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Summary. 1. Bilateral eyestalk ablation of spiny lobsters results in: 
a) loss of responsiveness to chemical stimulation of antennular chemoreceptors, 
b) increased tendency to positive responses following tactile and chemo-tactile 

stimulation of dactyl receptors, 
c) increased tendency to grasp and ingest non-food objects, 
d) disturbance of feeding efficiency associated with discoordination of feeding 

movements and prolonged periods during which food is held but not devoured. 
2. Progressive ablation of the eyestalk ganglia indicates that the loss of the 

innermost, the medulla terminalis, is responsible for the above effects. Blinding or 
optic ganglion removal alone is without significant effect. 

3. The observations strongly suggest that the medulla terminalis exerts an active 
regulatory or modulating influence on the spatial-temporM neural constructs respon- 
sible for feeding behavior. In this it resembles the functional role ascribed to the 
amygdala and frontal orbital cortex in mammals. 

Introduction 

Unilateral  ablat ion of the medulla termiualis, the fourth and most  
proximal  ganglion in the eyestalk of decapod Crustacea, disrupts ipsi- 
lateral an tennular  funct ion normal ly  associated with feeding behavior in 
the  Bermuda  spiny lobster. Panulirus argus (Maynard and Dingle, 1963 ; 
Maynard  and Yager, 1968). Within  the limits of observation, both  the 
funct ion of the antennule on the unopcrated side and other aspects 
of feeding act ivi ty  appear  unaffected by  the operation. This paper 
describes the short  te rm effects of bilateral eyestalk ablation on olfactory 
and  feeding behavior.  Individual  lobsters varied widely in behavior,  bo th  
before and after eyestalk removal.  Nevertheless, the data  clearly indicate 
t h a t  bilateral eyestalk removal  (which includes ablat ion of the optic 
ganglia, the medulla terminalis, and the sinus gland) not  only disrupts 
the normal  olfactory funct ion of both  antennules, bu t  also interferes with 
other  port ions of the feeding process. A prel iminary report  has been 
presented (Maynard and Sallee, 1968). 

* Contribution 476 from the Bermuda Biological Station for Research, Inc., 
St. George's, Bermuda. 
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Material and Methods 

Fourteen adult Panulirus argus Latreflle of both sexes were used. Observations 
were made during June, Ju ly  and August at  the Bermuda Biological Station. As in 
previous studies (Maynard and Dingle, 1963; Maynard and u 1968) lobsters 
under observation were kept individually in glass fronted aquaria. Lobsters were 
fed regularly but  sparingly with pieces of fish. They were never fed to satiation. 

All lobsters in premolt or postmolt phases at the beginning of the observation 
period were discarded, leaving only intermolt animals. Since observations lasted 
several weeks, and since molting in the adult Bermuda population is most common 
during the summer months, a few individuals passed from the intermolt phase while 
under observation, and one molted in August. Although premolt lobsters are known 
to stop feeding (Maynard and Dingle, 1963), these molts were too few and too near 
the end of the experiment to significantly alter the results. 

Normally lobsters maintained at Bermuda remain in excellent health. During 
these experiments, however, high ambient water temperatures (above 31 ~ C) coin- 
cided with difficulties in the sea water supply, and several deaths occurred before 
the experiment concluded. These deaths were caused by sudden changes in external 
factors, however, so that  observations made a few hours before death remain valid, 
and are included in the analyses. Table 1 gives the periods of observation and the 
experimental schedule of the animals studied. 

Test Procedures. Responsiveness of antennules and parieopod dactyls to chemo- 
tactile stimulation was tested with a cloth swab dipped in a dilute puree of fresh 
fish ground in sea water. An identical swab dipped in sea water served as a tactile 
control. At  each test period, therefore, responses to four stimulus conditions were 
obtained. The order of stimulus presentation was not constant. Lobsters were 
usually tested no oftener than twice per day. 

Table 1. Experimental animals and sequence o/operations. 
Observations began on day 1 on intact lobsters 

Lobster Opt. gang. One eyestlk. Two eyestlk. Molted End 
removed removed removed obs. 

1 day l0 day 21 day 42 
2 day 9 day 20 day 41 
3 day 10 day 21 day 42 
4 day 10 day 21 day 25 a 
5 day 3 day 14 day21 a 

6 day 19 day 28 day 46 a 
7 b day 14 day 18 day 20 day 48 day 56 
8 day 8 day 27 
9 day 7 day 26 

lO day 28 day 31a 

11 day 15 a 
12 day 7 a 
13 day 5 a 
14 day 2 a 

a Lobster died due to external factors. 
b This lobster was photographed on 16 mm movie film during the course of the 

experiment. 
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Responses to stimulation were assigned to one of seven categories: 

Positive Responses. 
-~-3. Strong searching and grasping movements with parieopods, associated with 

forward movements of the lobster. Response immediate and general activity 
may continue after removal of stimulus swab. 

-~-2. Searching or grasping movements, parieopods reach and grab. Lobster 
moves forward. 

+1 .  Weak searching or grasping movements, parieopods lifted and move in 
direction of stimulus, but  there is no general bodily advance and activity 
stops within a few seconds upon removal of stimulus swab. 

