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lonic and pharmacological characteristics of the hyperpolarizing ACh 
responses and IJPs. A + or indicates presence or absence of a blocking 
effect, B + or indicates presence or absence of ionic dependence. (), 
indirect evidence 

ACh H-response IJP 

A) Mytolon + + 
Tubocurarine + + 
Methylxyolocholine - - 
Hexamethonium 

B) C1 -dependence + + 
Na + -dependence - ( - ) 

The  me thy lxy locho l ine - sens i t ive  K + - m e d i a t e d  r e sponse  to  
i o n o p h o r e t i c  A C h  appl ica t ion ,  wh ich  is f o u n d  in b ivalve  
m y o c a r d i u m  2, was  n o t  f o u n d  in the  p r e sen t  mater ia l s .  The  
phys io log ica l  role  o f  the  N a  §  depo la r i z ing  A C h  
r e sponse  is n o t  yet  k n o w n .  F u r t h e r  inves t iga t ion  o f  n e u r o n a l  
and  n e u r o h u m o r a l  con t ro l  o f  the  m y o c a r d i u m  m a y  e luc ida te  
these  subjects  fur ther .  
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Cardiac and circulatory control in decapod Crustacea with comparisons to molluscs 
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Summary.  In  this review I will a t t e m p t  to ident i fy  the  c i rcu la to ry  r e q u i r e m e n t s  a d e c a p o d  is likely to  e n c o u n t e r  and  h o w  the  
hea r t  is con t ro l l ed  to mee t  these  d e m a n d s .  T h e  d e c a p o d  h e a r t  has  been  des igned  as an  a u t o n o m o u s  sys tem e n d o w e d  wi th  an  
in t r ins ic  a u t o r h y t h m i c  p a c e m a k e r  gangl ion .  Musc le  f ibers  are  m u l t i p l y - i n n e r v a t e d  a n d  capab le  o f  p r o d u c i n g  regenera t ive  
ac t ion  potert t ials .  This  vitally i m p o r t a n t  o r g a n  has  b e e n  des igned  to  be  near ly  fail-safe.  S t roke  v o l u m e  is m o r e  i m p o r t a n t  t h a n  
hea r t  ra te  in d e t e r m i n i n g  ca rd iac  ou tpu t .  S t re tch  sensi t ivi ty  o f  the  ca rd iac  gang l ion  a n d  o f  the  m y o c a r d i u m  as well as extr ins ic  
ne rvous  and  h o r m o n a l  m o d u l a t i o n  o f  the  h e a r t  can  all c o n t r i b u t e  to changes  in s t roke  vo lume.  I t  m a y  be a d v a n t a g e o u s  to an  
an ima l  to  swi tch  the  c i rcu la t ion  be tween  var ious  vascula r  beds  to mee t  c h a n g i n g  pe r fu s ion  d e m a n d s .  N e u r o n a l  and  h o r m o n a l  
m e c h a n i s m s  have  been  ident i f ied  wh ich  exer t  d i f ferent ia l  con t ro l  o f  the  ca rd ioar te r i a l  valves,  bu t  it is n o t  k n o w n  w h e t h e r  
swi tch ing  does  occur  a n d  if  so w h e t h e r  these  valves pa r t i c ipa te  in the  process .  C h a n g e s  in pe r iphera l  res is tance  can also 
redi rec t  c i rcu la to ry  flow. T h e  c i rcu la to ry  a n d  ven t i l a to ry  sys tems d e m o n s t r a t e  c o o r d i n a t e d  ra te  changes  w h i c h  suggest  tha t  
the  hea r t  is r e s p o n d i n g  to mee t  c h a n g i n g  ven t i l a to ry  p e r f o r m a n c e  r equ i r emen t s .  This  coup l ing  is con t ro l l ed  b o t h  by  the  
h y d r o s t a t i c  p ressu re  pulses  gene ra t ed  wi th in  the  b ranch ia l  c h a m b e r s  and  by c o m m o n  h igher  level ne rvous  inputs .  C o m p a r i -  
sons  o f  the  ca rd iovascu l a r  sys tems o f  c rus t aceans  a n d  mol luscs ,  based  on  the  pape r s  p r e s e n t e d  at  this s y m p o s i u m ,  are  
h igh- l igh ted .  
Key words'. D e c a p o d  Crus t acea ;  ca rd iac  con t ro l ;  ca rd iac  ou tpu t .  

