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ABSTRACT: In semi-adult  Sepia officinalis L. (Cephalopoda) from the Bay of Arcachon (France) a 
congemtal  malformation of the systemic heart  is described by macro- and microscopical methods.  It 
concerns an atypical doubl ing of the site of insertion at the cephalic aorta at the apical ventricle. Its 
comparison with the paired an lagen  of the systemic heart  complex in normal embryogenesis  and  the 
central  circulatory system of Nautilus gives rise to interpret it as a form of atavism. The possible 
causal role of mutagenic  antifoulings is discussed. 

I N T R O D U C T I O N  

D u r i n g  o u r  s t u d i e s  o n  t he  c i r c u l a t o r y  s y s t e m  of the  cu t t l e f i sh  Sepia officinalis L. in 

a u t u m n  of 1989 a n d  1996 a g r e a t  n u m b e r  of a n i m a l s  w i t h  o b v i o u s  m a l f o r m a t i o n s  in  t he  

s y s t e m i c  h e a r t  c o m p l e x  w e r e  f o u n d .  T h e s e  w e r e  a t y p i c a l  d o u b l i n g s  of t he  t r a n s i t i o n  a r e a  

of t he  a p i c a l  v e n t r i c l e  to t h e  c e p h a l i c  a o r t a  t h a t  a re  d e s c r i b e d  a n d  a n a l y s e d  in  t h e  p r e -  

s e n t  s t u d y  by  m a c r o s c o p i c a l ,  cy to log i ca l  a n d  p h y s i o l o g i c a l  m e t h o d s .  A c o m p a r i s o n  of 

t h e s e  s t r u c t u r e s  w i t h  e a r l y  s t a g e s  of t he  n o r m a l  e m b r y o g e n e s i s  of t he  s y s t e m i c  h e a r t  com-  

p l e x  o n  t he  o n e  h a n d  a n d  w i t h  s i m i l a r  m a l f o r m a t i o n s  in o t h e r  m a r i n e  m o l l u s c s  o n  t he  

o ther ,  r e v e a l e d  p h y l o g e n e t i c a l  a n d  e c o t o x i c o l o g i c a l  a s p e c t s  of i n t e r e s t  as  w e l l  as  poss i -  

b i l i t i es  of a c a u s a l  i n t e r p r e t a t i o n  (Naef ,  1909, 1910; v. Bole tzky ,  1968; A l z i e u  e t  al., 1986; 

B r y a n  & G i b b s ,  1991; B a u e r  e t  al., 1995). 

M A T E R I A L S  A N D  M E T H O D S  

T h e  a n i m a l s  w e r e  c a u g h t  in  S e p t e m b e r / N o v e m b e r  1989 a n d  1996 in  s u b m a r i n e  

Zostera- a n d  Posidonia sods  - t he  s o - c a l l e d  , , he rb i e r "  - near  the  " C a p  F e r r 6 t "  of t h e  Bay  

of A r c a c h o n .  For  t h e i r  n u m b e r ,  a g e  a n d  sex,  s ee  T a b l e  1. T h e y  w e r e  k e p t  in  c i r c u l a t e d  

a n d  a e r a t e d  s e a w a t e r  t a n k s  a n d  f ed  w i t h  s m a l l  f i sh  (pa r t i cu l a r l y  Atherina) for  1 -2  w e e k s  

b e f o r e  p r e p a r a t i o n .  For  t h e  p r e p a r a t i o n  t h e  a n i m a l s  w e r e  a n a e s t h e t i z e d  in  1.5 % e t h a -  
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Table 1. Sepia officinalis L. with malformations of the systemic heart complex from the Bay of Arca- 
chon (France) in 1989 and 1996 

Animal Mantle length Body weight Sex Heart frequency Date of 
No. (cm) (g) (F/') in situ preparation 

