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Abstract. We have investigated the distribution of Ca 2§ 
and Mg 2+ in the new cuticle of moulting shore crabs 
(Carcinus maenas), using the K-pyroantimonate method 
in combination with X-ray microanalysis in order to 
identify antimony precipitates. During the premoult peri- 
od, Ca 2+ and Mg 2§ accumulate in well-defined sites of 
the new pigmented layer. After moulting, mineralisation 
appears to begin preferentially at these sites. These form 
a honeycomb-like structure that quickly increases the 
rigidity of the new cuticle, with a small recruitment of 
material from extraneous sources. Mineralisation of the 
principal layer, on the other hand, immediately follows 
deposition of the organic matrix. Our experiments also 
provide evidence that the epidermal cell extensions asso- 
ciated with the pore canals are the means by which Ca 2+ 
and Mg 2+ are transferred from the epidermis into the 
mineralising cuticular layers. The plasma membrane of 
these cell extensions appears densely lined by particles of 
antimony precipitate that probably mark the location of 
the transporting sites. Shortly after moulting, the distri- 
bution of mineral deposits is such that the cell extensions 
cross the mineralised lamellae of the principal layer and 
constitute preferential access routes to the pigmented lay- 
er, where mineralisation is still in progress. 
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Introduction 

The crab cuticle is an organic-mineral protective 
exoskeleton of particular interest because it undergoes 
cyclic moulting processes. From a structural standpoint 
(for a review, see Cameron 1985), it consists of a thin 
superficial epicuticle (for a detailed description, see Corn- 
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p6re and Goffinet 1992) and a thick lamellate procuticle 
including three layers: the pigmented layer, the principal 
layer and the membranous layer (according to the termi- 
nology of Drach 1939). The organic matrix of the procu- 
ticle is mainly composed of horizontal chitin-protein mi- 
crofibres exhibiting a twisted plywood arrangement 
(Bouligand 1965, 1972). This architecture is disturbed by 
two main vertical elements: the interprismatic septa and 
the pore canals. The interprismatic septa, which delimit 
prismatic spaces, are polygonal imprints left in the pig- 
mented layer by the margins of the epidermal cells (Vit- 
zou 1882; Drach 1939; Giraud-Guille 1984a). The pore 
canals constitute a ramified system of tubules left by 10ng 
epidermal cell extensions during moulting (Green and 
Neff 1972; Compare and Goffinet 1987a, b). In the hard 
cuticular regions or sclerites, the pigmented and principal 
layers are hardened by the presence of mineral deposits 
(Neville 1975; Roer and Dillaman 1984). In the cuticle of 
Carcinus maenas, mineral salts mostly consisting of Ca- 
Mg carbonates represent about 85% of the cuticular dry 
weight (Welinder 1975). 