Introduction 

The  i so la ted  hear t ,  the  ca rd iac  gang l ion  (CG)  a n d  the  regula-  a t t en t i on  w h e r e  the  p r i m a r y  focus  has  been  to u n d e r s t a n d  the  
to ry  nerves  to the  h e a r t  have  received cons ide rab le  resea rch  phys io logy  o f  the  pa r t i cu la r  t issue in ques t ion .  H e a r t  ra te  
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and more rarely cardiac output of intact animals has been 
monitored in other studies where the main focus has usually 
been to examine the responses of animals to various environ- 
mentally related perturbations (oxygen tension, salinity and 
others ) (see refs 28,41,46, 54, 62). In this review, I wish to 
change the focus slightly to ask (a) what are the circulatory 
requirements of a typical decapod and (b) how is the heart 
controlled to meet these requirements? 

Circulatory requirements' 

Most simply stated, the heart must supply the animal with 
hemolymph which serves the functions of gas, nutrient, 
waste and hormonal transport. In fulfilling its transport 
functions, at least three categories of variables can be identi- 
fied or anticipated: cardiac output (CO), circulatory switch- 
ing and cardio-ventilatory coordination. 
1) Cardiac output must change to meet changing circulatory 
demands as, for example, when an animal moves from rest to 
active locomotion. Cardiac output is defined as: 

CO = fH X SV 

where both heart rate (fH) and stroke volume (SV) are them- 
selves independently controllable variables. From the large 
number of in vitro studies it is easy to derive the impression 
that fH may be the predominent variable controlled within an 
animal. On the other hand, a number of studies drawn pri- 
marily from the respiratory literature suggest that SV, not fH, 
may be the more important variable in determining CO in 
situ 45'46'54. This is exemplified by two studies on Cancer mag- 
ister, the first showing that following 29 min of forced exer- 
cise CO increased by 116 % (Fick principle calculations), but 
fH increased by only 18 %47. In the second study, fH changed 
by less than 20 % whereas SV (measured by thermodilution) 
varied by about 150 % as crabs were subjected to progressive 
hypoxia and then allowed to recover 3~ 45. 
2) One can predict that it would be advantageous to switch 
circulatory flow between various vascular beds, as for exam- 
ple between the viscera and the skeletal musculature during 
resting, post-absorptive or active locomotory states. To- 
date, there is only suggestive evidence that the heart parti,  
cipates in this process 34. Changes in the peripheral resistance 
to hemolymph flow, resulting in circulatory switching be- 
tween the gill and branchiostegite 'lung' vascular beds, is 
known to occur in the bimodally breathing crab Holthuisana 
transversa as it alternates between aquatic and aerial respira- 
tion% When in air, the branchial resistance to blood flow 
through gills increases as the gills become compressed, there- 
by diverting more hemolymph through the 'pulmonary'  
route. 
3) Cardio-ventilatory coordination 4,13,e9'44,55 effected by 
both nervous inputs and hemolymph pressure 54,62 has been 
demonstrated in several species of decapods. This coordi- 
nation is manifest as simultaneous cardiac arrest and apnea, 
bradycardia tightly coupled with periods of reversed venti- 
lation, and slight tachycardia associated with hyper- 
ventilation. During reversed ventilatory pumping in Car- 
cinus maenas the positive hydrostatic pressure generated in 
the branchial chambers appears to express hemolymph from 
the gills, increasing venous return which ultimately results in 
increased pericardial sinus and ventricular diastolic pres- 
sures 1~ In the land crab Cardiosoma guanhumi, where the 
scaphognathites (gill bailers) pump air, reversed ventilation 
likewise produced 29 % increases in branchial as well as car- 
diac diastolic and systolic pressure 12. A 5-10 % bradycardia 
also occurs. Holes drilled in the branchial chambers pre- 
vented both the branchial and cardiac pressure pulses, but 
not the bradycardia. 
Bursts of spikes are recorded from the cardio-inhibitor (CI) 
nerves during periods of apnea in Nephrops norvegicus and 

these bursts can be induced by stimulating the circumesoph- 
ageal connectives (CC) 67. Interneurons in the CC of C. mag- 
ister have been identified which when stimulated simulta- 
neously induce reversed ventilation and bradycardia and/or 
cardiac arrest 64. 

