added after complet ion of the obser- 
vat ions .  

Excerpt 1. Lobster 0-2. Le/t eyestalk removed morning of August 25. Placed 
in test aquarium evening of August 25, unresponsive at that time. 

Test. August 26, 1962. After 4:00 pm. Stimulus: small cotton swab dipped 
in fish juice. 

I. Stimulate outer flagellum of left antenmfle ("A"), two touches. Each 
produced ant. reflex; clean left antennule after second touch. Grasping and feeding 
with dactyles of first two pairs of legs after cleaning. 

(Added note: When dactyls were brought up in the cleaning activity, they 
apparently came into direct contact with fish juice diffusing from the swab.) 

II. Stimulate outer flagellum of right antcnnule ( 'T') ,  one stroke. Immediate 
raise and advance, grasping. The legs on the right side are lifted first. 

III.  Stimulate "A", one stroke. Ant. reflex, first two pairs of legs lifted in 
beginning of cleaning activity. Left antennule brought down to clean, but before 
this could be completed, shifted stimulus to stroke "I". Immediate interruption 
of cleaning activity, feeding response with lifting of right appendages. 

IV. Stimulate ' T ' .  Ant. reflex, lifting of cephalothorax, reaching and grasping 
activity. 

Comment. In  some instances grasping begins immediately after stimulation 
of ' T '  so that the ant. reflex, if present, cannot be observed. 

Excerpt 2. Lobster 0-6. Right eyestalk removed August 2. Test: August 18, 
1962. Stimulus: small cotton swab dipped in fish juice. 

10:40 am. Animal crouched in corner of test aquarium with the left or non- 
~)per~ted side noticeably higher than the right. 

l1:06 am. Touched outer flagellum of left antennule ("I"). Almost immediate 
"leap" forward, reaching, grasping..~cith all :l~gs followed by active exploration 
of tank. 

11 : 15 am. Touched outer flagellum of right antennule ("A"). Almost immediate 
reaching and grasping. The animal was actively exploring when stimulated. 

11:16 am. Touched ' T '  while animal was exploring, same effect as observed 
at 11:15 with "A". 

2:33 pm. Animal alert, on toes in corner of test aquarium. Stimulate "A". 
Ant. reflex with one or two slight startle responses. 
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2:35 pm. Stimulate 'T ' .  Ant. reflex. Cleaned antennule five times after third 
contact with swab. With continued touches, antennular reflexes and a slight 
startle reaction. 

2:38 pm. Touch dactyl of left first pereiopod. Weak grasping and attempt 
to draw swab toward mouth. Touched dactyl of third left pereiopod. Withdraw 
leg and side-stepped from stimulus. 

Comment. This animal was more inconsistent than usual, and ambiguous 
dactyl reflexes suggest that it  was not in a stable physiological state. The positive 
response from "A" stimulation at 11:15. is not completely reliable because it was 
not repeated and the slight delays in response may have been sufficient for diffusion 
of juice from the swab to non-antennular receptors. In  general, the effective 
stimulus could be considered well localized only when the evoked responses had 
very short latencies. 

Excerpt 3. Lobster 0-10. Le/t eyestalk removed March 17, 1962. 
Test. August 14, 1962. Stimulus: Small cotton swab dipped in fish juice. 
5: 03 pm. Animal alert and on toes in test aquarium. 
5:05 pm. Stimulate outer flagellum of left antennule ("A"). Ant. reflex, 

slight bodily withdrawal. Right antennule points, followed by lifting of cephalo- 
thorax and some exploratory movements. 

(Added note: Lifting and exploring may have been mediated via right antennule 
as it passed into stimulus area when it pointed.) 

5:08 pm. Stimulate outer flagellum of right antcnnule ( 'T ' ) .  Ant. reflex, 
left antennule points. Cephalic lifting, first and second right legs reach forward. 
Clean right antennnie. 

5:09 pro. Stimulate "A". Ant. reflex, stepping withdrawal Clean left anten- 
nule. Move stimulus to "I". First and second legs on right side l i f t  and reach 
forward. Then stepping withdrawal continues. 

5:10 pro. Stimulate "A". Ant. reflex, bodily withdrawal, clean left antennule, 
point with right antennule. Touch "I" immediately afterward. Forward rush and 
reaching by all pereiopods. Strong feeding response. 

5:13 pro. l~epeat "A" twice, reflex only on each. Repeat "I" twice. Both 
times, slight cephalothorax lift, and on first stimulus, lift of pereiopods 1--3 on 
right side. 

5:14 pm. Touch dactyl of second right pereiopod, grasping by pereiopods. 
Comment. Although there is some variability and stimulation of ' T '  does not 

always evoke the complete feeding response, "A" is essentially ineffective. This 
animal shows well defined asymmetry. 