17 9.0 75 m 61 26. 9.89 
19 9.5 90 m 70 26. 9.89 
21 9.0 85 f 63 27. 9.89 
22 12.0 180 m 66 27. 9.89 
28 12.0 200 m 60 29. 9.89 
42 9.5 95 m 56 4 .10.89 
43 I1.0 140 m - 4. I0.89 
45 10.5 130 f 52 5.10. 89 
46 12.0 170 - 44 5 .10 .89  
48 11.5 210 f 60 5 .10.89 
52 11.0 150 m 12 7 .10.89 
53 9.5 100 m 59 7 .10.89 
56 12.5 190 m 54 t0. 10.89 
85 11.0 130 m 62 23.10.89 

123 13.0 165 m - 24.10.89 
128 10.0 125 m - 25.10.89 
129 11.5 140 f 15.10.89 
130 13.0 200 f 26.10.89 

1 9.0 75 f - 4 .10 .96  
7 11.0 150 m - 10. 10.96 

15 8.0 60 m - 17.10.96 
22 10.5 132 m - 23.10.96 

n o l / s e a w a t e r .  Af te r  s e c t i o n i n g  of t he  m a l f o r m e d  s y s t emi c  h e a r t  c o m p l e x e s ,  t h e s e  w e r e  

d o c u m e n t e d  in si tu a n d  in vi tro by m a c r o p h o t o g r a p h y  a n d  d r a w i n g s .  

S o m e  p r e p a r a t i o n s  w e r e  f ixed  in Bouin 's  so lu t ion  for paraf f in  s e r i e s - s e c t i o n s  (7-10 pm) 

tha t  w e r e  s t a i n e d  by  M a s s o n ' s  t r i ch rome- ,  PAS-,  a n d  Bodian ' s  n e r v e  co loura t ion .  S o m e  

o the r s  s e r v e d  for p h y s i o - p h a r m a c o l o g i c a l  tes ts  by w h i c h  the  reac t iv i ty  a n d  the  l u mi n a l  

f low of t he  m a l f o r m e d  s y s t e m i c  h e a r t  c o m p l e x  w a s  e x a m i n e d  a p p l y i n g  the  m e t h o d  of an-  

t e r o g r a d e  p e r f u s i o n  via bo th  au r i c l e s  a n d  the  c a n n u l a t e d  c e p h a l i c  aor ta  w i t h  f i l t e red  ae -  

r a t e d  s e a w a t e r  (0.17 % g lucose ;  p H  8.2) u n d e r  a p r e l o a d - / a f t e r l o a d  p r e s s u r e  of 50/20 m m  

H 2 0  (1 m m  H 2 0  = 9.81 Pa). T h e  a c t o g r a m  of the  i so la ted  h e a r t  p r e p a r a t i o n s  w a s  r ecor -  

d e d  by m e a n s  of a p r e s s u r e  t r a n s d u c e r  (HSE W101) c o n n e c t e d  wi th  t he  o u t p u t  c a n n u l a  

tha t  w a s  t i ed  to t he  p r o x i m a l  c e p h a l i c  aor ta .  A n  HSE-300  ampl i f i e r  a n d  W a t a n a b e  M a r k  

Vorecorder  w e r e  u s e d  (for f u r t h e r  m e t h o d o l o g i c a l  detai ls ,  s e e  J a k o b s ,  1991). 

RESULTS 

N u m b e r  a n d  f r e q u e n c y  of  c a s e s  

Of 130 p r e p a r a t i o n s  m a d e  of Sepia officinalis L. in 1989, 18 an ima l s ,  i .e .  13.9 %, 

s h o w e d  the  ma l fo rma t ion ;  27.7 % of t h e m  w e r e  f ema les ,  72.2 % ma les .  In 1996, 4 of 46 

p r e p a r a t i o n s  s h o w e d  the  m a l f o r m a t i o n ,  The i r  b o d y  w e i g h t  r a n g e d  f rom 75 to 210 g, the i r  
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mant le  length from 9 to 13 cm (Table 1). During the period from 1983 to 1988 not one of 
the 530 animals  caught  in the Bay of Arcachon showed any malformation of this kind. For 
the period from 1990 to 1995, no observations are available. 