Cardiac control: Mechanisms by which circulatory require- 
ments can be achieved 

Innervatim~ o f  the myocardium 
The neurogenic heart of decapods is supplied by a nine-neu- 
ron cardiac ganglion (CG) located on the inner dorsal wall of 
the heart. The functional organization of the CG which re- 
sults in the production of bursts of action potentials in the 
motor neurons has received much attention 8, is, 20, 26,28, 39, 57, 58. 
It has generally been thought that the 4 posterior small cells 
(SC) are the pacemakers while the 5 anterior large cells (LC), 
although participating in pattern generation, are the motor 
neurons innervating the myocardicum. Recent studies on 
Panulirusjaponicus employing transections at various loca- 
tions within the CG have shown that the amplitude and 
duration of bursts of the LC's are modified, but are not 
dependent, on SC activity 36. 
Cardiac muscle fibers are polyneuronally innervated 3,27,36. 
In P.japonicus muscle cells are activated by six or more axons 
as a result of the overlapping innervation by two or more of 
the branches leaving the CO 36. In Homarus americanus 
synaptic activation results in summing and facilitating exci- 
tatory junction potentials (EJP) 3, while muscle fibers of Por- 
tunus sanguinolentus produce regenerative overshooting ac- 
tion potentials followed by depolarized plateaus which arise 
from summed EJP's 9. 
As in molluscs and vertebrates, the decapod heart is func- 
tionally independent of the rest of the organism due to its 
autorhythmicity, but differs in being neurogenic. This system 
is rendered additionally reliable since the motor neurons 
(LC's) of the CG in at least one species are able to generate 
coordinated bursts of potentials when isolated from the 
'pacemaker'  SC's 36 and since the muscle cells in one species 
are capable of generating regenerative spikes 9. Both of these 
features will help ensure the reliability of the heart. 

Effects o f  stretch on cardiac output 

Isolated hearts are internally perfused in order to maintain 
beating. Beat frequency is proportional to perfusion pressure 
(stretch) and can vary from as low as l0 to as high as 120 
beats per min 33,35,41. As pressure increases, t0nus increases 
slightly (incomplete diastolic relaxation?) and systolic force 
increases. There is, however, no apparent change in magni- 
tude of the EMG (recorded with suction electrodes) associ- 
ated with the increase in contractile force. Intracellular 
recordings from muscle fibers will be required to determine 
whether stretch is affecting the contractural capability inde- 
pendently of membrane electrical properties. Stretch-in- 
duced changes in the length/tension relationship of muscle 
fibers would also be expected to influence both diastolic 
tonus and systolic force, but this has not been examined. 
Sudden drops in perfusion pressure result in a gradual de- 
crease in amplitude of EJP's and contractile force followed 
by a gradual spontaneous return 35. Each of the different sets 
of ganglion cells (four anterior LC's, median LC and four 
SC's) responds differently to stretch. 
Each CG burst is terminated by accumulated refrac- 
toriness37; however, at low burst rates, secondary bursts and 
double contractions are often observed 33,3s. The secondary 
bursts appear to arise from the sustained tonic firing of the 
SC's which feed forward to re-recruit the LC's as they re- 
cover from refractoriness. Such double contractions which 
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are observed in vitro and also in situ (personal observations) 
may facilitate effective cardiac output at low heart rates. 
As in vertebrates, the decapod heart obeys the Starling Law 
and in intact animals the stretch sensitivity of the CG and 
myocardium may lead to a certain amount of autoregulation 
of CO. In situ the heart is not filled by a positive pressure, but 
rather during diastole, a slight negative pressure gradient 
exists between the heart lumen and the pericardial sinus. 
Hemolymph enters the heart relatively slowly through 
ostia 7, lo, 12. During diastole the heart will be stretched by the 
elastic recoil of the suspensory ligaments which attach the 
heart to the walls of the pericardial sinus. Any excitatory 
drive (nervous or hormonal) which increases systolic con- 
traction will also result in greater stretch of the suspensory 
ligaments, stretch sensitive neurites of ganglion cells and the 
muscle cells themselves. 
A second source of extrinsic stretch to the heart may arise 
from the ligamentous connections between the pericardial 
septum and the ventral wall of the heart. Muscle bands are 
present in the pericardial septum of lobsters and crayfish 25, 38, 
but apparently not in crabs (personal observations). It is not 
known whether these muscles play any role in the circulatory 
process. If the muscles can depress the upwardly convex 
membrane, the ventral wall of the heart would also be de- 
pressed. The pericardial septum may also be depressed pas- 
sively by increases in venous return to the pericardial sinus as 
has been observed during ventilatory reversals 1~ 12. Any de- 
pression of the membrane during diastole would serve to 
increase ventricular lumen volume, increase the diastolic 
negative pressure gradient and stretch the heart. 
Cardiac output may therefore be increased by a combination 
of increased end diastolic volume, and decreased end systolic 
volume, resulting from both the mechanical organization of 
the heart's suspension in the pericardium and from the in- 
trinsic properties of the cardiac tissue. 