Since formal  s ta t i s t i ca l  compar isons  be tween  cont ro l  and  t e s t  groups  
were no t  p rac t i ca l  wi th  the  d a t a  a t  hand ,  the  reasons  for assuming t h a t  
a s y m m e t r y  of feeding in i t ia t ion  resul ts  f rom i m p a i r m e n t  of the  opera ted  
side r a the r  t h a n  hype rexc i t ab i l i t y  of the  i n t ac t  side need to  be ind ica ted .  

1. Complete  feeding a c t i v i t y  was a lmos t  never  e l ic i ted  f rom the  
an tennule  on the  opera ted  side, even when good d a c t y l  g rasp  reflexes 
i nd i ca t ed  t h a t  the  an ima l  was in a favorable  s ta te .  Moreover,  t he  fo rm 
of the  response in  severa l  of those  cases in  which "A"  a p p e a r e d  effective 
(see Table  2, 0 -6  and  0-10) was such t h a t  diffusion m a y  have  i n v a l i d a t e d  
the  a p p a r e n t  local iza t ion  of the  s t imulus.  This behav ior  con t ras t s  wi th  
the  regu la r ly  el ic i ted feeding a c t i v i t y  in the  cont ro l  group.  
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2. Both the intensity of the feeding response and the frequency of 
its initiation appeared alike in control group and intact side in post-op. 
animals. The possibility of minor fluctuations due to the operation 
cannot be excluded, but  they could not be of sufficient magnitude to 
discount the conclusion that  the major effect of eyestalk removal is 
unilateral reduction, not augmentation, of feeding activity. 

The frequencies of antennular pointing and cleaning in response to 
ehemo-tactile stimuli are similar for normal animals and " intact"  and 
"ablated" antennules in late post-op, animals. This indicates tha t  loss 
of the ability to initiate complete feeding in the operated animals was 
not associated with a total loss of the "chemical" sense. Although 
intramodality discrimination tests were not used, the lobsters clearly 
distinguish in their behavior between the object presented with, and the 
object presented without concomitant chemical stimuli. 

When tested one or two days after the operation, four of the five 
experimental lobsters showed marked asymmetry in initiation of anten- 
nular cleaning activity. Not  only was cleaning initiated exclusively by 
the antennule on the operated side, but  it occurred much more frequently 
and with less intense stimulation than found in the control group 
(Table 2), Apparently unilateral eyestalk ablation causes a temporary 
increase in homolateral antermule cleaning tendencies as well as a more 
permanent interruption of the feeding response. Other than the feeding 
sequence, however, asymmetrical responsiveness was not prominent  in 
animals examined several days after the operation, at least with respect 
to the reflexes under consideration in this paper. 

E/]ects o/unilateral antennular ablation 
Removal of an eyestalk is followed by  extensive degeneration and 

reorganization in the remaining central regions of the brain (Hw~BST 
1916). There is the possibility, therefore, that  the phenomena reported 
above do not result from interruption or removal of a specific neural 
area or pathway in the eyestalk, but  from a more generalized disturbance 
of the central olfactory regions. This is perhaps unlikely in view of the 
rapid appearance of the defect, but  it is pertinent to ask whether central 
reorganization produced by  ablation of other cephalic sensory structures 
causes the same responses. 

One of the most direct, natural ways to disturb the organization of 
an olfactory center is to remove the antennule, or portions thereof, and 
to allow it to regenerate. Such an operation should require complete 
reestablishment of primary afferent connections from the flagella, and 
since the number of sensory endings on the first regenerate antennule 
is less than in the normal, considerable interneuron reorganization might 
be expected. The antennnles normally do not autotomize. 
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present growing from 
the s tump of the am- 
putated eyestalk. 

Accordingly, the flagella and distal half of the third segment of one 
antennule were successfully removed from 12 lobsters (Fig. 4). In  four 
controls, the eyestalk was left intact;  in three, antennule and eyestalk 
of the same side were removed; and in five, antennule and eyestalk 
of opposite sides were amputated.  Lobsters were tested in the usual 
manner after one or two post-operative molts. Flagella regenerated 
in all cases, and in four instances, heteromorphie flagella were also 

~ 3-17-B2 

Response to tactile or 
mechanical stimulation 

(Table 3) 

Six lobsters were 
tested with pure me- 
chanical s t imul i .  The 
observations are sum- 
marized in Table 3. On 
the whole, the results 
appear similar to those 
of Table 1. Certainly 
the responses of OA-5, 
OA-6, OA-8, and OA-3 
seem normal, There are, 
however, two significant 
exceptions. The form 
of the fast antennular 