M a c r o m o r p h o l o g i c a l  a s p e c t s  

The malformations consisted of a t runk- or cord-like structure that in most of the ca- 
ses originated from a cone-hke evaginat ion  on the left cranio-apical area of the heart  ven-  
tricle and joined the atypical e longated right apical part of the ventricle on the inner  side 
just  below the root of the aortic valve (Figs 1a/d, 2a/b); more rarely it joined the root of 
the right ventricle dome as a short atypical t runk (Fig. lb). In one case (animal No. 46/89) 
the structure or iginated from the dorsal area of the left ventricle part sur rounding  the sto- 
mach as a very small, e longated cord (Q 1.5-2 mm) that joined the cephalic aorta just  
above the aortic valve (Fig. lc, 3). Further  anomalies  that were obvious macroscopically 
concerned the right auricle and the origin of the A. renalis and A. genitalis that in some 
cases had been  shifted by _+ 90 ~ into a more ventral  position (Fig. 2b) as well as the pan-  
creatic appendages  which had been  shifted from the median  position to the left side. 
Other organs like the genital  tract showed no obvious malformations. In one case (ani- 
mal No. 22/96) the A. genitalis ended  within the gastral-arterial complex, and  an atypi- 
cal A. genitalis or iginat ing in this complex formed an atypical U-shaped loop r unn i ng  
around the t runk-l ike malformation caudally to the testis. 

P h y s i o l o g i c a l  o b s e r v a t i o n s  

The in-situ observations in anaesthet ized animals  suggested that the funct ion of 
the malformed hearts did not seem to be distinctly impaired. The beat f requency (F: 55 
_+ 15/min) showed a similar range  to that of normal  hearts of animals of this age and  
mant le  length (F: 52 _+ 14/rain). In m a n y  cases contractions of the atypical t runk of the 
ventricle could be observed. When  these were very small and  extremely e longated  (ani- 
mal 46/89; Fig. lc) no spontaneous  contractility was detectable, but mechanica l  excita- 
tions, i.e. longi tudinal  expansions,  could often induce t ransient  periods of rhythmical  con- 
tractions in the longi tudinal  axis of such trunks (F: 25-41/min). 

Isolated preparat ions perfused constantly via both auricles (PLP: 50 mm H20; ALP: 
20 mm H20) revealed that in the most malformed organs the atypical ventr icular  t runk 
could be s t reamed through; i. e. in situ it funct ioned as a contractile by-pass to the nor- 
mal right-side fluid shunt  directed towards the cephalic aorta, as could also be demon-  
strated by using Evans-blue as a marker  for the fluid stream. In preparat ions of hearts 
with a small e longated t runk as men t ioned  above (animal 46/89; Fig. lc; 3), no fluid cir- 
culation was noted, thus its lumen  seemed  to be closed. 

The comparison of the actograms of malformed isolated hearts with those of normal  
organs revealed that - according to the in-situ observations - the isolated organs also 
showed a normal  f requency but an  impaired  rhythmicity, i.e. the ampli tude of the con- 
tractions was not constant  but changed  arhythmically by up to 100 % of the basal  va lue  
(Fig. 4; animal  28/89). 

Trunks isolated from the heart  and  perfused unde r  physiological pre- and  afterload 
pressure also showed contractions of a chang ing  rhythm (F: 66-86/min; an imal  45/89). 
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Fig. 1. Macroscopical preparations of malformed systemic hearts of Sepia officinalis in ventral view 
(a-d); abdominal aorta (aAo), cephalic aorta (cAo), genital artery (Ag), left and right auricle (1Au, 
rAu), ventricle (Ve), normal right apical ventricle dome (arrow-heads), atypical left trunk (arrow); 

animal - no.: 28/89 (a), 53/89 (b), 46/89 (c), 42/89 (d) 
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Fig. 2. Diagrams of malformed systemic hearts  of Sepia officinalis in ventral  view (animal 42/89:a, 
28/89:b); atypical left t runk (arrow), aortic valve (aV), atrio-ventricular valve (AVV), renal artery 

