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Abstract--1. Cyclic AMP levels were significantly higher (P = 0.01) in female than in male animals. The 
average difference found was 0.50 pmole/mg dry weight. 

2. Cyclic AMP levels were negatively correlated to the pyloric caeca-index. In females this correlation 
was -0.54 (P < 0.05). 

3. Cyclic AMP levels in the females paralleled the stages of the reproductive cycle. The level was 
significantly lower in stage II than in stage I and stage IV by 1.98 and 2.33 pmole/mg dry weight, 
respectively. The physiological significance of this pattern is discussed. 

4. Cyclic AMP levels in male animals suggest a subdivision of the reproductive cycle into three stages. 
During the spermatogenic stage, cyclic AMP levels are significantly lower than in the other stages. The 
average differences found were 1.01 and 1.52 pmole/mg dry weight. 

INTRODUCTION 

It is generally accepted that the materials required for 
gametogenesis in sea stars originate from the pyloric 
caeca. This can be concluded from the inverse re- 
lationship between the gonad-index and the pyloric 
caeca-index during the year (e.g. Anderson 1953; 
Jangoux and Van Impe, 1977), but also from the 
similarity in the biochemical composit ion of  the 
materials in the pyloric caeca and the gonads (Oude- 
jans et al., 1979). This means that the pyloric caeca 
are indirectly concerned with the process of  gameto- 
genesis which implies that the intensity of  the mobil- 
ization of  reserve substances will reflect the varying 
needs of  gametogenesis. 

Among  the reserves in Asterias rubens, proteins 
and lipids are the most important  ones, whereas 
glycogen amounts  in the pyloric caeca are small 
(Oudejans et al., 1979; Van der Plas and Voogt, 
1982). In vertebrates mobilization of  glycogen and 
triacylglycerols takes place by phosphorylation of  the 
enzymes glycogen phosphorylase and triacylglycerol 
lipase, respectively, by a c -AMP dependent protein 
kinase (Meisner and Carter, 1977). In the pyloric 
caeca of  Asterias rubens a lipase was found of  which 
the activity was strongly dependent on the c -AMP 
level (Oudejans et al., 1983). This may indicate that 
the mobilization of  reserves in starfish proceeds in a 
way similar to that in vertebrates. 

Therefore it was interesting to know whether the 
level of  c -AMP in the pyloric caeca varies during the 
year and whether these changes are correlated to 
gonadal growth. 

Little is known about  the c -AMP level in post- 
metamorphic sea stars. As far as we know, it is 
limited to a recent report on Luidia clathrata (Diehl, 
1983) in which c -AMP levels are given for several 
organs o f  a total o f  five animals at one time of  the 
year. 

This paper presents the cyclic A M P  levels in the 
pyloric caeca of  Asterias rubens which had been 
collected at different times during a period of  over a 
year. 

MATERIALS AND METHODS 

Animals 

Adult Asterias rubens were collected from the population 
in the Wadden Sea (The Netherlands) at different times 
during the period November 1978-February 1980. They 
were kept in the laboratory in recirculating sea water at 
12°C and natural day-length for 2 days during which no 
food was offered to have the alimentary canal freed from 
food residues. After dissection the animals were sexed and 
the gonad-index and the pyloric caeca-index were deter- 
mined. 

These organ indices were defined as: 

fresh weight of the organ 
x 100%. 

fresh weight of the total animal 

At each sampling date 4-6 animals of each sex were 
processed. 

Estimation of cyclic AMP level 

Immediately after the excision of the pyloric caeca small 
pieces of tissue were immersed in liquid nitrogen and then 
lyophilized. From each animal at least 100 mg of this dried 
material was homogenized in 20 vol of ice-cold 4% tri- 
chloroacetic acid with a Potter-Elvehjem homogenizer with 
a Teflon pestle. The homogenate was centrifuged at 40,1)00 g 
for 15 min. The supernatant was neutralized with solid 
calcium carbonate and then washed three times with 5 vol 
of diethyl ether saturated with water. The water phase was 
lyophilized and the residue dissolved in Tris-buffer (50 raM, 
pH 7.5) containing 4raM EDTA (5 ml/100 mg dry tissue). 
Cyclic AMP in this solution was measured in duplicate by 
competitive binding assay using kits obtained from the 
Radiochemical Centre, Amersham (UK). Radioactivities 
were measured in a Packard liquid scintillation spectrometer 
(Model 2420) using Emulsifier 299 (Packard) as the scintil- 
lation medium. 
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RESULTS AND DISCUSSION 

The gonad-index, the pyloric caeca-index, and the 
level of c-AMP in the pyloric caeca were determined 
for each animal. The respective data obtained for the 
animals of the same sex and sampling date were 
averaged. The results are given in Table 1. 