No Response. No obvious advance or retreat from stimulating swab. 
Negative .Responses. 
--1. Weak advoidanee, antennules or parieopods pulled back from stimulating 

swab, body does not move. 
--2. Avoidance, lobster backs away from stimulus swab. 
--3. Strong avoidance, lobster backs away violently, using abdominal tail flips 

as well as parieopods for locomotion. 
For some purposes, the above categories were lumped into two groups, positive 

responses and negative or no responses. 
The tendency to manipulate and devour non-food objects was estimated by 

leaving cleaned rubber stoppers (No. 2, weight approx. 7.5 gin) or short portions of 
vacuum hose (weight approx. 5.5 gin) in the aquaria overnight. After about 12 hours, 
stoppers or tubes were taken out, examined for evidence of chewing, and weighed 
to determine the amount of material removed. 

Protocol. In  the basic experiment the responses of a group of 5 normal lobsters 
to chemo-tactile stimulation and non-food objects were followed for 3--10 days. 
Both eyestalks of each lobster were then opened (Maynard and Yager, 1968), and 
the distal optic ganglia were removed. The group was observed for l l  days before 
the remaining eyestalk ganglia were removed by  cutting off the eyestalk. Finally, 
responses of the eyestalkless lobsters were observed for 21 days or until  death (see 
Table 1, Lobsters 4 and 5). Two other lobsters received similar treatment, but  
with varying intervals between operations. In  one, eyestalk removal was aecom- 
plished in two steps, permitting confirmation of earlier observations on unilateral 
ablations. I n  another group of two lobsters the initial operation, removal of optic 
ganglia, was omitted. (Table 1, Lobsters 8 and 9). 

Although observations were continued well beyond the period required for re- 
covery from the trauma of operations, no truly long-term observations were made 
in these experiments. No deaths resulted from the operations or the experimental 
treatment. 

Most responses were recorded on a portable tape recorder or transcribed imme- 
diately to a record book. One individual (No. 7, Table 1) was also observed inten- 
sively and photographed periodically at 32 fraims/seeond for subsequent detailed 
analysis. 

Histological Controls. Ablated eyestalks were fixed in Bouins, embedded in par- 
affin-celloidin, and serially sectioned. They were examined to determine the extent of 
the initial ablation of optic ganglia. 

Results 

Bi la te ra l  eyes t a lk  a b l a t i o n  p roduces  ex t ens ive  b e h a v i o r a l  a n d  phys io -  
logical  a l t e r a t i ons  i n  decapod  Crus tacea .  The  obse rva t i ons  r e p o r t e d  here  
dea l  o n l y  w i t h  those  changes  re l a t ing  to  t h e  feed ing  ac t  a n d  to  r e spon -  

9* 
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sivencss to mechanical and chemo-tactile stimulation of dactyl and an- 
tennular receptors. They are also limited in time to intervals of days or 
weeks following eyestalk removal. 

As described by Maynard and Dingle (1963) the typical, complete 
feeding act involves a sequence of stimuli and responses. Application of 
fish juice to antcnnular chemo-rcceptors results in approach and reaching 
movements with the parieopods directed toward the stimulus site. This 
normally leads to stimulation of the chemoreceptors on the parieopod 
dactyls, and the intensity of the parieopod reaching and grasping in- 
creases until the odorous object is touched and grasped. I t  is then 
brought toward and grasped by the maxillipeds and finally conveyed 
to the mandibles. The object is held and manipulated by maxillipeds 
and parieopods while being chewed and ingested. The total  feeding act, 
therefore, can be considered to consist of three major stages: a) Initiation, 
in which stimulation of antem~ules or dactyls leads to searching, grasp- 
ing activity, b) Feeding, in which the object is grasped by parieopods 
and transported to the mouthparts, c) Ingestion, in which the object is 
chewed and ingested while being held and manipulated by maxillipeds 
and parieopods. 

The full sequence does not always occur. For example, if the object 
touched by the parieopods following antennular stimulation is not itself 
odorous or tasty, it  may not be grasped, or it may be conveyed to the 
mouthparts and then discarded. Thus the second or third stages of the 
sequence may be lost. However, if the feeding drive is low, or the 
lobster otherwise disturbed, the feeding sequence may break up through 
loss of the first or second stage. A chemical or chemo4actile stimulus 
that  is ineffective when applied to the antcnnules may elecit the re- 
mainder of the sequence when applied to the parieopod dactyls, or to 
the mouthparts. 

The intensity and completeness of the feeding act and the nature 
of the responses to chemo-tactile stimulation varied widely among inter- 
molt lobsters, and over time within any one individual Some rarely 
gave positive responses to antennular stimulation with fish juice, where- 
as others nearly always responded vigorously. We made no a t tempt  to 
preselect individuals on the basis of behavior. 