Extrinsic controls 

Superimposed on the autorhythmicity and stretch sensitivity 
of the neurogenic heart are a variety of external controls, 
both neural and hormonal. Neural control of the heart is 
exerted by the cardio-accelerator (CA) and cardio-inhibitor 
(CI) nerves which originate in the central nervous system and 
are known to synapse on the CG. Electrical stimulation of 
these nerves alters frequency and force of heart 
beat14, 22, 23, 40, 59, 61. Anatomical studies have suggested that 
the regulatory nerves send their processes both to the main 
CG trunk and out to the periphery1,42; however, most phy- 
siological studies have focused exclusively on synaptic con- 
nections within the main CG trunk. Recent studies on two 
species of hermit crabs 65, 66 have established that the CI and 
CA axons follow different routes within the heart. The CI's 
synapse within the main CG and contribute IPSP's to the 
large cells only. On the other hand, the CA's excite the heart 
multimodally: centrally within the CG, on peripheral motor 
processes in the circular trunks emanating from the CG, and 
directly on the myocardium including the ostal valves. CA- 
induced EPSP's on the CG produce a positive chronotropic 
effect, while synapses at the second and third sites are capa- 
ble of increasing both the amplitude of heart contraction 
(positive inotropic effect) and heart tension (positive tono- 
tropic effect) (Miyazaki et al., 1985, quoted in ref. 66). 
The second extrinsic source of regulation of heart function is 
exerted by neurohormones. Hormones stored in, released 
from and in a few cases synthesized in the pericardial organs 
(PO), a plexus of neurosecretory neurons and terminals 
located in the pericardial sinus 11,53, include ace@choline, 
dopamine, 5-hydroxytryptamine (5HT), octopamine and 
two peptides, one of which has been identified as procto- 