During the moult, crabs shedding their rigid miner- 
alised exoskeleton are vulnerable until their new cuticle 
stiffens. Roer's data (1980) demonstrate high Ca deposi- 
tion rates (8-9 x 10 8 mole/cm 2) in cuticular fragments of 
newly moulted C. maenas (stages A 1 and A2). These re- 
sults corroborate those of Vigh and Dendinger (1982) 
showing a rapid in vivo increase in the Ca content of the 
cuticle of the blue crab (Callinectes sapidus) until 10 days 
postmoult when the cuticle has achieved its rigidity. Ac- 
cording to Drach (1937, 1939), Bouligand (1970) and 
Giraud-Guille and Quintana (1982), mineralisation be- 
gins only a few hours after ecdysis and follows successive 
steps. The calcite deposits first appear as spherulitic crys- 
tals all along the outer lamella of the pigmented layer 
(according to the previous authors) or inside the epicuti- 
cle (Travis 1957; Neville 1975; Roer and Dillaman 1984). 
Mineral deposition then progresses along the interpris- 
matic septa and finally fills the free prismatic spaces. In 
the principal layer, mineralisation occurs simultaneously 
with the deposition of the lamellae and starts before the 
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comple t e  ca lc i f ica t ion of  the p i g m e n t e d  layer.  Several  
p a t h w a y s  have  been p r o p o s e d  by  au tho r s  to expla in  the 
t r a n s p o r t  of  Ca  and  M g  into  the cu t icu la r  layers,  bu t  all 
a re  hypo the t i c a l  and  the presence of  mine ra l  concre t ions  
inside the epicut ic le  r emains  ques t ionable .  Travis  (1957, 
1963, 1965), Travis  and  F r ibe rg  (1963) and  Yano  (1980) 
have  obse rved  calci te  crysta ls  in the l umen  of  po re  canals  
and  have  hypo thes i s ed  tha t  these canals  are  invo lved  in 
the cu t icu la r  t r a n s p o r t  of  Ca. This  i n t e r p r e t a t i o n  has  
however  largely  been con tes ted  by  Bou l igand  (1970) and  
Nevi l le  (1975). The  exper imen t s  of  Roe r  (1980) and  
C a m e r o n  (1989) have  shown tha t  the apica l  p l a s m a  mem-  
b r a n e  of  e p i d e r m a l  cells takes  pa r t  in a mass ive  t r a n s p o r t  
of  Ca  ions, p r o b a b l y  effected by  a C a 2 §  a n d / o r  
exchange  mechan isms .  Roe r  (1980) fur ther  r ega rds  the 
ep ide rma l  cell ex tens ions  assoc ia ted  with  the  in t racu t icu-  
l a r  po re  canals  as a poss ib le  means  for increas ing  the 
surface of  the i o n - t r a n s p o r t i n g  apica l  p l a s m a  m e m b r a n e .  
This  idea  is also s u p p o r t e d  by  Comp6re  and  Goff inet  
(1987b) who  have  p r o p o s e d  tha t  the p o s t m o u l t  regres-  
s ion of  the cell ex tens ions  is re la ted  to the progress  of  
minera l i sa t ion .  Yet there  is no  clear  evidence to s u p p o r t  
the view tha t  the  cell ex tens ions  assoc ia ted  with  the  po re  
canals  p l ay  a role  in the  mine ra l i s a t i on  process .  M a n y  
ques t ions  arise r ega rd ing  h o w  and  when  mine ra l  ions  
reach  the preferent ia l  m ine ra l i s a t i on  sites in the  p igmen t -  
ed layer  and,  how they  pass  t h r o u g h  the fully minera l i sed  
lamel lae  of  the p r inc ipa l  layer  to  be depos i t ed  in the pr is-  
ma t i c  spaces  of  the p i g m e n t e d  layer.  

The  a im of  the p resen t  s tudy  was to de te rmine  the 
u l t r a s t ruc tu r a l  l oca t i on  and  the p a t h  of  Ca  and  M g  ions  
in the minera l i s ing  c rab  cuticle before  and  after ecdysis.  
To this end, the K - p y r o a n t i m o n a t e  cy tochemica l  m e t h o d  
was used in c o m b i n a t i o n  with  X - r a y  microana lys i s .  

M a t e r i a l s  and m e t h o d s  

Atlantic shore crabs (Carcinus maenas L.) were collected at the 
Marine Station of Wimereux (France). Fragments of the bran- 
chiostegite integument were excised from small animals (2-3 cm 
wide). Late premoult stages D2-D 3 and the early postmoult stage A2 
(24 h postmoult) were determined according to the method of 
Drach and Tchernigovtzeff (1967). 

K-pyroantimonate method 

Preparation of a K-pyroantimonate stock solution. Just before use, a 
saturated solution was prepared as recommended by Appleton and 
Morris (1979). K-hexahydroxyantimonate [KSb(OH)6; Aldrich, 
n~ 728-6] was added to twice distilled water in the proportion of 
about 4% weight/volume. Gentle boiling was required for the al- 
most complete dissolution of the salt. After cooling to room temper- 
ature, this solution was microfiltered on a Sartorius 0.45 gm filter 
and added to an equal volume of fixative solution. 