Initiation o/Feeding 
Results of experiments testing the initiation of feeding may be ex- 

pressed in several ways, all leading to essentially the same conclusions. 
Total Responsiveness. The percentage of all stimulus presentation 

trials for all lobsters tha t  resulted in positive responses, e.g. approach 
and grasping reactions, may be lumped (see Table 2 A). Since several 
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Table 2. Responses to stimulation under normal and experimental conditions 

Nature of measure Locus of Nature of 
of responsiveness stimulus stimulus 

Percent feeding responses 

Normal Opt. gang. Med. term. 
removed removed 

A. Total number of dactyls control 37 % 35 % 77 % a 
responses (116) (94) (95) 

fish j. 78% 78% 93% b 
(114) (94) (95) 

anterm, control 9 % 2 % 0 % c 
(116) (87) (95) 

fish j. 55% 44% 0% a 
(116) (87) (95) 

B. Number of domi- dactyls control 55% 14% 100% a 
nant lobsters (14) (8) (9) 

fish j. 79 % 86 % 100 % 
(14) (8) (9) 

anterm, control 7 % 0 % 0 % 
(14) (8) (9) 

fish j. 57% 37.5% 0% c 
(14) (8) (9) 

n is given in ( ) beneath the percent positive responses. 
a p = less than 0.01 for Norm. vs Med. term. or (Norm.-t-Opt. gang.) vs Med. 

term. 
b p =less  than 0.05 for Norm. vs IVied. term. or Opt. gang. vs Med. term. 
c p= le s s  than 0.025 for Norm. vs Med. term.; NS for Opt. gang. vs Med. 

term. 

t r ia ls  were usua l ly  given each indiv idual ,  and  since the  n u m b e r  of t r ia ls  
per  i nd iv idua l  var ied ,  the  app rop r i a t e  s ta t i s t ic  is n o t  a l toge the r  obvious.  
Never theless ,  if independence  be tween t r ia ls  is assumed,  then  i t  is evi- 
den t  t h a t  whereas  r emova l  of the  outer  opt ic  gangl ia  p roduced  no signi- 
f icant  change in response,  subsequent  r emova l  of the  remain ing  opt ic  
gangl ia  f r agmen t s  and  the  medul la  te rmina l i s  p roduced  A) a s ignif icant  
increase in  posi t ive  responses to  dac ty l  s t imula t ion  wi th  e i ther  control  
or t e s t  swabs, and  ]3) a comple te  loss of feeding responsiveness  to  an ten-  
nu l a r  s t imula t ion  (Chi-square tes t ,  significance a t  0.05 level or bet ter ) .  

D o m i n a n t  Behav io r  o] I n d i v i d u a l s .  Lobsters  d id  no t  a lways  give consis- 
t en t  pos i t ive  or nega t ive  responses (as defined above) to the  same k ind  
of s t imulus  when r epea t ed ly  presented  over  a per iod of several  days .  An  
ind iv idua l  lobs te r  was considered d o m i n a n t l y  posi t ive when the  number  
of t r ia ls  p roduc ing  posi t ive  responses exceeded the  number  producing  
nega t ive  responses.  Table  2 B lists the  percentages  of d o m i n a n t l y  posi t ive  
lobsters  for var ious  exper imen ta l  condit ions.  Though no t  a lways  s ta t i s t i -  
ca l ly  s ignif icant  b y  a Chi-square tes t ,  these values  para l le l  those of 
Table  2 A. 
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~ig. l .  Plots of feeding responses to varying stimuli in three lobsters. Left ordinate, 
intensity and sign of response (see text), right ordinate, grams of rubber stopper 
or tubing ingested overnight, thin line, - - ,  responses to tactile stimulation of 
antcnnules only; o responses to chemo-tactfle stimulation of antennu]es; thick line, 
- - ,  responses to ehemo-taetile stimulation of dactyls. A nights during which rubber 
stopper or tubing was presented in aquarium, but was not chewed; A nights 
during which rubber stopper or tubing was chewed, amount devoured indicated 
by height above abscissa. After eight or nine days, the optic ganglia were removed 
bilaterally in all lobsters (O.G.); after 19 or 20 days the entire eyestMks were 
removed (M.T.). The three lobsters were selected to demonstrate the range of 

variation encountered 

Change in Individual Behavior. I n  t en  lobsters ,  i nd iv idua l  behav ior  
could  be de t e rmined  bo th  before and  following operat ions .  I n  seven, the  
comple te  series - -  opt ic  gangl ia  ab l a t ion  followed b y  eyes ta lk  ab la t ion  - -  
was used.  I n  two,  on ly  eyes ta lks  were removed ,  and  in one, only  opt ic  
gangl ia .  Fig.  1 g raphs  pre- th rough  pos t -opera t ive  behav ior  for th ree  lob- 
sters  se lected to  encompass  the  range  of responsiveness  encounte red  in  
p reopera t ive ,  i n t a c t  lobsters .  The  na tu r e  of the  change in the  re la t ive  
n u m b e r  of pos i t ive  responses - -  decrease,  increase,  or no change com- 
p a r e d  to  the  n o r m a l  s ta te  - -  was measured  for each lobs te r  a f te r  opt ic  
gangl ia  were r emoved  a n d  then  af te r  eyes ta lks  were severed.  The  resul ts  
are no t  s t a t i s t i ca l ly  significanC b u t  all  were again  in t he  d i rec t ion  indi-  
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cated by Table 2 : a reduction in responsiveness to antermular stimulation 
and an increase in responsiveness to dactyl stimulation in most lobsters 
after  loss of the medulla terminalis. There was no indication in these 
experiments tha t  progressive ablation, e.g. removal of first one and then 
the other eyestalk, or removal of optic ganglia and then the entire eye- 
stalk, led to behavior different from that  following immediate complete 
eyestalk ablation. 