This table shows that cyclic AMP levels are not 
constant during the year, and from the standard 
deviations it can be derived that there are great 
differences in the c-AMP level among the individual 
animals. 

Obviously the changes in the c-AMP levels follow 
the same pattern in both sexes. Moreover, according 
to the sign-test, the levels in female animals are 
significantly higher than those in male animals 
(P = 0.01). It is probable that this sex-dependent 
difference is due to processes related to reproduction, 
and should be ascribed to the higher demands of 
reproduction in females than in males, which is 
normally reflected in a higher gonad-index in female 
animals. Also in this study gonad-indices of female 
animals are higher than those of male animals. If this 
interpretation is correct, this is an indication that 
c-AMP levels reflect the demands of gametogenesis. 

Diehl (1983) did not find different cyclic AMP 
levels in the pyloric caeca of female and male speci- 
mens of the starfish Luidia clathrata, but his obser- 
vations comprised only two animals of each sex and 
were made only at one time of the year. The level he 
found amounted to 0.309 + 0.172 pmoles/mg wet tis- 
sue. The mean levels found in Asterias rubens are 
about 3 pmoles/mg dry weight; assuming a content of 
dry material in the pyloric caeca of about 30% (Van 
der Plas and Voogt 1982), this corresponds to a level 
of about 1 pmole/mg wet tissue, which is about three 
times that of Luidia clathrata, but is in the same order 
as that in mammalian liver (Gilman, 1972). 

The course of the c-AMP levels within one sex is 
not easily interpretable, which is mainly due to the 
extremely high c-AMP levels recorded in January. In 
female animals this high level of c-AMP coincides 
with a decrease of the gonad-index, which is expected 
to increase in this time. This decrease is even con- 
tinued in February and occurs in both sexes. It is 
most likely that this phenomenon is caused by the 
abnormal water temperatures during that period 
(Table 1). 

Also in some Asterias vulgaris populations a winter 
plateau in the gonad-index curves has been observed, 
which has been interpreted as a response to low 
winter temperatures (Boolootian, 1966; Lowe, 1978). 
Hancock (1955) reported that Asterias rubens in 
British waters stops feeding entirely at temperatures 
below 3~C. If this also holds good for the Wadden 
Sea population, an eventual continuation of gameto- 
genesis (and all other energy demands) would com- 
pletely bear on the reserves in the pyloric caeca. 
However, histological examination of the ovaries 
from animals collected at that time, revealed the 
presence of numerous degenerating oocytes and 
phagocytizing cells. The resorption of large oocytes at 
low winter temperatures has also been observed in 
Asterias vulgaris (Lowe, 1978). Harrold and Pearse 
(1980) concluded from their experiments with fed and 
starved sea stars, that in Pisaster giganteus somatic 
maintenance comes before reproduction. Therefore it 
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Table 2. Correlations between the gonad index, pyloric caeca index and c-AMP levels in the pyloric caeca of female and 
male specimens of Asterias rubens in two periods of increasing gonad index 

Period Period Period 
I II I + II 

r (pyloric caeca index, c-AMP level) -0.42t 
r (c-AMP level, gonad index) +0.20 
r (pyloric caeca index, gonad index) -0.45* 
Number of animals in period 16 
Number of sampling dates in period 3 

*P < 0.05. 
tP =0.05. 
Period I implies February-April 1979. 
Period II implies October 1979-February 1980. 