Specimen treatment. Specimens were first fixed by immersion for 4 h 
at 20~ in a K-phosphate-buffered (0.1 M, pH 9.0) solution contain- 
ing approximately 2% K-pyroantimonate and 2.5% glutaralde- 
hyde. Osmolarity was adjusted to 700 mOsm with sucrose. After 
rinsing in the same buffer with K-pyroantimonate, samples were 
postfixed for 1 h at 20~ in buffered 1% osmium tetroxide also 
containing K-pyroantimonate, and were briefly rinsed in K-pyroan- 

timonate-free buffer. To avoid any redissolution or displacement of 
the precipitate, specimens were not rinsed with distilled water but 
were directly dehydrated in an ethanol series and in propylene 
oxide (Mentr6 et al. 1986). 

After being embedded in Epon 812, the samples were thin-sec- 
tioned with a diamond knife using a Sorvall Porter-Blum MT IIB 
ultramicrotome. They were then contrasted with uranyl acetate 
(Watson 1958) and lead citrate (Reynolds 1963). Formvar-coated 
grids were used to support sections of non-decalcified fragments 
from postmoulting crabs. Sections were examined in a Siemens 101 
or a JEOL 100 SX electron microscope at an accelerating voltage of 
80 kV. 

Control experiments. Ethylene diamine tetraacetic acid (EDTA) 
(Titriplex III, Merck), a well-known chelating agent for divalent 
cations, was used both to avoid the precipitation reaction of Ca and 
Mg with pyroantimonate and to remove these salts from ultra-thin 
sections of embedded material. In the pre-embedding method, frag- 
ments were first briefly fixed (30 min-1 h at 20~ in a buffered 
solution containing glutaraldehyde without K-pyroantimonate. 
They were then incubated for 4 h in 0.2 M EDTA, pH 8.0; the 
solution was renewed at hourly intervals. After a brief rinse in 
buffer, they were subjected to the general K-pyroantimonate proce- 
dure. In the postembedding method, ultra-thin sections were incu- 
bated for 1 h at 60~ in 0.2 M EDTA, pH 8.0. In order to remove 
non-specific K-pyroantimonate precipitates from the sections, grids 
were incubated in twice distilled water for 1 h at 60~ 

X-ray microanalysis. X-ray microanalysis was used to identify the 
precipitates in K-pyroantimonate-treated samples and directly to 
locate Ca and Mg in tissues. For this purpose, samples were pre- 
pared for freeze-substitution and freeze-sectioning. 

Preparation of material. Tegumental fragments were fixed by direct 
immersion in liquid nitrogen with no cryoprotectant pretreatment. 
For freeze-substitution, they were progressively dehydrated in 10% 
2,2rdimethoxypropane in acetone at temperatures increasing gradu- 
ally from -70~ to -40~ over 5 days. The samples were impreg- 
nated overnight with Lowicryl HM20 resin at -40~ in the pres- 
ence of silicagel. They were then transferred to pure resin in 
polyethylene Beem capsules. The samples were then allowed to 
polymerise under UV light for 2 days at -40~ and for 3 days at 
room temperature. 

Preparation of the sections. Dry glass knives and an LKB ultrami- 
crotome were used to produce semi-thin sections (0.5-1 gm thick) 
from Epon-embedded and Lowicryl HM20 freeze-substituted frag- 
ments. The glass knives were made just before use by means of an 
LKB knife-maker. Sections were then mounted on Formvar-coated 
titanium grids. 

Semi-thin frozen sections were made with glass knives on a 
Sorvall Porter-Blum MT I ultramicrotome in a freezing-chamber at 
- 100~ Sections mounted on Formvar-coated titanium grids were 
dehydrated by ice sublimation in the vacuum chamber of a Balzers 
sputtering unit (type SCD 030). They were gradually warmed to 
room temperature and coated with a carbon film (15 nm). 