Feeding and Ingestion 
Maynard and Dingle (1963) and Maynard and Yager (1968) did not 

observe augmentation of dactyl responsiveness following unilateral eye- 
stalk ablation. Its presence following bilateral ablations supports the 
suggestion that  the medullae terminales may be involved in more than 
initiation of feeding following olfactory antennular stimulation, perhaps 
in the organization and maintenance of the feeding and ingestion acts 
themselves. This possibility is supported by two further observations. 

1. Usually normal lobsters do not accept inedible objects. Cleaned 
rubber stoppers (size 2) or short lengths of black vacuum tubing were 
left ovelmight with 12 lobsters for a total of 132 lobster-nights. Fig. 1 
and Table 3 illustrate the results. Normal lobsters occasionally chewed 
and ingested portions of the rubber stoppers. An insignificant reduction 
in the extent and amount of chewing and ingestion followed removal of 
the outer optic ganglia. Total eyestalk removal in contrast produced a 
significant increase in both the instances in which chewing oeeured, and 
in the amount chewed. From direct observation and analysis of movie 
film we noted that  normal animals rarely grasped or held the stopper 
or tubing when first presented to their dactyls. Eyestalkless individuals, 
however, usually grasped the obiect and often began chewing im- 
mediately. 

2. In  several lobsters loss of eyestalks was followed by abnormalities 
in feeding behavior. Pieces of fish were accepted and brought to the 
mouthparts in a normal manner when presented to the dactyls. Chewing 
and ingestion began, but  often ceased after a short period, or continued 
in irregular spurts between prolonged periods of quiescence. This kind of 
behavior was not ordinarily observed in normal animals, or in these 
particular individuals before eyestalk ablation. Moreover, some lobsters 
retained pieces of fish in parieopods and maxillipeds but  without feeding 
for remarkably long times, up to 90 minutes in some instances. Again 
this behavior is abnormal. The movements and coordination of append- 
ages during actual manipulation and ingestion of food also appeared dis- 
turbed and less efficient in many lobsters following cyestalk removal. 

We must emphasize, however, that  feeding abnormalities were not 
obvious in all eycstalldess lobsters. Feeding behavior is complex and it 
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Table 3. Response to rubber stopper or tubing le/t in aquarium overnight, under 
normal and experimental conditions 

Measure Normal Opt. gang. IVied. term. 
removed removed 

l~ercent total instances in 
which object was chewed 

Average amount removed 
from chewed objects 

Median amount removed 
from chewed objects 

26% 21% 52%a 
(n = 31) (n = 34) (n = 67) 

0.39 • 0.45 gm 0.16 =1= 0.20 gm 0.90 =t= 1.32 grab 
(n = S) (n = 7) (n = 35) 

0.08--0.20 gm 0.02 gm 0.48 gm 

a p ~ less than 0.01 for Normal and Opt. gang. removed vs Med. term. removed. 
b p = less than 0.05 for Normal and Opt. gang. removed vs Med. term. removed. 

When tested against I~ormal or Opt. gang. removed alone, significance was marginal 
or absent. 

is entirely possible t h a t  certain abnormalit ies though  present were below 
the resolution of our current  observations.  Alternatively,  the appearance  
of feeding abnormalit ies following eyestalk removal  m a y  require specific 
combinat ions of other  factors which are not  yet  recognized. There is no 
doubt ,  however, t ha t  in some lobsters feeding becomes much  less effi- 
cient following eyestalk removal.  

Histological Controls 

Since we suggest t ha t  the medulla terminalis is the critical s t ructure 
in the eyestalk associated with feeding and  o[faction, it is necessary to 
ver i fy  the extent  of the destruct ion of eyestalk ganglia in the initial 
operations. Serial sections were made of eyestalks of six of the eight 
experimental  lobsters (Table 1). I n  all, the outermost  optic ganglion, the 
lamina ganglionaris, was removed by  the operation, and ommat id ia  were 
absent  or degenerating. Visual input  was completely interrupted.  Con- 
versely, the mednl]a terminMis was apparen t ly  intact  in all six lobsters 
examined. The operat ion left in addit ion to the medulla terminalis, vary-  
ing amounts  of the two medial  optic ganglia. The remnants  ranged f rom 
small port ions of the medulla interna in two lobsters up to in tac t  me- 
dulla interna and medulla externa in one lobster. There was, however,  
no correlation between the amoun t  of optic ganglion tissue remaining 
and the general responsiveness of the lobster after the operation. As 
concluded in an earlier s tudy  (Maynard and Yager,  1968), removal  or 
part ial  destruct ion of the optic ganglia does not  affect the feeding 
response ini t iated by  antennular  stimulation. 
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Interaction o/ Behavioral Sets with Antennular-Daetyl 
Stimulus Configurations 

Thus far responses to antennular or dactyl stimulation have been 
treated as individual, isolated events. I t  is also possible to consider them 
in relation to the total  test  configuration. In  each test  series two stimuli, 
chemotactile and tactile, were applied to two receptor loci, the antennules 
and the dactyls of the first 1--3 pairs of parieopods. The response of the 
lobster to each of these stimuli was recorded as approach or grasp 
(positive response), no movement  (neutral response), or retreat  (negative 
response). Accordingly there are theoretically 81 possible stimulus-re- 
sponse combinations. Only 29 of these were found in normal animals 
and only 9 in lobsters lacking medullae tcrminales (Table 4). The distri- 
butions of response sequences departed significantly from those expected 
from independent combination of response distributions following single 
stimulus configurations. We may  infer tha t  an additional factor, or be- 
havioral set, helps determine the nature of a lobster's response during a 
given testing session. 