8-/3-~ 

~ ~ 8-18-82 

Fig. 4, Ablat ion a nd  regenera t ion  of flagella and  distal 
half of th i rd  segmen t  of r igh t  ante~aule .  Dorsal  view, 
normal  an tennule  included as control  a t  each stage.  
3 - - 1 7 - - 6 2 ,  date  of abla t ion;  6 - - 1 8 - - 6 2 ,  93 days  post- 
op., da te  of f i rs t  molt .  Flagella an d  th i rd  segmen t  
regenerated but they and the second segment are reduced 
in length.  8 - - 1 8 - - 6 2 ,  154 days post-op., 61 d a y s p o s t -  
molt ,  date  of second molt .  l~egenerated segments  show 
disproport ional  growth,  b u t  are still sub-normal .  L e n g t h  
cal ibrat ion is 5 cm in each instance.  Outlines t r aced  

f rom photos 
withdrawal reflex of the 
regenerate antennules is abnormal in both OA-2 and OA-7. Relative 
sensitivity in OA-2 appears unaltered, but reflex movement  generally 
occurs only a t  the basal joint of the regenerate antennule; both second 
and third joints remain stiff (see above for normal reflex). In  OA-7, 
on the other hand, the reflex movements  at all joints of the regenerated 
antennule were much stronger than normal, and were more frequently 
followed by  general bodily withdrawal. The normal habituation of the 
antennular reflex to repeated stimulation was absent or much reduced in 
the regenerate, and more time was required for recovery from a single reflex 
twitch, i.e. the second and third joints often remained in spastic contrac- 
tion for two to three seconds. Thus it seems tha t  perfect reestablishment 
of centers governing antennular integration may  not always occur after 
ablation and regeneration of portions of one antennule (at least within a 
five month period).The normal antennule gave normal responses in all cases. 

Z. vergl. Physiol. Bd. 46 37 
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Table 3. Mechanical stimulation o] antennules in lobsters with one regenerate antennule 

i1 =1 o=, =o=,o io=y  Spee- Date op. molt  |. 

Eyestalk and antennule on opposite sides : 
OA-5' 8-9 145 42 IAnIr An/Ir An-Ir I 0 --  
OA-6' 8-9 145 36 ]An-Ir (An) An-Ir I 0 w, 0 
oA- ' 8-7 14a I Ir/A  I 0 - -  I 
OA-8 8-25 161 (2nd)8 i An-Ir An-It 0 ] S 

I 

Eyestalk and antennule on same side: 

OA-2'I 8=7 1 1 4 3 0 A - 3  8=25 161 [ 22(o16A)~,=~ A;:~nnn[ [ IArIn] j A r - I n  0 S S 

See legend of Table 1. 

Response to chemo-tactile stimulation (Table 4) 

When Table 4 is compared with Table 2, it is evident that  antennular 
regeneration usually causes no major alterations i n  the effects of 
eyestalk removal on initiation of the feeding sequence. On the basis 
of a single successful control animal, antennule ablation alone also has 
no major effect on relative effectiveness of antennules in initiation of 
feeding. Some details, however, must be discussed at greater length. 

The number of animals which show weak or no dactyl responses 
and no feeding activity is larger than expected when compared with 
Table 2. This lack of responsiveness seems correlated with a stage in 
the molt cycle rather than antennular ablation. Upon dissection of 
NA-2 on August 29, a well-developed new cuticle and extensive resorption 
from the outer carapace were found. OA-1 showed resorption from 
the ecdysal line by August 30 and molted sometime during the first few 
days of September. Both of these animals were therefore in the premolt 
fast when tested. I t  is reasonable to assume that  lobsters NA-1, NA-3, 
and CA-4 were also approaching molt, for their postmolt period of 
67 days or more was similar to that  of NA-2 and CA-1 and is longer 
than reported average summer intermolt periods (Tl~aVlS 1954). In 
NA-4 and OA-3, on the other hand, the absence of feeding five days 
after molt suggests a prolonged postmoll fast. 

I t  should be noted that  normal and regenerate antennules of OA-1 
were equally effective in eliciting aggressive advance and antenna 
strikes. Since one eyesta]k was also removed, this animal serves as 
control for the remote possibility that  the interruption of feeding initia- 
tion by eyestalk removal is due to interference in motor integration 
controlling approach or advance per se. 