X-ray microanalyser system. The transmission electronic analytical 
system used was a Philips EM 300, fitted with an EDAX energy-dis- 
persive (solid-state) retractable spectrometer and an EDAX 707 B 
multichannel analyser. The analyser was interfaced with an EDIT 
mini-computer pre-programmed to perform "background subtract" 
functions (EDAX International Inc.). Details of the data processing 
treatment have been described previously by Morgan et a1.(1975) 
and Morgan and Davies (1982). 



Fig. 1. Vertical section through the outer branchiostegite cuticle at 
stage A 2 showing randomly distributed coarse precipitate particles 
(arrows) following EDTA decalcification and fixation in K-pyroan- 
timonate-containing solutions, e Epicuticle; pg pigmented layer. 
x 9000 

Figs. 2--4. Vertical sections through the late premoult cuticle after 
incubation in K-pyroantimonate-containing fixative solutions. Fine 
precipitate particles are randomly scattered throughout the pig- 
mented layer (pg) and accumulate at the level of three preferential 
sites: the subepicuticular region (large arrows), the interprismatic 
septa (is) and the base of the last deposited lamella (arrowheads) 

Fig. 2. General view of the cuticle. E Epidermis; e epicuticle, x 2500 

Fig. 3. Detail of the epicuticle and the upper part of the pigmented 
layer, ec Epicuticular canals; ie inner epicuticle; oe outer epicuticu- 
lar layers, x 15000 

Fig. 4. Detail of the lower lamellae of the pigmented layer crossed 
by epidermal cell extensions (cp). E Epidermis; zo organisation zone 
of the chitin-protein fibres, x 15000 

Fig. 5. Vertical dry-cut semi-thin section from a freeze-substituted 
sample of the outer branchiostegite cuticle 24 h after exuviation 
(stage A2). Mineral deposits appear highly electron-dense, e Epicuti- 
cle; is interprismatic septa; q prismatic spaces; sr subepicuticular 
region, x 4000 
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Results 

UItrastructural location of antimonate precipitates 

All the sections of K-pyroantimonate-treated samples ex- 
hibited two kinds of electron-dense deposits, differing in 
particle size, location and solubility in water and EDTA. 
A coarse precipitate (particle diameter > 100 nm) ap- 
peared randomly in the epidermis, in the haemolymph 
sinuses and in underlying connective-tissue cells. Inside 
the cells, it was uniformly distributed in the nucleus, cyto- 
plasm and various organelles. It was never observed in 
the cuticle except in samples previously decalcified with 
EDTA (Fig. 1). Although the coarse precipitate was solu- 
ble in distilled water, it was not removed from the sec- 
tions by 0.2 M EDTA at pH 8.0. A finer precipitate (par- 
ticle diameter < 100 nm) was mainly observed in the cuti- 
cle. Its formation was completely prevented by prior 
chelation of divalent cations (EDTA treatment). This fine 
precipitate was largely removed from the sections by ED- 
TA, but not by distilled water. Moreover, its distribution 
in the cuticle varied according to the moulting stage. 

At the late premoult stage (end of stage D2), a fine 
granular electron-opaque deposit was scattered through- 
out the new pigmented layer (Fig. 2). There were three 
regions, however, that appeared as preferential precipita- 
tion sites where particles were closely packed, coalescing 
into large particles: the first lamella below the epicuticle, 
the interprismatic septa (Figs. 2, 3) and the last lamella 
above the epidermis (Figs. 2, 4). One narrow zone (0.6 gm 
in thickness) remained free of precipitate: a region of 
newly-deposited fibres separating the last lamella from 
the epidermis (Figs. 2, 4). The epicuticle, including the 
surface coat, the cuticulin layer and the inner epicuticle 
matrix, likewise remained devoid of dense deposit, except 
for epicuticular canals that contained some particles 
(Fig. 3). At this stage, the precipitate was seldom found 
associated with the pore canal cell extensions (Fig. 4). 