-0.38 -0.49* -0.01 -0.54* -0.27t 
+0.29 +0.20 -0.18 +0.20 +0.14 
-0.32 -0.65* -0.64* -0.57* -0.60* 

14 25 23 41 37 
3 5 5 8 8 

is understandable that under these extreme cli- 
matological  conditions gametogenesis is reversed and 
the gonad-index decreases. Initially there may have 
been a strong demand for nutrients on the pyloric 
caeca, resulting in abnormally high c -AMP levels. 
Later on gametogenesis stopped and the materials 
needed for energy generation are mainly obtained 
from the gonads. This would explain the lower 
c -AMP levels in the pyloric caeca in February 1979. 
Therefore the data  obtained in January and February 
1979 may be non-representative, and it seems better 
to leave them out. 

In the periods February-Apri l ,  1979 (I) and Octo- 
ber, 1979-February 1980 (II) the gonad-index in- 
creases and the correlations between this index, the 
pyloric caeca-index and the c -AMP levels were deter- 
mined. These data are summarized in Table 2. 

This table shows that in period II, in the total 
period (I + II), and for female specimens also in 
period I, there is a significant negative correlation 
between the gonad-index and the pyloric caeca-index, 
which on the ground of  earlier findings could be 
expected. In female animals there is a significant 
negative correlation between the pyloric caeca-index 
and c -AMP level in the pyloric caeca in period II and 
in the whole period. In male animals this negative 
correlation is not  significant. The correlation between 
the gonad-index and the c -AMP level in the pyloric 
caeca is positive, as was expected, but is not  
significant in any of  the sexes. 

The latter result was not unexpected, for it is very 
likely that the expectation of  a rectilinear relationship 
between the gonad-index and the c -AMP level in the 
pyloric caeca- -as  the reflection of  the supposed coop- 
eration of  gonad and pyloric caeca in reproduc t ion- -  
is not  justified. 

Schoenmakers et al. (1983) studied the re- 
productive cycle of  female sea stars and subdivided it 
into four stages: stage I (resting stage) lasting from 
middle of  May-middle  of  September; stage II (the 
early growth stage) from the middle of  
September-end of  November;  stage III (stage of  late 
growth and partial maturation) from the end of  
November - the  middle of  February: stage IV (mat- 
uration stage) from the middle of  February-middle  
of  May. When the data on c -AMP levels in female 
animals are arranged according to this division into 
stages, the picture shown in Table 3 is obtained. It 
strongly suggests, that c -AMP levels do not change 
gradually but stepwise. 

By pooling the data of  animals being in the same 

stage of  the reproductive cycle, Table 4 is obtained. 
Analysis of  variance of  these data and subsequent 
testing of  differences between stages (by means of  a 
modified t-test, a multiple comparison technique 
based on the Bonferroni inequality (Miller, 1980), 
revealed that c -AMP levels in stage II are significantly 
lower than in stage I (P =0 .02)  and stage IV 
(P < 0.001), and that the c -AMP level in stage III is 
significantly lower than in stage IV (P = 0.03). Cyclic 
A M P  levels in stage I differ only from those in stage 
II, while those in stage IV are significantly higher 
t h a n t h o s e  in stages II and III. 

The data on male sea stars show a simpler picture. 
Unfortunately,  a clear subdivision of  the re- 
productive cycle into stages for male animals is not 
available. The data on c -AMP levels allow for an 
arrangement into three groups. The first group com- 
prises the sampling dates August  2 and October 7, 
1979; the second group the data from 23 October, 
November,  December, 1979 and February 1980; the 
third group the data from March and April, 1979. 
The first group may be analogous to the resting stage 
of  the female animals and may be the aspermatogenic 
phase. It is well known that the growth of  the testes 