Two animals showed atypical feeding initiation which could not 
be explained by molt cycle alone. In both, the ablated eyestalk and 
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Table 4. Chemo-tactile stimulation o/ antennules in lobsters with one regenerate 
antennule and one missing eyestalk 

I i o=l o= =n=o Io=,  Spee- Date op. molt 

Am rotated antennule onl,~: 

NA-1 8-27 
NA-2 8-27 
NA-3 8-28 
NA-4 8-14 

8-27 

OA-1 
OA-2' 

OA-3 

OA-4 

OA-5' 
OA-6' 

OA-7' 

OA-8 

8-26 
8-7 
8-14 
8-15 
8-19 
8-14 

8-25 

8-26 
8-27 
8-9 
8-9 
8-15 
8-7 
8-19 
8-25 

163 
163 
164 
150 
163 

162 
143 
150 
151 
155 
150 5 

161 (2~:) 
(2nd) 

E estalk 

162 70 + 
163 71 + 
145 42 
145 36 
151 42 
143 27 
155 39 
161 8 

(2nd) 

71 + r/n 0 w 
71+ r-n 0 0 0 
67 r-n (:?~, 

r n 0 

18 r-n - - -  

Eyestalk and antennule on same side: 

70 + In/Ar Ar---In "- - 0 22 Ar- ? Ar ln /Ar  I w~ 
29 Ar-In '" �9 S 
30 Ar-In In-Ar w 
34 Ar-In (At) In/Ar I w 

Ar-In I At / In  Ar-ln)l S 

At-? Ar In /Ar l  S 

and antennule on opposite sides: 

An-lr An-lr I Ir 0 
An-lr An-lr I Ir S 

? 2 ~  1 Ir /An S 
An-Ir Ir-An An-lr  I An-Ir It/An S 
An-lr O S 
An-lr Ir-An An-lr I An-lr 0 S 
An-Ir An-lr [ An-Ir (Ir) w, 0 
An-Ir An An-lr I An Ir/An S 

See legend of Table 1. 
* This animal advanced and attacked swab and image of investigator. With 

repeated stimulation, withdrawal movements were interposed with the attacks. 
1 Lateral movements at first joint of Ar are less prominent than those of In. 

a n t e n n u l e  were on  opposi te  sides. The  r egene ra t ed  a n t e n n u l e  of t he  
first ,  OA-5, i n i t i a t e d  n o r m a l  feed ing  a t  r e a sonab l e  levels of s t i m u l a t i o n ,  
b u t  t he  oppos i te  n o r m a l  a n t e n n u l e  on  t h e  eyes ta lk less  side was also 
u n u s u a l l y  af fee t ive  (this is n o t  i n d i c a t e d  in  Tab l e  4). I n  t he  second,  
OA-7, n o r m a l  feeding  was n o t  e l ic i ted b y  e i ther  a n t e n n u l e  even  t h o u g h  
t he  r egene ra t ed  a n t e n n u l e  was a b n o r m a l l y  respons ive  to  m e c h a n i c a l  
s t i m u l a t i o n .  These  two  eases suggest  t h a t  a n t e n n u l a r  r e m o v a l  m a y  
n o t  a lways  be w i t h o u t  effect on  t h e  i n i t i a t i o n  of feed ing  responses ,  b u t  
the  sample  is ~oo smal l  a n d  i n d i v i d u a l  v a r i a b i l i t y  is too g rea t  (see OA-2) 
for  such  obse rva t i ons  to  be  more  t h a n  suggest ive .  

W h e n  all  12 a n i m a l s  are cons idered  for all  s t imul i ,  o n l y  f ive showed  
clear ev idence  of s e m i - p e r m a n e n t  cen t ra l  i n t e g r a t i v e  d i s t u r b a n c e s  

Z. vergl. Physiol. Bd. 46 37a 
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following unilateral antennular regeneration. In  some, NA-1, OA-1, 
and OA-7, this consisted of bilateral differences in responsiveness to 
mechanical (or chemo-taetile ?) stimuli. In  others, OA-2, OA-3, and 
OA-7, the movements  of the regenerated antennule were abnormal 
either because of too little (OA-2, OA-3) or too much (OA-7) movement  
at the various antennular joints during the antennular withdrawal 
reflex. 

To summarize this section, therefore, these observations offer little 
support for the hypothesis tha t  the specific disturbances in initiation 
of feeding resulting from cyestalk ablation are cansed by  a general dis- 
turbanee of the brain associated with regeneration or degenerative 
phenomena. They do indicate, however, tha t  regeneration may  some- 
times lead to other abnormalities in central neural organization. These 
seem to involve either abnormal coordination of antennnlar motor  move- 
ments or general alteration of many  antennular functions, possibly 
including but  not limited to the specific feeding sequence. 

Discussion 

The changes in behavior which can be causally related to eyestalk 
removal  are limited to relatively gross disruptions of normal behavioral 
symmetries. Thus, shifts in general responsiveness or loss of discrimina- 
tion within a given sensory modali ty either went undetected, or if ob- 
served, could not be reliably ascribed to the operation. Several factors 
contributed to this limited behavioral resolution; the small sample 
sizes, the great indi~ridual variability, the lack of continuous observation 
for each lobster, and the uncertainty of the exact locus of the adequate 
stimulus or the effective receptor are among the most  important .  Where 
individual lobsters could be used as their own controls, however, certain 
behavioral changes were essentially universal for the populations 
examined (see Fig. 5), and these provide a relatively sound experimental 
basis for the following major  conclusions: 

I. Unilateral eyestalk removal "permanent ly"  reduces the ability 
of the antennule on the operated side to initiate the normal feeding 
sequence in response to chemo-taetile stimuli. 