By 24 h after ecdysis (stage A2), mineralisation oc- 
curred in the pigmented layer and in the newly deposited 
principal layer. In the former, mineral successively ap- 
peared in the uppermost lamella, the interprismatic septa 
and the innermost lamella. In the latter, all lamellae be- 
came mineralised shortly after their deposition. Dry-cut 
semi-thin sections revealed mineral deposits appearing as 
electron-dense concretions (Fig. 5). In sections collected 
on water, most of these concretions were lost (Fig. 6). 
Under these conditions, mineralised sites appeared as 
electron-lucent areas. As during the pre-moulting stage, a 
fine scattering of minute particles filled the prismatic 
spaces of the pigmented layer that were not yet miner- 
alised, whereas the regions that underlay the mineral de- 
posits of the subepicuticular region and the principal lay- 
er (Fig. 9) exhibited a more intense, dense precipitate. At 
these levels, precipitates showed an unusual aspect, ap- 
pearing as rings around electron-lucent spots corre- 
sponding to the newly deposited mineral. The size of 
these spots increased towards the fully mineralised re- 
gions. 

A major dense precipitate was also associated with the 
plasma membrane of the pore canal cell extensions that 

crossed the fully mineralised lamellae of the principal lay- 
er (Figs. 6, 9) and that extended into the pigmented layer 
(Figs. 7, 8). Specifically, precipitate particles were located 
on the inner leaflet of the plasma membrane. They exhib- 
ited round or crescent-shaped sections, the largest diame- 
ter of which ranged from 30 to 60 nm (Fig. 9). Precipitate 
particles were lacking on the apical epidermal plasma 
membrane between cell extensions and within the cyto- 
plasm of the epidermal cells. 

X-ray microanalysis 

The analysis of X-ray spectra (Fig. 10) of electron-dense 
precipitates obtained after K-pyroantimonate treatment 
revealed that Sb, K and Ca are the main elements com- 
posing the precipitates. Whereas the Sb peaks (L~I at 
3.604 keV, L~ at 3.843 keV and L~2 at 4.100 keV) were 
equally apparent on spectra of both coarse and fine pre- 
cipitates, the two types of precipitate exhibited noticeably 
different compositions with respect to other elements. 
The spectrum of the coarse precipitate shows a major K 
peak (K~1,2 at 3.310 keV), which the spectrum of the fine 
precipitate lacks. In contrast, a minor Mg peak (K~1.2 at 
1.253 keV) appears on the spectra of the fine precipitate 
(Figs. 10, 12) but is completely lacking on the spectra of 
the coarse precipitate. Ca peaks cannot at first glance be 
discerned, because the Ca K~1,2 peak at 3.690 keV is too 
close to, and overlaps with, the Sb L~I peak at 3.604 keV. 
Differences between presumed Sb peaks only appear af- 
ter careful scrutiny or if the spectra of the two precipitates 
are superimposed (Fig. 12). The spectrum from the coarse 
precipitate showed a peak at exactly 3.604 keV, corre- 
sponding to pure Sb, whereas the corresponding peak of 
the fine precipitate is slightly shifted towards higher ener- 
gies (top at 3.650 keV), and exhibits obvious shouldering 
at 3.690 keV. We interpret the shift and shouldering as 
evidence of the presence of Ca in this precipitate. Similar 
peak shapes were obtained by analysing Ca-pyroanti- 
monate precipitate from a standard Ca (NO3)2/2Sb203 + 
4KOH solution where the Sb/Ca ratio was 4:1 (Fig. 11). 
The overlapped Ca K=1,2 peak could be revealed by strip- 
ping the Sb L~I, L m and L~2 peaks from the spectra. Sb 
peaks suitable for subtraction were produced by 
analysing a Ca-free standard K-pyroantimonate 
(Fig. 13). In order to produce Sb peaks equal to those of 
the original spectrum, the two spectra were adjusted to 
the same scale using the antimony L~I as reference, as it 