(RA); further explanations as in Fig. 1 
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Fig. 3. Diagram of a malformed systemic hear t  of Sepia officinalis in ventral  view (animal 46/89; 
comp. Fig. lc); the atypical left t runk (arrows) forms a loop which encloses parts of the digestive tract; 
opening of the t runk into the ventricle (arrow-head), caecum (Cae), dorsal and ventral  gastric artery 
(DGA/VGA), intest ine (lnt), oesophagus (Oes), posterior oesophagial  artery (POA), s tomach (St); 

further explanations as in Figs 1 and  2 
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Fig. 4. Actogram of an isolated normal (a) and malformed (b) systemic heart ot Sepm officinalis 
anterogradly perfused via both auricles by seawater-glucose solutLon 

H i s t o l o g i c a l  a n a l y s i s  

According to the histological invest igat ions the atypical trunk of the left apical ven- 
tricle showed two fundamenta l ly  different forms in the structure of the wall: 

(a) When the t runk had an open l umen  that communicated  directly with that of 
the central and right apical lumen of the ventricle (Fig. 5c), the wall had a "cardio-like" 
3-layered structure: 
1. An "endocard" with a small incomplete  endothe l ium bordering on an i rregular  lumen  

and connected  with a small layer of connect ive tissue (Fig. 5a/b). 
2. An ex tended  spongy "myocard" with an inner  longi tudinal  and an external  circular 

muscle layer which are innerva ted  by scattered nerve fibres - branches  of the N. car- 
diacus - and  show enlarged intercel lular  spaces and  lacunae (Fig. 5b). 

3. An "epicard" consisting of a columnar  epi thel ium bordering on the pericardial  coelom 
closely connected with a small subepi thel ia l  layer of collagenous fibres (Fig. 5a/b). 

(b) In cases where the t runk did not show a thorough lumen, i.e. it had  only a partial 
distal l umen  which communicated  only distally with the right apical ventricle l umen  near  
the origin of the cephalic aorta, it showed a vessel-like 3-layered wall structure: 
1. A "T. intima" with a very small incomplete  endothe l ium closely connec ted  with a large 

amorphous  layer that is nearly free of cells and  reacted PAS-positive that could be seen 
as an  atypical basal lamina (Fig. 6dl. 

2. A "T. media" with circularly and longi tudinal ly  ar ranged muscle cells and  col lagenous 
fibres (Fig. 6d). 

3. An ex tended  "T. adventit ia" consist ing of a col lagenous network with s ingular  muscle 
ceils, small  capillary-like blood vessels and  numerous  nerve fibres (Fig. 6d). It is peri- 
pheral ly bordered by the columnar  coelom epi thel ium which often shows an irregular  
fuzz-like structure. 
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Fig. 5. Sepia officinalis. Cross sect ion of the  mid -a r ea  of the  atypical  t runk of animal: 28/89 (a); sec-  
tion of the  t runk wall  in h ighe r  magni f ica t ion  - , ,heart  wall- l ike aspec t"  - (b); inser t ion  a rea  of the  
t runk at the  hear t  ventr ic le  tangent ia l ly  sec t ioned  (c, arrow); ep i the l ium (Ep), b lood l acunae  (La), 
lumen  (Lu), longi tudina l  and  circular musc le  fibres (1M/cM), marg ina l  sinus (mS) of the  hear t  

ventr ic le  {Ve); colourat ion after  Bodian (a/b) and  Masson  (c) 
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Fig. 6. Sepia officinalis. Longi tudinal  sect ion of the  a typical  t runk of animal: 19/89 wi thout  an  o p e n  
l u m e n  n e a r b y  the  hea r t  ventr ic le  {a); par t ia l  sec t ion  of Fig. a in h igher  magni f i ca t ion  (b); inser t ion 
area  of this t runk (arrow) at the  pe r iphe ra l  ventr ic le  wall  (c); cross sect ion of t he  distal  a rea  of this 
t runk wi th  an  o p e n  l u m e n  - .vesse l - l ike  a spec t "  - (d); capil lar ies  (Ca), coe lom (Co), ep i ca rd  (EC), 
atypical  lamina  basal is  (Lb), ne rve  f ibres  (NF); fur ther  abbrevia t ions  as in Fig. 5: colourat ion after  