Since under normal circumstances antennular stimulation may  be 
expected to precede dactyl stimulation, it is instructive to examine the 
response pat tern  to dactyl stimulation as a function of the associated 
antennular stimulus and its behavioral response. Table 5 gives the dis- 
t rubution of positive, neutral, and negative response percentages for a 
number of conditions. Twenty three tests in which no response to any  
stimulus was obtained were omitted from the data, leaving an initial 
n of 178 tests for nomal lobsters, and 90 for eyestalkless animals. Summed 
response distributions arc given for single stimulus configurations and for 
combination configurations in which tactile and chemotactile dactyl sti- 
mulation are associated with each class of response to antennular tactile 
and chcmotactile stimulation. The response distributions for the various 
stimulus configurations may  be compared statistically. Thus we may  ask 
whether the distribution of responses - -  positive, neutral and negative - -  
evoked by  a given dactyl stimulus differ significantly from one another 
according to the nature of the associated antennular response, or accord- 
ing to the antennular stimulus and so on. Table 6 diagrams the results 
of such comparisons using the Chi-square test. 

In  normal animals, the Chi-square values permit the following con- 
clusions: 1. response distributions to antennular stimuli differ according 
to the nature of the stimulus; 2. response distributions to dactyl stimuli 
associated with common antennular stimulus-response configurations dif- 
fer according to the nature of the dactyl stimulus; 3. within any one 
stimulus configuration, the response to dactyl stimulation differs accord- 
hug to the associated antennular response, i.e. the internal behavioral 
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Table 4. Distributions o/stimulus response configurations 

Stimulus Tactile Chem-tact .  Number  of normals  Number  of eyestalkless 

locus an t  dct  an t  dct  observed expected observed expected 

A. + + + + 11 2 
0 0 0 0 23 7 5 2 
0 + + + 38 27 
0 0 + + 33 39 
0 - -  + + 1 9 

0 + 0 + 15 22 56 56 
0 0 0 + 31 32 15 18 
0 - -  0 + 1 7 
0 + - -  + 3 5 4 7 
0 0 - -  + 3 6 2 3 

0 - -  - -  + 1 2 
0 0 + 0 3 9 
0 0 - -  0 1 2 1 0 
0 0 0 - -  1 1 
0 - -  0 - -  1 0 

0 0 - -  - -  3 0 
- -  + + + 5 5 
- -  0 + + 2 8 
- -  - -  + + 7 2 

- -  + 0 + 1 5 7 8 

- -  0 0 + 1 6 

- -  - -  0 + 3 1 

- -  + - -  + 0 1 4 1 

- + 1 / 

- -  - -  + 0 1 
- -  0 0 0 1 

- -  - -  0 0 5 I 3 1 0 
- -  0 - -  0 2 [  

I - -  - -  - -  0 1 
. . . .  2 

g2 = 165  Z 2 = 43 
N = 1 9  N = 6  

B. + 
+ 

0 
0 

+ 
+ 

11 0 
73 71 

101 0 
157 88 
158 83 
104 23 
83 84 
37 7 
32 12 
24 1 
17 11 
7 0 
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Table 5. Distribution o] responses to dactyl stimulation as a function o] associated 
responses to antennuIar stimulation 

Stimulus-response ~ormals  Number  Eyestalkless Number  
configuration % responses % responses 

S 0 R S 0 R 

CT:an t :  S-CT:dct  96 4 0 101 0 0 0 0 
CT:an t :0 -CT:dc t  87 10 3 60 99 1 0 79 
CT: ant :  R-CT : dct 47 24 29 17 91 9 0 11 

CT: ant :  S-T: dct  54 37 9 101 0 0 0 0 
CT:an t :  O-T:dc t  27 56 17 60 80 19 1 79 
C T : a n t : R - T : d c t  18 53 29 17 73 27 0 11 

T : a n t :  S-CT:dct  100 0 0 11 0 0 0 0 
T : a n t :  O-CT:det  93 3 4 135 99 1 0 78 
T : a n t : R - C T : d c t  63 31 6 32 92 8 0 12 

T : a n t :  S-T:dc t  100 0 0 11 0 0 0 0 
T:  an t :  O-T: dot 41 56 3 135 77 23 0 78 
T:  an t :  R-T:  dct  19 19 62 32 92 0 8 12 

CT:an t  only 57 34 9 178 0 88 12 90 
T:  an t  only 6 76 18 178 0 87 13 90 
CT: dct only 88 8 4 178 88 2 0 90 
T: dct  only 41 46 13 178 79 20 1 90 

CT = ehemotactile stimulus; T ~ tactile stimulus; an t  = antennules;  dct = dac- 
tyls;  S = s e a r c h  response, positive; O = n o  observed response, neutra l ;  R =  
retreat,  negative. In  combination, for an example, CT: an t :  S-CT: dct refers to t h a t  
group of lobsters which responded with positive, search act ivi ty to chemotaetfle 
an tennular  s t imulat ion and received chemotaetile st imulation of the  dactyls. The 
response percentages then  give the  distr ibution of responses, positive, neutral ,  or 
negative to the  chemotactile dactyl stimulus. The number  of tests in each group 
are listed in the  number  column. 