Fig. 6. General view of a vertical ultra-thin section on a Formvar- 
coated grid. As a consequence of the loss of mineral deposits during 
floating on water, the mineralised zones appear electron-lucent. The 
mineralising region of the prismatic spaces is located below the 
epicuticle (asterisk). cp Epidermal cell extensions; e epicuticle; is 
interprismatic septa; pg pigmented layer; pr principal layer; q pris- 
matic spaces; sr subepicuticular region, x 2200 

Figs. 7-8. Vertical floated semi-thin (7) and ultra-thin (8) sections of 
the postmoult mineralising cuticle (stage Aa) after fixation in K-py- 
roantimonate-containing solutions. The pore canal cell extensions 
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(cp) show abundant dense precipitate particles (arrows) associated 
with the inner leaflet of the plasma membrane 

Fig. 7. Middle part of the pigmented layer, is Mineralised interpris- 
matic septa, x 12000 

Fig. 8. Limit between the pigmented layer and the principal layer. 
x 12000 

Fig. 9. High magnification of a pore-canal-cell extension (cp) show- 
ing the lowest lamella of the principal layer 24 h postmoult {stage 

A2) after fixation in K-pyroantimonate-containing solutions. Abun- 
dant dense precipitate particles (arrows) are associated with the 
inner leaflet of the plasma membrane. A dense precipitate also ap- 
pears as rings around electron-lucent spots corresponding to newly 
deposited mineral (arrowhead). Precipitate particles are poorly rep- 
resented in the most proximal part (asterisk) and are completely 
lacking along the epidermal cell plasma membrane (large arrow), 
E Epidermis; mi fully-minerahsed zone; zo newly deposited cuticu- 
~ar zone where mineraiisation occurs and the chitin-protein microfi- 
bres are organised into macrofibres, x 21000 
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Figs. 10-13. X-ray microanalysis spectra of ant imony precipitates. 
Aluminium (K~a,2 at 1.486 keV) and t i tanium (K~,2 at 4.508 keV 
and KI31, 3 at 4.931 keV) peaks correspond to the holder and the 
support ing gird, respectively 

Fig. 10. Superimposit ion of spectra from the coarse precipitate par- 
ticles (diameter > 100 nm) (shadowed zone) and the fine precipitate 
particles (diameter < 100 nm) (dotted line) 
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Fig. l l .  Microdroplets  of a Ca(NO3)2/2Sb203 + 4 K O H  standard 
solution in which the Sb/Ca ratio is 4 

Fig. 12. Fine precipitate after stripping of the Sb peaks (L~I, L~l and 
Lp2) 

Fig. 13. Microdroplets  of a KSb(OH)6 standard solution 

did not interfere with Ca peaks. Stripping of Sb peaks 
from the spectra revealed a small Ca peak at 3.690 keV in 
the fine precipitate only (Fig. 12). The coarse precipitate 
seemed to be Ca-free. 

X-ray spectra from the subepicuticular region, the in- 
terprismatic septa (Fig. 14) and the prismatic spaces 
(Fig. 15) of the cuticle of premoulting crabs were ob- 
tained from freeze-sectioned and freeze-substituted frag- 

ments. They showed Ca peaks of similar magnitude to 
those obtained from the fine precipitate. An additional, 
an Mg peak (K~1,2 at 1.253 keV) was clearly revealed on 
spectra from the subepicuticular region and the interpris- 
matic septa (Fig. 14). 