I I .  Unilateral eyestalk removal does not abolish all effective chemical 
sensation in the antennule on the operated side, for after the operation 
chemo-tactile stimuli continue to be more effective in initiating specific 
responses than tactile stimuli alone. 

I I I .  Unilateral eyestalk removal does not appreciably alter the 
effectiveness of the antennule on the operated side in ehciting the normal 
responses which follow mechanical or tactile stimulation. 

The term "permanent"  as used in the above paragraph needs some 
qualification. The maximum operation-observation interval was 
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166 days. Although this is long enough for two molts in some animals, 
it still is not long enough for an amputated antennule to recover full size, 
and central neural reorganization initiated by the eyestalk operation 
could conceivably still be in progress. I t  is premature to conclude that  
the antennular deficit imposed by eyestalk ablation will never be com- 
pensated, and indeed, partial compensation could have escaped detection 
in the present study. I t  is clear, however, that  a deficit basic enough to 

Cb emo-tactf le  

! 
Ref lex  . . . | 1 
Po in t  ] 
Clean . . . .  
Retreat �9 . . 

Feed . . . .  o 

8 

g .5 

18 

n.r .  A 

- 0 

T 0 

St imula t ion  

= I 

1 21 

Tact i le  S t imula t ion  

11 

I A = I n.r. 
i 

I 

- -  I 0 11 1 

0 0 

n.r.  

12 

Fig .  5. Summary, effects  of eyes t a lk  abla t ion  on an t ennu la r  funct ion.  Three  condi t ions are 
cons idered :  I .  control  an ima l s  w i t h  i n t a c t  eyes ta lks ,  chomp-tac t i le  s t imu la t ion  (8 indi-  
v iduals ) ;  I I .  e x p e r i m e n t a l  an ima l s  l ack ing  one eyes ta lk ,  chemo-tac t i le  s t imu la t ion  (18 indi-  
v idua ls ) ;  I I I .  e x p e r i m e n t a l  an ima l s  l ack ing  one eyes ta lk ,  tac t i le  s t imu la t i on  only  (11 
ind iv idua l s  t a k e n  f r o m  the  p reced ing  g roup  of 18). Other  var iab les ,  a n t e n n u l a r  abla t ion,  
pos t -opera t ion  t ime ,  etc. were  ignored.  Fo r  each condi t ion  the  n u m b e r  of t e s t  series  was  
d e t e r mi n ed  i n  which  each of f ive  des igna ted  responses  were  el ici ted : 1, m o s t  eas i ly  b y  s t imu-  
la t ion  of the  an tennu le  on the  side l ack ing  the  eyes t a lk  (column " A " ) ;  2, wi th  equal  ease 
b y  s thnu la t ion  of e i ther  an tennu le  (column " = " ) ;  3, m o s t  eas i ly  b y  s t imu la t i on  i f  the  an-  
tennule  on the  side w i t h  the  i n t a c t  eyes ta lk  (column ' T ' ) ;  or 4, the  response  was  no t  
el ici ted b y  a n t e n n u l a r  s t i m u l a t i o n  (column "n . r . " ) .  E a c h  a n i m a l  was  sub jec ted  to a t  least  
one t e s t  series,  some to as  m a n y  as  four  (Tables 1- -4) .  A dash,  " - - " ,  ind ica tes  i n a d e q u a t e  
obse rva t ion  or absence  of the  appropr i a t e  t e s t  for a g i v e n  response.  Columns " A "  a n d  ' T '  
are  in t e rchangeab le  for  t he  control  condi t ion,  I .  The  a s y m m e t r y  of p o i n t i n g  and  r e t r e a t  
response in i t i a t ion  i n  Condi t ion  I I  is sugges t ive ,  b u t  does no t  w a r r e n t  f u r t h e r  cons idera t ion  
a t  t h i s  t ime .  See t e x t  a n d  Table  t for  discussion of c leaning response a s y m m e t r y .  The  

p r i m a r y  effect  of eyes t a lk  ab la t ion  on feed ing  in i t i a t i on  is clearly d e m o n s t r a t e d  

last several months should be distinguished from more transient effects 
and may involve a critical structural loss. The term "permanent"  is 
used here for this purpose. 

