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Cardiovascular control in Mollusca 
The Editors wish to thank Professor R. B. Hill for coordinating this review. 

Introduction: Comparative physiology of cardiovascular control 

by R. B. Hill 

Department of Zoology, University of Rhode Island, Kingston (Rhode Island 02881, USA) 

This 'Multi-author Review' contains papers on cardiovascu- 
lar control in Mollusca, together with a comparative review of 
cardiovascular control in Crustacea. These papers were 
presented at a symposium of the XXXth International Con- 
gress of Physiological Sciences, Vancouver, July 13 18, 1986. 
The Introduction is based on the chairman's brief introduc- 
tion at the Symposium. The Conclusion emphasizes the main 
points of the presentations and discussions, with particular 
regard to the emergence of future converging directions 
for research. The main body of the multi-author review 
contains six chapters, all dealing with aspects of neural 
control of cardiac function in Mollusca. Finally, the multi- 
author review concludes with a chapter by the co-chairman 
on cardiovascular control in Crustacea, with comparisons to 
molluscs. 

The ultrastructural basis' Jor electrophysiology of molluscan 
hearts 

Several aspects of the ultrastructure of molluscan hearts are 
particularly advantageous for electrophysiological recording 
with suction electrodes, sucrose gap, microelectrodes, and 
patch-clamping electrodes. In hearts of bivalves and gastro- 
pods, the surface of the heart facing the pericardial cavity is 
furnished with an external lamina and basement membrane 
which form a strong substratum for suction electrode record- 
ing, even though the wall of the heart is a loose basketwork of 
trabeculae. The trabeculae of certain hearts assume a longi- 
tudinal orientation when stretched, which is very advanta- 
geous for sucrose gap recording (together with the long fi- 
bers, strong intercalated discs, and extensive coupling by 
nexuses). Microelectrode recording is usually accomplished 
in preparations dissected to expose the inner luminal surface, 
normally directly bathed in hemolymph, where there is no 
external lamina or endothelium. Since the pioneering work 
of Irisawa and his colleagues in 1961 ~2-~4, microelectrode 
recording from the luminal surface has become the conven- 
tional technique for studying postjunctional responses of 
molluscan cardiac muscle, but now this technique may be 
supplemented with patch-clamp recording from single ionic 
channels of molluscan myocytes, dissociated 5, 6.25 or in situ. 
The interrelationship of ultrastructure and electrophysiology 
was recognized in two previous symposia, which may be 
considered ancestral to the Vancouver 1986 symposium from 
which this review stems. In 1968, F.V. McCann organized a 
symposium on 'Comparative Physiology of the Heart: Cur- 
rent Trends', which was published as Experientia Supple- 
mentum 5, in 1969. Seven of the contributions dealt with 
molluscan heart, covering both electrophysiology and corre- 
lation of function with ultrastructure (the latter in a contri- 
bution by Nisbet and Plummer). 

In 1977, Hill and Lang organized a symposium on 'Com- 
parative Physiology of Invertebrate Hearts',  which was pub- 
lished in the American Zoologist, vol. 19, in 1979. Six of the 
contributions dealt with molluscan heart, again covering 
electrophysiology and ultrastructure (the latter in contribu- 
tions by J. W. Sanger and K. Kuwasawa). 
The literature describing the morphology of molluscan 
hearts has been briefly summarized 11, 23. In general gastropod 
and bivalve hearts have an epicardium toward the pericardial 
space, no endocardium toward the hemolymph, and a 
branching, anastomosing network of muscle bundles loosly 
arranged toward the lumen and more densely arranged to- 
ward the epicardium. Brunet and Jullien 7 published a com- 
parative study of trabecular architecture in gastropods and 
bivalves and a light micrograph of ventricular trabeculae in 
Busycon canaliculatum appears as figure 6, p. 132 in a review 
by Hill and Welsh II. 
Ultrastructure of cardiac muscle of Busycon canaliculatum 
has been reviewed 23. Transmission electron micrographs 
(TEMs) in transverse section show gap junctions between 
ventricular muscle cells. In longitudinal sections, sarcoplas- 
mic reticulum (SR) elements can be seen associated with the 
plasmalemma by feet at the terminal cisternae, and extending 
into longitudinal tubular channels. The surface of molluscan 
cardiac cells is not deeply invaginated, as in arthropods, and 
does not extend into the interior of the cells in a t-tubular 
system. Instead, sarcolemmic tubules of B. canaliculatum 
penetrate 0.5 ~tm from the cell surface. However, the SR is 
coupled to the uninvaginated plasmalemma. Ventricular 
cells of B. canaticulatum are mechanically coupled by inter- 
calated discs, and electrically coupled by gap junctions. 
Nerve endings with clear and dense-cored vesicles lie next to 
ventricular cells of B. canaliculatum. 
The ultrastructure of muscle of the atrio-ventricular (AV) 
valve ofDolabella auricularia has been compared to ventricu- 
lar muscle ultrastructure ~5. Ventricular muscle bundles are 
arrayed in parallel, with numerous cell contacts and inter- 
calated discs, while valve muscle bundles are interwoven in a 
basketwork, with cell contacts on sarcolemmic projections. 
Ventricular cells have transverse and longitudinal SR tu- 
bules, while valve cells have deeply penetrating sarcolemmal 
folds, but no SR. 
Particular attention has been paid to the ultrastructure of 
molluscan hearts with regard to ultrafiltration. In general, 
ultrafiltration takes place through a basement membrane 
which separates the cardiac muscle, lining the lumen, from 
specialized epithelial structures which face the pericardial 
cavity. Generally, ultrafiltration may occur mainly through 
the auricular walP 8,22. However, ultrastructural studies of a 
number of molluscan species have indicated that the myocar- 
dium of both ventricle and atrium is naked toward the car- 
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d iac  l u m e n ,  w i t h  an  ex t e rna l  l a m i n a  o r  b a s e m e n t  m e m b r a n e  
on ly  o n  t he  su r f ace  o f  the  m y o c a r d i u m  t o w a r d s  the  per ica r -  
dial  space .  F o r  i n s t ance ,  t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h s  