Bodian (a/b) and  Masson  (c/d) 
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In the area near  the site of origin at the left apical ventricle, the lumen-less  part  of 
this kind of t runk consists of longi tudinal ly  ar ranged collagenous fibres, fibrocytes and 
muscle cells. Between these there are bundles  of nerves, blood lacunae and  capillaries 
runn ing  parallel  to the t runk axis (Fig. 6a/b). The origin of these structures could be 
localized within the epicard of the ventricle (Fig. 6a/c). There is structural evidence  that 
these blood lacunae  and capillaries l inked the subepicardial  marginal  sinus of the heart  
ventricle on the one side and the lumen  of the distal t runk on the other and  that in vivo 
an aneurysmat ic  circulation of hemolymph had been  established. 

DISCUSSION 

Consider ing the nutri t ional condit ion and the physiological state of the animals  as 
well as the macro- and  microscopical aspects of the congenital  heart  anomaly  found in a 
high percentage of Sepia officinalis caught  in the Bay of Arcachon in the a u t u m n  of 1989 
and  1996, it can be concluded that the anomaly  impaired the hemodynamics  of the cen- 
tral circulatory system, but that it was not l i fe- threatening to the animals. Furthermore,  
there were no signs of impairment  as far as the reproductive ability of the animals  was 
concerned.  

Despite a certain variability in the body size, there is no doubt  that all malformed ani- 
mals prepared in 1989 s temmed from the same period of reproduction. The fact that in 
the years before 1989 in a representat ive n u m b e r  of 530 further preparations of S. offi- 
cinalis from this area of the Bay of Arcachon a comparable malformation could never  be 
detected, is suggestive of a s ingular  mutagen ic  event. Consider ing the high reproductive 
rate of S. officinalis- one female is capable  of spawning  more than 3000 eggs dur ing  one 
spawning  period of some months (v. Boletzky, 1987 b; 1988) - it cannot be excluded that 
all malformed animals  of that year originated from one maternal  animal. 

The quest ion concerning the possible heredity of the congenital  malformation, i.e. 
whether  the malformations found in preparat ions of 1996 have to be reduced to muta-  
tions of animals of earlier spawning  periods (1989?) or originate in more recent  mutagen ic  
events  of the spawning  period of 1996, cannot  be answered.  

The mutat ion seems to be restricted to the mesodermal  anlage of the systemic heart  
complex only. The physiological and  histological analysis suggests that in most cases 
the t runk-l ike doubl ing represents an addit ional  left apical dome of the ventricle with 
a funct ioning typical heart  wall and  l umen  (Kling & Schipp, 1987). In other cases the 
doubl ing had an incomplete lumen  and showed more the structural characteristics of an 
artery-like vessel, i.e. it seemed to represent  an addit ional  basal t runk of the cephalic 
aorta. 

The malformation described here can be interpreted as the full expression of a mor- 
phogenet ic  program that is normally inhibi ted  unilaterally. Indeed Naef (1909) showed 
that the normal embryonic  deve lopment  of Loligo vulgaris reflects the es tabl i shment  of 
an originally paired structure dur ing early stages of systemic heart  formation, and  that 
the bilateral symmetry of this complex is only g iven up by the subsequen t  regression of 
the lef t-hand root of the cephalic aorta. Based on his observations, he proposed a coleoid 
morphotype with a primitive systemic heart  structure characterized by two antero-late-  
ral issues leading  to an unpa i red  cephalic aorta (Fig. 7). Although the bilateral  symmetry 
is not perfect in the malformed heart  complexes described here, the addit ional  canal  ob- 
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Fig. 7. Sepia of Ecinalis. Schemes of a normal systemic coleoid heart (A) and of a hypothetical 
ancestral cephalopod with a paired basal trunk of the cephalic aorta (B); abbreviations as in Fig. 1-3; 

after Naef (1909) 

served may be reasonably interpreted as an atavism, i.e. as an expression of the sup- 
posedly primitive morphogenet ic  program envisaged  by Naef. 