The only other antennular behavioral change presumed elicited by 
eyestalk ablation was transient rather than "permanent".  I t  consisted 
of augmentation in frequency and vigor of cleaning the antennule on the 
operated side. This asymmetry was consistent enough in different 
individuals and definite enough in single animals to be accepted as a 
valid effect, but  was present only for a few days following the operation 
(see Table 2). I t  is not clear whether the eventual compensation which 



534 :DONALD M. ~r and HvG~ DINGLE : 

was observed involved general recovery from a presumably altered 
central perception of the normal antennular input, or whether it involved 
specific habituation or accommodation of the mechanism initiating the 
cleaning response only. 

Although this paper appears to offer the first clear evidence for an 
explicit, causal relation between eyestalk ablation and antennular 
dysfunction, occasional observations in the older literature were sugges- 
tive. In  a paper  describing the function of a heteromorphie antcnnule 
growing in place of one eye in a single crayfish, for example, LlSSMANN 
and WOLSKu (1933) observed tha t  the normal antennnle on the eyestalk- 
less side, i.e. tha t  of the heteromorph, was fnnetionless and atrophic 
several months after the animal was brought to the laboratory. No 
specific reason for this effect was given. The observation tha t  eye- 
stalkless crayfish alter their feeding behavior (ScvDAMOg~ 1947) may  
also be relevant to the present discussion. 

Feeding activi ty in the spiny lobster involves a sequentialinterplay of 
adequate stimuli, simple stereotyped reflexes, and more labile integrative 
responses. In  many  ways it fulfills the ethological definition of an 
instinctive activity. Both our observations and a number of earlier 
studies on feeding behavior in other decapod Crustacea (BETItE 1897; 
HOLMes and ttOMVT~ 1910) suggest that  olfactory stimulation via the 
antennules normally initiates the sequence in the hungry animal. 
Appropriate chemical stimulation can be considered the releasing stim- 
ulus for the full sequence. Such antennular stimulation is also important  
in directing the animal toward the source of the stimulus. The effects 
of eyestalk ablation achieve particular significance, therefore, for on 
the basis of the above observations, the operation appears to produce 
a specific deficit in a higher order innate releasing mechanism. This 
central coordinating link rather  than either the afferent or efferent 
patterning seems disrupted. 

A second line of reasoning also suggests tha t  the disruptive effect on 
antennular function of eyestalk ablation is largely confined to higher 
coordinating, command functions. The responses initiated by chemo- 
tactile stimulation of the antennular fiagella may  be arranged in a 
hierarchical order from simple to complex on the basis of the number  
of muscles and movements  involved, the extent of spread to other 
segments, the duration of the response, and the ]ability of the activity. 
The fast antennular withdrawal reflex and antennular flicking would 
thus be at  the bot tom of the list; startle, pointing, cleaning, and complex 
withdrawal movements  would be progressively higher; and searching- 
feeding activi ty would be at  or near the top. Searching activity is placed 
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higher among the muRisegmental responses because it is less stereotyped 
than cleaning activity and is initiated by more specific stimuli than the 
various withdrawal responses. I t  appears that  neither the simpler reflexes 
from which the complex responses are composed, nor other similarly 
complex but  different responses, i.e. cleaning or attack activity, are 
destroyed by the operation. Nor is feeding activity disturbed when 
elicited by the other antennule. The deficit again seems to occur in the 
higher integrative mechanism that  coordinates a specific sensory input 
with the appropriate constellation of reflexes. 

Eyestalk ablation not only removes an important portion of the 
central nervous system, the medulla terminalis and the three optic 
ganglia, but  also halts visual input. In interpreting the mechanisms of 
the deficit, therefore, it is necessary to consider the possibility that  
ablation disrupts antennular function, not by removal of an anatomical 
portion of the integrative machinery, but  by removal of a background 
barrage of impulses in afferent visual fibers that  maintains the postulated 
higher olfactory center in the proper functional state. Such background 
activity could be considered analogous to the grid bias voltage of an 
electron tube. There is no direct evidence to discredit this possibility, 
but  some restrictions are indicated. For example, in a few instances 
feeding activity in normal lobsters was initiated via antennular ol- 
factory stimulation in the absence of a visual component. Similar 
experiments on Carcinus by BET~E (1897) also showed that  specific 
visual cues need not be associated with chemo-stimulation for the 
antennules to elicit feeding, and furthermore, that  blackening of the 
eyes did not disturb normal feeding. The postulated biasing input 
would therefore have to be insensitive to normal visual stimuli, i.e. pattern, 
light, and dark. Averaged resting discharge of visual fibers could conceiv- 
ably serve this function, but the crucial experiments, progressive 
removal of the optic ganglia and medulla terminalis, remain to be done. 

A more conventional and possibly more attractive explanation of 
the deficit is that  eyestalk ablation does remove a critical portion of the 
higher olfactory "center" itself. In  the absence of selective ablation 
experiments, the problem is to identify the most probable candidate for 
such a structure. 