s h o w  a b a s e m e n t  m e m b r a n e  u n d e r l y i n g  t he  o u t e r  e p i t h e l i u m  
o f  the  h e a r t  o f  Mytilus edulis 22, t he  e p i c a r d i u m  o f  the  h e a r t  o f  
Crassostrea virginica res ts  on  a b a s e m e n t  m e m b r a n e  0.5 g m  

Figure 1. Scanning electron micrographs (SEM) of the myocardium of 
Busycon canaliculaturn, viewed from the lumen of the heart. A Many of 
the major trabeculae run in parallel longitudinally, oriented from AV 
junction to aorta. The gritty surface of the trabeculae reveals adhering 
percipitate and blood cells. Perfused with EDTA and protease. B Individ- 
ual fibers - (muscle cells) are densely arrayed, running longitudinally in a 
ventricular trabeculum. Perhlsed with EDTA. C Ventricnlar trabecnlae 

appear much more massive than auricular trabeculae, at the same magni- 
fication. Not perfilsed. D Auricular trabeculae form a looser, more open 
network than ventricular trabeculae. Perfused with trypsin and colIage- 
nase. E Ventricular fibers are evenly covered with blood cells. Not per- 
fused. F Some adhering flattened cells can be seen among the blood cells 
covering ventricular fibers. Perfused with trypsin and collagenase. SEM 
by Colin Leech. 
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Figure 4. A nearly continuous set of records obtained from a ceil-attached 
patch on a trabeculum of an entire ventricle of B. canaliculatum. Pipette 
voltage = 0 mV. Bath solution = modified artificial seawater containing 
1 mM Ca ++, 1 mM Mg ++. Electrode internal solution = I0 % (hypotonic) 
normal artificial seawater. The heart had been washed by internal perfu- 
siou with seawater and was still beating when cut open and pinned out for 
patch-clamp recording. A period of quiescence appears at (B) between 
periods of activity at (A) and (C). Records obtained by Colin Leech. 

Figure 2. SEM of ventricular myocardium of B. canaliculotum at higher 
magnification than in figure 1. A Cells which appear to be hemocytes 
adhere to longitudinally arrayed fibers. (Numerous crystals also adhere 
after preparation for SEM). Perfused with seawater and then EDTA 
solution. B In addition to the hemocytes, perforated cells and cells giving 
rise to ramifying processes adhere to the fibers. SEM by C. Leech. Per- 
fused with seawater for 3 h. 

Figure 3. A fine network of filaments appears to cover ventricular myo- 
cardial fibers ofB. canaliculatum. SEM by C. Leech. Perfused with EDTA 
and protease+ 