Declaration to Table 4 

A. Stimulus-response configurations are to the  left of the  Table; ~- indicates 
an  approach or grasping response, 0 indicates no response, and --  indicates retreat.  
Thus in the  5th  line, 0 -  ~ ~ ,  there was no response to tactile antennular  
stimulation, re treat  with  tactile dactyl stimulation, and  approach and grasp wi th  
chemo-tactile s t imulat ion of bo th  antennu]es and dactyls. Only one normal animal  
responded once in this  configuration. The number  of expected incidences of each 
configuration was calculated on the basis of random combination of responses 
using the  values of Table 4 B  for individual stimulus-response frequencies. Chi- 
square values for comparisons of observed and expected distributions show 
differences significant beyond the  0.01 level for bo th  normal and  eyestalkless 
animals. The degrees of freedom are indicated, h r. B. The numbers  of each kind 
of response to each kind of stimulus are tabulated.  



Table 6. Comparison o/response distributions under varying 
stlmulus.response con/igurations 

A. Normal lobsters 

55 
17 

4 0  
17 

CT:ant: S- CT,:dct 
CT:ant: O-CT:dct 97 
CT:ant:R-CT:dct 17 

8.8 

5 ~ C T :  ant only [ 

T 

] T: ant only ] 

241 / ~6o 
T: ant: S-CT: dct [ 
T:ant:  O-CT:dct I 113 
T: ant: R-CT: dct 17 

CT: ant: S-T: de~ 
) CT:ant:O-T:det 

CT:ant:l~-T:dct 

53 
17 

T:ant:  S-T:dct 
T:ant:O-T:dct  
T:ant:  l~-T:dct 

32 
17 

157 
17 

B. Lobsters with Medullae terminales removed 

CT:ant: S-CT:det I 
ICT:ant:O-CT:dct ( 16 
[CT: ant :R-CT: dct 5 

�9 

172 

ff 
T:ant:  S-CT" det 
T:ant:  O-CT:det 
T:ant:l~-CT:det 

CT: ant only I 

+ 
[ T:ant  only [ 

/ 

2O 
5 

CT:ant: S-T:dct 
)/CT:ant:O_T:dct 

[ C T  : ant :R-T: det 

/ 
118 

118 

T:an~: S-T:det 
T: a,n~: O-T:det 
T:ant :R-T:det  

�9 

15 
3 
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set of the lobster; 4. the relative importance of a stimulus in determin- 
ing a given response distribution depends upon its nature and locus, thus 
chemotactfle stimulation of dactyls overrides any antennular stimulus con- 
figuration, whereas tactile stimulation of dactyls has relativeley little effect 
on the response distribution, particularly when associated with chemo- 
tactile antennular stimulation. If tactile stimulation is a less effective 
input, then we might expect that the behavioral set of the animal 

would have greater influence on its response distribution when both an- 

tennular and dactyl inputs were tactile. There is support for this supposi- 
tion in that  the Chi-sqnare of the response distribution within a stimulus 
configuration is greatest for the tactile-tactile input. 

The comparisons in animals lacking medullae terminales are quite 
different. In general they support the notion that antennular input in 
operated animals has no significant effect on the behavior elicited by 
associated dactyl stimulation. This confirms casual observations, and in- 
cidentally provides a control for this method of analysis, i.e. significant 
response distribution differences are lacking in appropriate comparisons. 
There is greater reason, therefore, to feel that  the differences noted in 
the normal animal can be ascribed to the associated differences in stimu- 
lus or response rather than noise or undetected system parameters. An- 
other important result of eyestalk ablation seems to be the loss of effec- 
tiveness of the behavioral set as measured by antennular response in de- 
termining response distributions within a given stimulus configuration. 
Perhaps an increase in responsiveness to all dactyl stimuli following me- 
dulla terminalis removal (see Table 5) tends to overcome any other in- 
trinsic behavioral bias. 

Discussion 

In  earlier experiments in which only one eyestalk was removed from 
the lobster (Maynard and Dingle, ]963; Maynard and Yager, ]968), the 
animal served as its own control and variations in responsiveness with 
time or among animals could be recognized and compensated. In  most 
of the present experiments in which both eyestalks were removed, such 
simultaneous internal controls were impossible. Accordingly, the behav- 

Declaration to Table 6 

Chi-square values for comparison of response distributions are indicated 
between compared stimulus-response configurations (see Table 5 for actual distribu- 
tions). The degrees of freedom for each comparison are indicated beneath each 
Chi-square value. Comparisons which do not differ significantly from chance are 
circled and indicated by heavy arrows. 

Abbreviations of s~imulus-response configurations are the same as those used 
in Table 5. 
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ioral resolution of the present experiments must  be considered relatively 
coarse, and we can be certain only of the most obvious observations. 
These seem to include the following: 

A. Fish-juice stimulation of antennules usually, but  not always, initi~ 
ates a feeding sequence. The incidence of positive responses in normal  
animals in this study, 55%, compares with 63 % in the s tudy by May- 
nard and Yagor (1968) under similar conditions. 