Concerning the mineral deposits, microanalysis of the 
pigmented (Fig. 16) and principal layers (Fig. 17) provid- 
ed spectra with major Ca K~1.2 and K~1.3 peaks (at 
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Figs. 14-17. X-ray microanalysis spectra o f  t h i n  sections 

F i g .  1 4 .  S u b e p i c u t i c u l a r  r e g i o n  i n  a freeze-substituted sample of the 
late premoult cuticle 

F i g .  15. Prismatic spaces of the pigmented layer i n  a t h i n  frozen 
section o f  a cuticular fragment at stage D 2  
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F i g .  16. Mineral concretions below the epicuticle 24 h after e x u v i a -  
t i o n  (freeze-substituted sample) 

F i g .  17. Mineral deposits in the principal layer 24 h after exuviation 
(freeze-substituted sample) 

3.690 keV and 4,012 keV, respectively) and a significant 
Mg peak (K~1,2 at 1.253 keV) in the pigmented layer 
(Fig. 16). 

Discussion 

The K-pyroantimonate technique was originally intend- 
ed for locating Na at the ultrastructural level (Komnick 

1962). Pyroantimonate was later used successfully as a 
cytochemical marker of ionic Ca in a wide variety of 
tissues (Spicer et al. 1969; Saetersdal et al. 1974; Stoeckel 
et al. 1975; Weringer et al. 1978; Weakley 1979; van Iren 
et al. 1979; Morris and Appleton 1980; Wick and Hepler 
1982; Meyran et al. 1984, 1986). The method requires 
careful controls and cautious interpretation because anti- 
monate forms precipitates with several cations, namely 
Na § Ca 2+, Mg 2+, K + and H +, and with organic cations 
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under appropriate conditions (Clark and Ackerman 
1971; Klein et al. 1972; Tisher et al. 1972). Nevertheless, 
the various precipitates can be accurately identified on 
the basis of their sensitivity to water and EDTA, and by 
X-ray microanalysis (Wick and Hepler 1982). In the 
present investigation, these controls clearly indicate that 
Ca 2+ and Mg 2+ are the main components of the fine 
precipitate, whereas they are completely lacking in the 
coarse precipitate, which probably results from the pre- 
cipitation of unrinsed KSb(OH)6 during the alcoholic de- 
hydration procedure (Tisher et al. 1972; Hayat 1975). The 
morphological appearance and particle size of the fine 
precipitate, including the particles lining the plasma 
membrane of the epidermal cell extensions, closely re- 
semble those of the Ca-pyroantimonate deposits ob- 
tained in various tissues by several authors (Saetersdal et 
al. 1974; Simson and Spicer 1975; Meyran et al. 1984, 
1986). On the basis of these results, we shall discuss the 
significance of the distribution of Ca and Mg in relation 
to their transport pathway through the cuticle during 
moulting and mineralisation. 

Ca and Mg distributions related to mineral deposition 

Since the observations of Drach (1937,1939), it has been 
acknowledged that cuticular mineralisation in Carcinus 
maenas begins between 4 and 10 h postmoult, with the 
deposition of the first Mg-calcite crystals. Our results fur- 
ther show that, during the premoult, Ca and Mg accumu- 
late at specific sites in the pigmented layer. Despite the 
small peaks observed on X-ray spectra, the presence of 
substantial amounts of Mg is clearly revealed in quanti- 
tative analysis (Comp6re et al. 1992). In agreement with 
Drach (1937, 1939), Bouligand (1970) and Giraud-Guille 
and Quintana (1982), we have observed that these sites 
are preferentially mineralised shortly after moulting, i.e., 
in the first 24 h postmoult. Consequently, the mineralised 
interprismatic septa of the pigmented layer appear to be 
sandwiched between two horizontal mineralised layers 
(the outermost lamella below the epicuticle and the low- 
ermost lamella associated with those of the principal lay- 
er), giving vertical walls. These form a honeycomb-like 
structure that quickly increases the rigidity of the new 
cuticle despite the small supply of newly recruited materi- 
al. The double role of these special sites of the pigmented 
layer, namely the accumulation of divalent cations before 
moulting and preferential mineralisation after moulting 
(Giraud 1977; Giraud-Guille and Quintana 1982), is 
probably related to the presence of polyanionic glyco- 
proteins rich in carboxylic mucopolysaccharides. These 
have been identified and located by Giraud (1977) and 
Guiraud-Guille (1984a). In relation to the hypothesis of 
Tandler et al. (1970) and Wick and Hepler (1982) con- 
cerning the availability of cations for pyroantimonate 
precipitation, this could mean that in the premoult cuti- 
cle, Ca and Mg are "loosely bound" to polyanionic 
macromolecules by electrostatic linkages, thus producing 
an abundant pyroantimonate precipitate. According to 
these authors, pyroantimonate precipitates only those 
ions that are "loosely bound" to macromolecular compo- 