thick 9, the per ipheral  epi thel ium of  Geukensia demissa is 
separated form the myoca rd ium by a 0.3-0.7-gin collagen- 
filled space 26, podocytes  on  the external  surface of  the a t r ium 
of  Viviparus viviparus rest on  a basement  m e m b r a n e  4, there is 
a basal  lamina over  the a t r ium and  under  the epicardium of  
the ventricle of  Cyclotus canaliculatus 3, pericardial  gland 
tissue rests on the basal  l amina  in Acila castrensis 19, and a 
basal  lamina  separates muscle cells and  epicardium in Litto- 
rina littorea 2. Even in the cephalopods ,  Sepia oJ]i'cinalis and 
Octopus vulgaris, T E M  shows a route for ul t raf i l t ra t ion 
th rough  a basal  l amina  which forms the external  limit of  a 
b lood  space 24. The pa thway  for ul t raf i l t ra t ion begins with 
passage from the hemocoel  th rough  the basal lamina,  in 3 
taxa of  bivalves; p ro tob ranchs ,  f i l ibranchs,  and heterodonts ,  
even though  the subsequent  pa thways  differ. Thus  the basal 
lamina  separates the hemocoel  f rom the pericardial  cavity m. 
There  seem to be no  cases where an  external  l amina  lies 
between bivalve or gas t ropod  myoca rd ium and  the b lood 
space of  the lumen. T E M  shows tha t  there is no endothe l ium 
in the hear t  of  Geukensia demissa 26, bu t  the  myocardial  tra- 
beculae have a connect ive  tissue layer in the hear t  of  Crasso- 
strea virginica 9. This layer appears  as fine in terwoven fila- 
ments  in SEM, which were identified as collagen fibrils in 
TEM.  R u t h e n i u m  red s taining demons t r a t ed  a cell Coat 
a b o u t  0.1 ~tm thick on  individual  myocardia l  cells of  Crasso- 
strea virginica 9, but  no  overlying endocard ium.  Hawkins  et 
al. 9 suggest tha t  the connect ive  tissue layer on  the t rabeculae  
takes the place of  an endocard ium.  
SEM of ventr icular  and  atrial  myocard ium of  Crassostrea 
virginica shows a b ranch ing  ne twork  of  muscula r  t rabeculae  9 
which are s tudded with several types of  small cells on  the 
surface of  or t r apped  a m o n g  the muscu la r  t rabeculae.  A 
distinctive type of  perfora ted  cell adheres  to the surface of  the 
t rabeculae  and  gives rise to ramifying thin processes, which 
appear  to en t rap  some of  the numerous  b lood  cells which 
appear  in scanning electron micrographs  of  a t r ium and  ven- 
tricle of  Crassostrea virginica 9. These per fora ted  adher ing  
cells do not  appear  to be circulat ing hemocytes  8. 
SEM of the myoca rd ium of  Busycon canaliculatum reveals a 
s t ructure  very much like tha t  repor ted by Hawkins  et al. 9 and  
by Hawkins  and  Howse 8. There is no  endocard ium,  b ranch-  
ing t rabeculae  being directly exposed to the hemolymph  
c o m p a r t m e n t  (fig. 1). As in C. virginica, cardiac t rabeculae  
are s tudded  with hemocytes  and adheren t  perfora ted  cells 
(fig. 2). Fine fibers adhere  to the surface of  the muscle cells 
(fig. 3). 
The ul t ras t ructure  of  mol luscan hear ts  allows comparab le  
electrophysiological  measurements  with a n u m b e r  of  tech- 
niques.  The  t ime-course of the act ion potent ia l  can be fol- 
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lowed with suction electrode, sucrose gap, or microelectrode 
recording m. The resting potent ia l  of  gas t ropod  ventr icular  
muscle fibers has  been de te rmined  by microelectrode me- 
thods  to be 65.6 4- 7.0 m V  for Dolabella auricularia 21 and  
61.2 i 3.5 mV for Lymnaea stagnalis 5, which is very close to 
rest ing potent ia l  values de termined  by the sucrose gap me- 
thod  a~ Recently, Brezden et al. 6 have  also demons t ra ted  tha t  
the membranes  of  gas t ropod  myocard ia l  cells provide an  
oppor tun i ty  for gigohm-seal  pa tch-c lamp recording, after  
enzymat ic  isolat ion of  ventr icular  muscle cells. Using  this 
technique,  a s t re tch-act ivated K + channel  has  been dis- 
covered in dispersed ventr icular  muscle cells of  Lymnaea 
stagnalis 25. Since the proteolyt ic  enzymes used in dissocia- 
t ion may affect the electrophysiological  activity of  tissues I it 
was hoped  tha t  the lack of  an external  lamina might  indicate 
tha t  the Busycon prepa ra t ion  (figs 1 3) would be suitable for 
pa tch-c lamp recording wi thou t  dissociation. In fact, g igohm 
seals and  channel  recordings can be ob ta ined  f rom t rabecu-  
lae in a ventr icular  p repa ra t ion  washed only with seawater  
(personal  communica t ion ,  Col in  Leech) bu t  the a b u n d a n t  
fibers and  blood cells, seen adher ing  to the muscle fibers (figs 
1-3), seem to make  it difficult to ob ta in  good seals or large 
currents  (fig. 4). 
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Cardiac output in the Moilusca: Scope and regulation 

by P.J,S. Smith 

Department  o f  Zoology,  Downing Street,  Cambridge CB2 3EJ  (England) 

Summary.  Different  mol luscan  groups have evolved funct ional ly  specialised cardiovascular  systems in response to varied 
behavioura l  and  env i ronmen ta l  demands ,  mak ing  the s tudy of  cardiovascular  regulat ion in these animals  a fascinat ing area 
for research. Current ly ,  such research is f rust ra ted by the lack of  da ta  on  the in vivo per formance  of  these systems, a l though,  
where examined,  increased cardiac ou tpu t  appears  to be accommoda t ed  by a change in s troke volume. This  paper  considers 
the in vivo regula t ion of  cardiac output ,  pr imari ly  by ext rapola t ing  f rom in vivo experiments ,  and  proposes  the following 
three hypotheses  for future study. 
1. The increase in s troke volume is critically dependent  on  the phasic act ion of  acetylcholine, expanding  the end-diastol ic  
volume of  the ventricle for the same re turn ing  venous pressure. 
2. Circulat ing cardioact ive peptides will set the level o f  myocardial  tone on a sliding scale, against  which the action of  b o t h  
intrinsic and  extrinsic factors are expressed. 