B. Dactyl  chemo-taetile stimulation is more effective than  antennular 
stimulation. There is even an appreciable incidence of positive responses 
to a presumably chemically neutral tactile stimulus, e.g. 37 %. 

C. Lobsters which do not respond positively to ehemo-taetile antennu- 
lar stimulation are more prone to respond negatively to dactyl stimula- 
tion; and in general the responses to dactyl stimulation will differ accord- 
ing to the nature of the response to associated antermular stimuli. This 
is taken as evidence of a behavioral set or bias for a given lobster a t  
any given time. 

D. Blinding a lobster by removal of varying portions of the three optic 
ganglia in the eyestalk produces no significant effect on chemo-tactually 
initiated feeding acit ivity as observed in these experiments. 

E. Removal  of both eyestalks with their contained medullae termi- 
hales completely disrupts the initiation of feeding by  antennular stimu- 
lation. This was predicted from the earlier results of unilateral opera- 
tions (Maynard and Dingle, 1963; Maynard and Yager, 1968). 

F. Bilateral eyestalk ablation also produces at  least three further 
effects on feeding act ivi ty tha t  were not described following unilateral 
ablations. These effects, like the antennular anosmesis, do not appear if 
the medullae terminales remain intact. They are similar to those reported 
by  Bethe (1897) following section of both cireumsophageal connectives in 
the crab Carcinus and include: 

1. An increased incidence of positive responses to dactyl stimulation 
with either chemically neutral  or fish-juice swabs. Significantly, all dis- 
crimination is not lost, for fish-juice swabs remain the most effective 
stimuli. 

2. An increased tendency t o '  'mouth"  and ingest inedible objects. Per- 
haps the increased ingestion occurs simply because more inedible objects 
are likely to be grasped by  the dactyls and brought to the mouthparts .  

3. An apparent  disturbance of normal ingestion of natural  food ob- 
jects. The effects are not evident in all lobsters, and when present are 
often difficult to quantify. The common result seems to be a reduction 
ha the rate or efficiency of ingestion (see Bethe, 1897). More extensive 
observations under controlled conditions are necessary to confirm the 
detailed actions involved. 
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For the sake of clarity it is also important that  certain qualifications 
and observations not  made be expheity stated. These are: 

A. Observations after eyestalk ablation were continued for a period 
of weeks at  most in these studies. Although there is no indication that  
the observed effects can or should be considered the result of experi- 
mental trauma, and although more extended observations following uni- 
lateral eyestalk ablation (Maynard and Dingle, 1963) suggest antennular 
anosmesis is likely to be permanent, still the possibility that  increased 
responsiveness to dactyl stimulation or disturbances of ingestive behavior 
are transient has not been excluded. 

B. Although some of the observations of increased responsiveness to 
edible objects and increased tendency to ingest foreign items are con- 
sistant with hyperphagia, experiments were not designed to measure total 
food consumption. Consequently there is no direct evidence relating to 
the problem of over- or under-eating following eyestalk ablation. I t  
should be noted, however, that  Bethe (1897) found that  removal of the 
entire brain produced hyperphagia in crabs. 

C. Observations were insufficient to permit statements about dis- 
crimination at the level of the mouthparts. Direct application of stimuli 
to the mouthparts without intervening dactyl stimulation never occurred, 
and the range of objects presented under such conditions was minimal - -  
pieces of fish, a cloth swab, and a piece of rubber tubing. 

In the present experiments ablation of the eyestalks not only removed 
portions of the brain surmised to be important in the specific behavioral 
changes noted, but also removed other structures - -  the visual system 
and the neurosecretory, sinus gland system - -  known to have other im- 
portant effects on behavior (see Waterman, vol. 1, 2, 1960, 1961). The 
control operations in which varying portions of the eye and associated 
optic gangha were removed without obvious effect seem sufficient, to 
exclude the optic gangha from a major role in feeding behavior initiated 
by ehemotactile antennular or dactyl stimulation. The problem of the 
sinus gland is more difficult. The immediate loss of appropriate antennu- 
lar olfaction following unilateral or bilateral ablations and the lack of 
observed progressive changes argue against the importance of neurosecre- 
tory deprival in the origin of antennular anosmesis. These arguments are 
less compelling when applied to changes in dactyl responsiveness and 
feeding activity, because the changes were often less striking and could 
not always be recognized immediately after an operation. I t  is conceiv- 
able that  the loss or gain of some blood-borne agent could be responsible 
for generalized changes in dactyl responsiveness and appitite, but  it is 
difficult to reconcile such a generalized effect with the specific discoordi- 
nation and delayed ingestion observed in some animals. I t  is also signi- 
ficant that  Bethe (1897) reported similar results in crabs having only 
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Fig. 2. Hypothetical diagram of functional connections of system controlling feeding 
in spiny lobster. See text for details. 

circumesophageal connectives severed, and thus retaining presumably 
intact blood supply to and from sinus glands in the eyestalks. According- 
ly we suggest that  the simplest interpretation of our findings requires that  
the effects described result primarily from the removal of the medulla 
terminalis. 