The r ea r r angemen t  of the cephalic vein branches  in Octopus (v. Boletzky, 1968, 
1987 a) is a different example of such an atavistic expression: here a clearly primitive, 
bilaterally symmetrical  pair of venous branches  undergoes  a morphogenet ic  modification 
that leads to a definitive asymmetric pattern, as postulated already by Naef (1910). Com- 
pared  to this relatively late rear rangement ,  which starts from a fully expressed, primitive 
morphotype, the normal morphogenesis  of the systemic heart  appears  as the result  of very 
early suppress ion of the left root of the cephalic aorta. 

Recently, a particularly interest ing example of double formation was observed in a 
male Iliex coindetii, which showed two functional  gonoducts  (Belle, 1993). Here the ata- 
vistic nature  of the paired organs is most obvious, because  female Blex always have two 
functional gonoducts.  This indeed  suggests an ancestral  layout with paired gonoducts,  
from which uni lateral  gonoduct  expression in males and in the females of various forms 
is derived by inhibi t ion of the organogenet ic  expression on the opposite side. 

The three examples  considered above highlight  the similarity be tween  normally and 
anormally expressed ancestral  programs in morphogenesis .  These expressions are very 
different from the classical examples of "double monsters",  most of which are not viable 
(cf. Ranzi, 1957). Yet the under ly ing  mechanisms  of genet ic  control in morphegenes is  
could be the same (Alberch, 1980, 1989). Exper imental  approaches al lowing to elucidate 
the mechan i sm of atavistic heart  deve lopment  should therefore yield more than  just  a de- 
tailed picture of the processes leading to this malformation. 

On the basis of the present  state of knowledge,  as far as possible causes  of the mu- 
tation are concerned,  it should be noted that in different areas of the Bay of Arcachon - 
this also applies to the area around "La Vigne" in which the malformed cuttlefish were 
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c a u g h t  - b e t w e e n  1982 a n d  1985 a h i g h  t r ibuty l t in  (TBT) i n d u c e d  tin c o n t a m i n a t i o n  w a s  

r e g i s t e r e d .  It ha s  b e e n  s e e n  to be  r e s p o n s i b l e  in tha t  a r e a  for oys te r  she l l  a n o m a l i e s  

(Alzieu et  al., 1986) as we l l  as toxic e f fec t s  on  mol lusc  l a rvae  (His & Robert ,  1985). T h e  te-  

r a t o g e n i c  e f fec t  of the  an t i fou l ing  c o m p o u n d  TBT on o t h e r  m a r i n e  mo l luscs  is d o c u m e n -  

ted  a n d  h a s  b e e n  p r o v e d  e x p e r i m e n t a l l y ;  in p r o s o b r a n c h i a  (Nucella lapillus, Littorina B- 

ttorea, Txivia arct ica)  it i n d u c e d  obv ious  m a l f o r m a t i o n s  of t he  gen i t a l  t ract  - t e r m e d  im- 

p o s e x  - tha t  a re  c h a r a c t e r i s e d  by a s u p e r i m p o s i t i o n  of m a t e  s ex  o r g a n s  (pen i s  a n d / o r  vas  

d e f e r e n s )  on  f e m a l e s  (Bryan et  al., 1986; O e h l m a n n  et  al., 1992; S t r o b e n  et  al., 1992; B a u e r  

et  al., 1995). 

At  p r e s e n t  it c a n n o t  be  e x c l u d e d  tha t  t h e r e  is also a causa l  r e l a t i onsh ip  b e t w e e n  the  

h e a r t  m a l f o r m a t i o n s  of Sepia officinalis p r e s e n t e d  h e r e  a n d  the  h i g h  t in c o n t a m i n a t i o n  

r e g i s t e r e d  in t he  Bay of A r c a c h o n  d u r i n g  the  e igh t i e s .  
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