Table 3. Cyclic AMP levels (pmole/mg dry weight, 
± SD) in pylofic caeca of female sea stars from 

different stages of the reproductive cycle 

Number Level 
Sampling of of 

Stage date animals c-AMP 

I VIII-02-79 4 4.48 ± 0.95 
II X-07-79 5 2.60 + 1.13 

X-23-79 4 2.73 + 0.12 
XI-13-79 4 2.29 ___ 0.41 
XI-30-78 5 2.57 ± 0.51 

III XII-12-79 6 3.21 + 1.11 
11-27-80 6 3.70 + 1.33 

IV II1-14-79 6 4.57 + 1.30 
IV-27-79 5 4.86 ± 1.49 

Table 4. Cyclic AMP levels (pmole/mg 
dry weight, + SD) in the pyloric caeca of 
female sea stars which are in the same 

stage of the reproductive cycle 

Number Mean level 
of of 

Stage an imals  c-AMP 

I 4 4.48 _ 0.95 
II 18 2.50 + 0.75 
III 12 3.37 ± 1.35 
IV 11 4.83 ± 1.76 
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Table 5. Cyclic AMP levels (pmole/mg dry weight. +SD) in the 
pyloric caeca of male sea stars which are supposed to be in a 

particular stage of the reproductive cycle 

Number Mean level 
of of 

Stage animals c-AMP 

Aspermatogenic stage 9 3.37 _+ 0.98 
Spermatogenic stage 19 2.36 + 0.64 
Post-spermatogenic stage 

(mature testes) 9 3.88 _+ 0.62 

generally starts ha l f  a m o n t h  or a m o n t h  later than  
tha t  of  the ovaries and  this may explain why the male 
animals  collected on 7 October  were physiologically 
still in the resting stage whereas the female animals  of  
tha t  date  had  already entered stage II. The second 
group might  comprise  those animals  in which sper- 
matogenesis  is going on, while in the animals  of  the 
third group spermatogenesis  has already s topped and 
spermatozoa  are ready to be shed. 

The c - A M P  levels of  animals  belonging to the 
groups assumed to be in the same stage have been 
averaged and  are shown in Table  5. These data  were 
statistically tested in the same way as above. This 
revealed tha t  the c - A M P  level in the "spermatogenic '"  
stage is significantly lower than  that  in the "asper-  
ma togen ic"  phase (0.003 < P < 0 . 0 3 )  and  in the 
"pos t -spermatogenic ' "  stage (P  < 0.003). 

Since the subdivision of  the reproduct ive cycle of  
the male animals  into stages is only tentat ive and is 
no t  based on a t ho rough  histological examina t ion  it 
is not  useful to speculate fur ther  on the physiological 
significance of  the c - A M P  levels in the pyloric caeca. 

In female animals  stage I is character ized a m o n g  
others  by the developing (or filling) of  the haemal  
system in the ovaries, which in the foregoing stage 
(stage IV) is hardly visible and devoid of  its normal  
con ten t  of  PAS-posi t ive material .  In stage 1 this 
system becomes extremely well-developed and invag- 
inates into the lumen of  the ovaries. The PAS-posi t ive 
con ten t  of  this system is supposed to originate f iom 
the pyloric caeca, which means that  in this t ime 
mobi l iza t ion  and  release of  stored reserves from the 
pyloric caeca can be expected, and as stated above  
these processes would be favoured by high c - A M P  
levels in the pyloric caeca, which in this study have 
been found.  

In stage II, in au tumn,  plenty of  food is available 
and  the pyloric caeca are actively synthesizing reserve 
substances.  These processes of  biosynthesis  are fa- 
voured  by low c - A M P  levels, which in this study have 
been found.  Moreover ,  it has been observed (Bro- 
ertjes et al., 1980) tha t  in well-fed animals  newly 
digested materials  are released directly, i.e. wi thout  
in termedia te  storage, thus  bypassing the storage cells. 
This  would imply that ,  at tha t  time, no high c - A M P  
levels are needed for mobil izat ion,  which is in agree- 
ment  with the present  findings too. After  the a u t u m n  
the feeding activity of  the animals  decreases 
p robab ly  due to lower water  tempera tures  while the 
d e m a n d  for vitellogenesis increases, this will result in 
an increasing rate of  mobi l iza t ion  of  reserves in the 

pyloric caeca, which will be greatly enhanced  by 
increasing c - A M P  levels. 

In conclusion,  this study has shown that  the 
changes in the c - A M P  levels in the pyloric caeca of  
female sea stars are closely paralleled to the stages of  
the reproduct ive cycle, and are in full agreement  with 
what  could be expected on the ground of  the phys- 
iological processes going on in the pyloric caeca. 
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