Assuming that  the medulla terminalis is the critical structure ablated, 
the major problem is that  of devising an internal neural organization 
which could account for our experimental observations. The simplistic 
hypothesis tha t  medulla terminahs removal is equivalent to no more than 
severencc of the afferent olfactory transmission line seems unlikely be- 
cause if tha t  were so then changes in the responsiveness to dactyl input 
would not be anticipated, nor would the observed discoordination in feed- 
ing acitivity be easily explained. I t  is more attractive to ascribe a com- 
plex regulative role to the medulla terminahs, a role that  involves inter- 
pretation of input in terms of the state of the organism, and appropriate 
long-term regulation of more specific control centers governing limited 
behavioral acts. Fig. 2 presents a tentative diagram indicating how such 
a system might operate in the present context. 

The three major feeding acts, search, grasp and hold, ingestion and 
mouthpart  acitivity, are each presumed controlled by a separate spatial- 
temporal construct of neural activity which can be turned on, turned off, 
or modulated in intensity. The output of each construct produces pat- 
terned motor acitvity and also acts as partial direct input to the next  
construct of the sequence. The latter seems necessary because under some 
circumstances appropriate behavioral sequences apparently occur with- 
out the normally intervening sensory input. The peripheral motor acti- 
vi ty  initiated by each construct results in sensory feedback to the same 



Disruption of Feeding in Eyestalkless Lobsters 139 

construct and in feed forward to the next. The sensory messages them- 
selves must  be complex, involving chemical, tactile, and proprioceptive 
information, and according to their nature turn on, turn off, or modulate 
the construct. According to the schema some component of the sensory 
input must  also pass to the medullae terminales in the eyestalks, and 
thus form a parallel pa thway through higher brain centers from peri- 
pheral sense organs to neural constructs. Perhaps the elements involved 
are similar to those found in the optic t ract  by  Bush, Wiersma, and 
Waterman (1964) which respond to dactyl and mouthpar t  stimulation. 
Olfactory input from the antennules must  pass through the medul]ae 
terminales if it is to turn on the feeding sequence. And finally, the 
diagram suggests tha t  output  from the medu]lae terminales not only may  
turn on the sequence through input to the first construct, but  may  also 
set or tune the various constructs to produce the appropriate responses 
to given inputs. 

Obviously much of the diagram is without firm experimental support  
and it fails to deal satisfactorily with all observations. In  particular, 
although it  distinguishes two classes of input to the hypothetical con- 
structs, it does not indicate exactly how the second of these, the 
"tuning" input from the medullae terminales, might act on the construct. 
I t  does form a working schema, however, and many  of its assumptions 
and implications can be tested in more detail. For example, an experiment 
to determine whether the role of the medullae terminales in feeding re- 
quires specific sensory input from mouthparts  and dactyls might allow 
us to decide whether or not the effects on feeding are no more than  a 
partial, nonspecifie expression of a more general disturbance in postural 
and orientational behavior. 

Striking similarities exist between the effects of eyest~]k removal on 
feeding activity in lobsters reported here, and certain effects of amyg- 
dala and orbital frontal cortex ablation on feeding and oral behavior in 
mammals  (see Gloor, 1960, for review and the recent experiments of 
Butter,  McDonald, and Snyder, 1969). Obviously such cross phyletic 
comparisons cannot indicate similarities in underlying mechnsisms, but  
they do raise an interesting question. I t  is possible to assume from the 
results of convergent evolution tha t  given the general physical limitations 
of organisms, opt imum morphological configurations often exist for spe- 
cific environments and functions (see Rosen, 1967, for detailed discussion). 
Perhaps certain complex behaviors likewise have opt imum modes of organ- 
ization. If  so then we may  expect to find analogous behavioral sub- 
components and analogous pathologies when a complex system is frag- 
mented or disturbed experimentally. The analogy of transistor and vacu- 
um tube radios may  illustrate the point. The characteristics of the active 
components, tubes and transistors, and the associated circuitry differ 

10 Z. vergl. Physiologic, Bd. 66 
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m a r k e d l y  be tween  the  two classes of ins t ruments ,  jus t  as the  de t a i l ed  
neura l  charac ter i s t ics  and  connec t iv i ty  pa t t e rn s  of an imals  f rom wide ly  
d ivergen t  p h y l a  migh t  differ. St i l l  if a r ad io  is to  func t ion  i t  m u s t  per-  
form cer ta in  specific t a sks  and  bo th  the  k ind  of subcomponents ,  e .g .  
power  supply ,  amplif ier ,  tuner ,  etc. ,  and  the  block d i a g r a m  defining t h e  
re la t ions  be tween  the  var ious  subeomponen t s  a re  essent ia l ly  al ike for b o t h  
tube  and  t r ans i s to r  ins t ruments .  Cons iderab ly  more d a t a  is needed,  b u t  
we m a y  even tua l ly  f ind  t h a t  common behav io ra l  subeomponen t s  can be 
recognized in the  organ iza t ion  of m a n y  complex  behav io ra l  acts  in wide ly  
differing organisms.  

We wish to express our appreciation for the cooperation of the staff of the 
Bermuda Biological Station. This work was supported by NINDS Grant NB-06017 
from the USPHS. 
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