lin2,6,16 18,21,43,50,53. The responses to each of these com- 
pounds will be reviewed separately: 
a) 5HT applied with the perfusate to isolated lobster and 
crayfish hearts causes increased frequency s, 17,24 and ampli- 
tude of beating 5. cAMP levels in the lobster heart 5, but not in 
the CG 37, are stimulated by 5HT. When applied to the iso- 
lated CG 5HT caused increased burst rate, but no changes or 
slight decreases in burst duration 17,19,37. The SC's are more 
responsive to 5HT than the LC's. Effects of 5HT on the 
cardiac valves will be reviewed below. 
b) Dopamine stimulates increased fH in isolated hearts 24, but 
the site of action has not been elucidated. 
c) Octopamine causes both increased frequency and ampli- 
tude of heart beat in lobsters and crayfish 5,24, but effective 
doses are greater than for 5HT. cAMP also increases in 
hearts exposed to octopamine 5. See below for effects on car- 
diac valves. 
d) The PO's contain two peptides, one of which has been 
identified as the penta-peptide proctolin 49, 51. When applied 
to perfused hearts proctolin produces a positive inotropic, 
whereas the 'other' peptide produces a chronotropic effect 51. 
When applied to the isolated CG, proctolin caused pro- 
longed bursts in the SC's which can lead to double bursts 
from the LC motor neurons, and when applied only to the 
LC's caused a slowly developing depolarization and in- 
creased burst rate 4s,52. The proctolin effects on the isolated 
CG appear to be opposite to those on intact hearts except at 
low burst rates where the double bursts would have the effect 
of increasing contractile force. There are no direct effects of 
this hormone on the myocardium 52 similar to those that as 
have recently been reported for Limulus hear(  '~ The reason 
for this difference is not clear. The separation of these two 
peptides has made older studies using the crude peptide frac- 
tions of PO extracts difficult to interpret 17,19. 
In intact C. maenas the injection of 5HT, dopamine, octo- 
pamine or proctolin, even at high concentrations, produced 
only small increases in heart rate which return to control 
levels in less than 30 min 63. The hearts of intact crayfish and 
lobsters also respond weakly to these hormones (personal 
observations). A more complete picture of hormone effects 
on intact animals requires that SV or contraction amplitude 
be measured as well as frequency, but these measurements 
have not been made. 
It is not possible at this point to relate the hormonal effects at 
any level of the heart system to possible changes in CO. 
However, it seems reasonable to predict that moderate in- 
creases in burst rate, increases in number of spikes per burst, 
and prolonged bursts would cause neuromuscular facili- 
tation 3 which in turn would be expected to increase SV by 
causing more complete systolic emptying of the heart. 

Circulatory switching 

Kuramoto and Ebara 34 provided evidence that the heart may 
be able to facultatively redirect circulatory flow to different 
parts of the body when they found that octopamine, 5HT 
and proctolin produced different effects on the cardio-ar- 
terial valve muscles in P.japonicus. Proctolin caused the ant- 
erior and posterior valves to depolarize and contract. 5HT 
produced the opposite effects, hyperpolarizing and relaxing 
the anterior and posterior valves, an effect which would facil- 
itate hemolymph flow. Octopamine caused the posterior 
valve to contract and the anterior valve muscles to hyper- 
polarize and remain in a relaxed state. Valve muscle contrac- 
tions may tension the valves to reduce reflux of arterial 
hemolymph back into the heart; however, they may also hold 
the valves shut and thereby reduce hemolymph flow out of 
the arteries so affected. Once again, it is not known whether 
this potential switching capability is used by decapods. 
Anatomical observations indicate that the cardio-arterial 
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valves of  decapods are innervated ~'41 and the anterior valve 
receives octopamine containg neurons 34. To-date,  there have 
been physiological studies neither o f  the effects of  this inner- 
vation nor  of  when these pathways  might be utilized. The 
nervous control  of  the cardio-arterial  valves in an isopod, 
B a t h y n o m u s  doederleini ,  has been studied 31,32. The hemo- 
lymph flow out o f  individual arteries of  this isopod can be 
regulated by the unique innervation pat terns  of  different 
valves. Some valves are dually innervated by excitatory and 
inhibitory neurons while others are singly innervated by ei- 
ther excitatory or inhibitory neurons.  One can anticipate that  
the valves of  decapod hearts are also under nervous control  
and that  this will be impor tant  in determining control  o f  the 
distribution of  hemolymph to different por t ions  of  the body 
as demand dictates. 