Published information on the detailed anatomy of the central nervous 
system of palinurans and most other decapod Grustacea is scanty and 
rather old. Fig. 6 is combined from the descriptions of BET~E (1895, 
1897), HANSTRSIVI (1928), HE~BST (1916), and H~LM (1928) and is supple- 
mented by our own observations on sectioned, Masson-stained material. 
I t  diagrams relevant neuropil regions and major connecting fiber tracts. 
I t  is not complete and is intended only to show the intimate, though 



536 DONALD M. I~IAY~rARD and HUGH DINGLE: 

indirect, connection between portions of the medulla terminMis and 
ehemosensory fibers from the antennular flagella. 

The sensory component of the antennular nerve contains both large 
and small diameter fibers. Many of the larger fibers originate in sensory 
hairs in the statoeyst or in other antennular mechano-receptors. They 
terminate eentrMly in the antennular neuropil lying beneath the 
accessory lobe (b 1 and b 2 of HELM 1928). Most of the smaller fibers 
probably arise in chemo-receptors situated on the antennular flagella 
and terminate in the olfactory lobe. The accessory lobe lacks primary 
sensory input (HELM 1928), but  receives important  fibers tracts, pre- 
sumably first order internuneiMs, from the neighboring olfactory lobe. 
I t  also receives a compact fiber bundle from the longest, most obvious 
fiber t ract  in the brain, the olfaeto-globular tract  connecting the medial 
glomerular mass of the medulla terminMis with the olfactory-accessory 
neuropils. Many of the fibers of this tract  that  do not terminate in the 
accessory lobe continue past to originate in globular cell bodies at the 
ventro-lateral border of the olfactory lobe. These latter fibers pre- 
sumably send collaterals into the two lobes, but their exact connections 
are uncertain. The direction of impulse flow in the tracts mentioned is 
also uncertain; in some it is probably bidirectional (see Fig. 6). I t  is 
important  to note, however, that  the homolateral accessory lobe is 
the only one to undergo substantial reduction in size following unilateral 
eyestMk removal (I-IE~ST 1916). Additional fiber tracts connect the 
olfactory and accessory lobes with other regions of the brMn, but these 
can be omitted from discussion here. Neither lobe is known to have 
direct connections with the optic ganglia. The medulla terminalis is a 
heterogeneous neuropil having connections with the optic ganglia and 
midlinc brain structures such as the central body in addition to those 
with the accessory lobe via the olfacto-globular tract. I t  isl however, 
clearly the eyesta]k structure having the most direct communication 
with olfactory imput from the antennules, and therefore represents the 
most likely candidate for the critical portion of the olfactory integrating 
system that  is removed by eyestMk ablation. 

Olfactory input to the accessory lobe and medulla terminMis is 
indirect, via first or second order internuncia]s. This and the fact that  
the neuropils are of the structured, glomerular type (see MAYNA]aD 
1962) largely formed from processes of globular internunciMs led HAM- 
ST~6~ (]928) and ItEL~r (1928) to suggest that  the m e d u l l a  t e r m i n a l i s  - -  

accessory  lobe axis represents a higher order association system in the 
Crustacea. This is consistent with the nature of the defect reported in 
the present study. The medulla terminMis, however, is in close proximity 
to and receives extensive input from the optic ganglia, suggesting that  
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its participation in higher order visual activity is also likely (see ttA~- 
ST~6~ 1925). One might expect to find the medulla terminalis particu- 
larly important in aspects of intermodality, olfactovisual integration. 

VIALLA~S (1893), HA~SW~6M (1928), and others have indicated a 
number of anatomical similarities between the corpora peduneulata of 
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Fig.  6. D i a g r a m  of m a j o r  neu rop i l  a reas  a n d  f ibe r  t r a c t s  poss ib ly  i nvo lved  in  i n t e g r a t i o n  of 
o l f ac to ry  i n f o r m a t i o n .  Fi l l ed  arrows  i nd i ca t e  sugges t ed  d i rec t ion  of impulse  f low f r o m  p r i m a r y  
a f f e r en t  f ibers  of t he  a n t e n n u l a r  n e r v e  to  a n d  w i t h i n  h ighe r  o l f ac to ry  centers .  O p e n  arrows  
i n d i c a t e  less c e r t a i n  d i rec t iona l  p a t h s ,  a n d  t h e  ques t ion  m a r k  (?)  ind ica tes  st i l l  g r e a t e r  
u n c e r t a i n t y .  1, 2, a n d  3 possible r e l a y  s t a t ions  or  synap~ie  reg ions  for  impulses  pas s ing  to  
a n d  b e y o n d  the  medu l la  terminal is .  F e e d b a c k  b e t w e e n  2 a n d  3, 1 a n d  2, or  1 a n d  3 m a y  
b e  possible.  X a n t e n n a l  ne rve ;  al accessory  lobe;  a n  a n t e n n u l a r  n e r v e ;  b deep - ly ing  
a n t e n n u l a r  neu rop i l ;  lg l a m i n a  gang l iona r i s ;  m e  m e d n l l a  e x t e r n a ;  m i  m e d u l l a  i n t e r n e ;  mt  
medu l l a  t e rmina l i s ;  ol o l f ac to ry  lobe ;  O-gl o l fac to -g tobu la r  t r a c t ;  O P  opt ic  p e d u n c l e ;  