Compar i son  o f  crus taceans  to mol luscs  

A review of  the other  papers f rom this symposium reveals 
that  several parallels exist between decapod crustacean and 
molluscan cardiovascular systems. P. J. S. Smith showed that  
molluscan hearts conform to Starling's Law, but in contrast  
to crustaceans stretch arises f rom increased venous return 
rather than f rom suspensory ligament recoil. In both  phyla 
SV is a more  impor tan t  variable than fH in determining CO. 
In both  phyla hormones  are powerful modula tors  of  heart  
function, but a different spectrum o f  hormones  are utilized. 
M. Kobayashi  and K. Kuwasawa  showed that  the rate and 
force of  beating of  the myogenic molluscan heart  is under  
excitatory and inhibitory regulatory nerve control.  Acetyl- 
choline may be the inhibitory transmitter.  5HT appears to be 
the excitatory t ransmit ter  in some species (Kuwasawa),  but 
not in others (Kobayashi) .  The pharmacology of  crustacean 
regulatory nerves differs in that  y-amino butyric acid ap- 
pears to be the inhibitory transmitter,  and acetylcholine or 
an indol alkylamine the excitatory transmit ter  (Florey, 1963, 
quoted in ref. 54). 
U. Koch  and J. Koester  presented evidence for neurally con- 
trolled coordinat ion between the cardiovascular,  and the 
respiratory and feeding systems in Aplys ic  califi)rnica. Neu- 
tonally regulated circulatory switching also occurs in this 
animal. The analogies with crustaceans are obvious. 
Finally, Smith and I noted that  most  o f  our informat ion 
about  cardiovascular systems of  both  phyla has been derived 
f rom in vitro preparat ions.  We emphasized the need to apply 
this knowledge to the in vivo situation if we are to truly 
unders tand how the cardiovascular systems are regulated to 
meet the circulatory demands  of  the animal. 

Abbreviations. CA, cardio-accelerator nerve; CC, circumesophageal con- 
nective; CG, cardiac ganglion; CI, cardio-inhibitor nerve; CO, cardiac 
output; EJP, excitatory junction potential; EMG, electromyogram; 
EPSP, excitatory postsynaptic potential; fH, heart rate; 1PSP, inhibitory 
postsynaptic potential; PO, pericardial organ; SV, stroke volume; 5HT, 
5-hydroxytryptamine. 
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The  s y m p o s i u m  on  w h i c h  this m u l t i - a u t h o r  review is based  
covered  a series o f  re la ted  topics  cen te red  on  neura l  and  
n e u r o h u m o r a l  c on t ro l  o f  ca rd iac  ou tpu t ,  neura l  con t ro l  o f  
the  m y o c a r d i u m  a n d  c i rcu la to ry  sys tem,  a n d  cen t ra l  neura l  
visceral  regula t ion .  

Cardiac  ou tpu t  
P. J. S. Smi th  has  a d d r e s s e d  a f u n d a m e n t a l  d i f fe rence  in regu-  
la t ion  o f  ca rd iac  p e r f o r m a n c e  du r ing  a pe r i od  o f  increase  in 
t issue d e m a n d  for  del ivery o f  oxygen  ( 'exercise ' ) .  T h e  sys- 
t emic  hea r t  o f  the  oc topus ,  unl ike  the  sys temic  hea r t  o f  

m a m m a l s ,  r e s p o n d s  to exercise wi th  inc reased  s t roke  vol-  
ume,  b u t  no  subs tan t i a l  increase  in hea r t  rate .  This  d i f fe rence  
is t aken  as the  basis  fo r  an enqu i ry  in to  the  unde r ly ing  car-  
d iovascu la r  con t ro l  m e c h a n i s m s  in the  Mol lusca ,  based  on  
expe r imen ta l  w o r k  wi th  the  i so la ted  ent i re  hea r t  o f  Busycon  
canaliculaturn, In  this  p r e p a r a t i o n  b o t h  s t roke  vo l ume  a n d  
hea r t  ra te  r e s p o n d  to changes  in i npu t  pe r fus ion  pressure ,  
bu t  s ignif icant  changes  in s t roke  vo lume  requi re  changes  in 
venous  r e t u rn  p ressu re  w h i c h  seem unl ikely  in the  o p e n  car-  
d iovascu la r  sys tem o f  p r o s o b r a n c h  g a s t r o p o d s .  This  obse r -  
va t ion  led to a c o n s i d e r a t i o n  o f  the  role o f  ext r ins ic  fac tors  in 