T t e g u m e n t a r y  n e r v e  

the insects and the terminalis-olfactory lobe system in the Crustacea. 
This similarity apparently also extends to the function of the two 
systems, for in both the bee (VowLv, s 1954) and the cockroach (MAY- 
NARD, unpublished observations) destruction of the calyces of the corpora 
pedunculata, i.e. those portions analogous to the medulla terminalis of 
the Crustacea, leads to disruption of the normal sensory or olfactory 
function of the antennae. 
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Summary 
I. Unilateral removal of the eyestalk (optic ganglia and medulla 

terminalis) in the Bermuda spiny lobster, Panulirus argus, disrupts 
normal initiation of feeding activi ty via chemo-tactile stimulation of the 
antennule on the side of the ablation. This deficit may  be permanent  for 
it has lasted without apparent  remission for over five months and two 
molts. 

2. Unilateral eyestalk ablation also produces a temporary  increase 
in antennular cleaning activi ty directed toward the antennule on the 
side of the ablation. This effect seems to last for less than 16 days. 

3. Unilateral eyestalk ablation does not appreciably disturb spon- 
taneous antennular movements  or responses to mechanical stimulation 
of the antennule on either side. Nor does it destroy the ability of the 
lobster to give differential responses to mechanical and ehemo-tactile 
stimuli. 

4. Most lobsters recover normal sensory and motor  functions in 
antennules tha t  regenerate after amputat ion of the distal segment and 
sensory flagellae. In  about  1/3 of the animals, however, some form of 
sensory or motor  abnormali ty  is evident in the regenerated antennule. 
These deficits are ascribed to occasional failure of regenerating neurons 
to reform appropriate central connections. They do not resemble the 
deficits following eyestalk ablation. 

5. The medulla terminalis is tentat ively proposed as the portion 
of the nervous system critical for normal antennular function tha t  is 
removed by  eyestalk ablation. There seem to be similarities between 
the effects of eyestaLk ablation in the Crustacea as described here and 
the effects following destruction of portions of the corpora pedunculata 
in insects. 

Zusammenfassung 

1. Einseitige Entfernung des Augenstieles (optische Ganglien und 
Medulla terminalis) bei der Bermuda-Stachellanguste, Panulirus argus, 
unterbricht auf der operierten Seite den Beginn der normalen FrelL 
ti~tigkeit, die durch chemische und taktile Reizung der Antennula ein- 
geleitet wird. Diese StSrung kann irreversibel sein, denn sic iiberdauerte 
in fiber 5 Monaten zwei Hiiutungen. 

2. Einseitige Entfernung eines Augenstieles ruff au•erdem eine 
voriibergehende Zunahme des Putzens der Antennula auf der operierten 
Seite hervor. In  16 Tagen klingt dieser Effekt ab. 

3. Einseitige Entfernung des Augenstieles stSI% die spontanen oder 
durch meehanische Reize ausgel6sten Bewegungen der Antennula nieht. 
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4. W~hrend  bei den meis ten Langus ten  in  Regener~ten der Anten-  
nulae (nach A m p u t a t i o n  des distalen Segmentes und  des Flagel lum 
normale  sensorisehe und  motorische F u n k t i o n e n  vorhanden  sind, sind 
bei etwa 1/3 der l~egenerate Abweichungen davon vorhanden,  offenbar 
auf dem gelegentliehen Fehlen  yon nerv6sen Verb indungen  beruhend.  

5. Die Medullu terminal is  im Augenstiel  ist wahrscheinlieh der ffir 
die normale  F u n k t i o n  der An tennu la  verantwort l iehe Teil des Nerven- 
systems. Es bestehen ~hnl ichke i ten  in  den Folgen der Augenstiel- 
en t fe rnung bei Crustaeeen und  der Zerst6rung der Corpora peduncula t~  
bei Insekten.  

We wish to express our appreciation to the staff of the Bermuda Biological 
Station for their hospitality and cooperation during the course of these experiments. 
Special thanks are due Messrs. C~EST~ BURGESS and BRUtaL SPu~Lr~o for 
their assistance in the maintenance of the experimental animals. Dr. R. ALEXANDE~ 
kindly read and eriticised the manuscript. 
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