nents, whereas freely diffusible ions are too rapidly 
washed out of the tissue and very tightly bound ions are 
largely unreactive. 

The presence of mineral in the epicuticular layers is 
controversial. Our present observations combined with 
the ultrastructural description of the inner epicuticle 
(Comp6re and Goffinet 1987a) provide an explanation 
that may reconcile the apparently conflicting findings of 
the various authors. The heavy mineral deposit filling the 
spaces between the conical roots of the inner epicuticle is 
probably the same as that thought to be located in verti- 
cal epicuticular canals of 100-250 nm in diameter (Travis 
1957; Neville 1975; Hegdahl et al. 1977c; Roer and Dilla- 
man 1984). It has been demonstrated, however, that these 
spaces coincide with the upper ends of the procuticular 
pore canals. In crabs, these inter-radicular spaces extend 
only into the lower part of the inner epicuticle. On the 
other hand, the absence of mineral deposits in the upper 
part of this layer can explain the observations of Bouli- 
gand (1970) and Giraud-Guille (1984b), who consider the 
epicuticle of Cancer pagurus and Carcinus maenas to be 
unmineralised. In other species, such as the crayfish 
(Kfimmel et al. 1970; Neville 1975), the interradicular 
spaces extend close to the cuticulin layer. When they are 
filled with mineral deposits, the whole epicuticular thick- 
ness thus appears mineralised. This could also explain 
the observation of Hegdahl et al. (1977c), who report the 
presence of mineral concretions in epicuticular spines of 
Cancer pagurus. Epicuticular spines contain an axial 
canal that is formed, as are the interradicular spaces, by 
a procuticular canal cell process at the early premoult 
stage (Comp6re, unpublished result). If the epicuticular 
layers are defined sensu stricto, as being the surface coat, 
the cuticulin layer and the matrix of the inner epicuticle 
(Compare 1988), we may conclude that these layers are 
not mineralised, in agreement with Drach (1937), 
Richards (1951), Hackman (1984), Bouligand (1970, 1988) 
and Giraud-Guille (1984b). The lack of mineral deposits 
in the epicuticular canals might be surprising, as they 
contain sufficient quantities of Ca and Mg ions to induce 
pyroantimonate precipitation. In reality, their diameter 
(25 nm) is probably too small to allow growth of calcite 
crystals, which require a minimal breadth of at least 
30 nm (Bouligand 1988). 

Role of  the intracuticular pore canals in the 
mineralisation process 

The experiments of Roer (1980), Cameron and Wood 
(1985) and Cameron (1989) have shown that the epider- 
mis plays a major physiological role in the mineralisation 
of the crustacean cuticle. The present results strongly 
support the view that the transfer of Ca and Mg ions 
from the epidermis into the mineralising cuticular layers 
during postmoult mineralisation of the cuticle is effected 
exclusively by the epidermal cell extensions: in pyroanti- 
monate-treated postmoult samples, the plasma mem- 
brane of these cell extensions is obviously labelled by a 
substantial Ca-pyroantimonate precipitate. The location 
of these particles on the cytoplasmic leaflet of the plasma 
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membrane,  their size (30-60 nm) and their crescent-like 
shape are features shared by the Ca-pyroant imonate  pre- 
cipitates obtained in other tissues involved in the active 
t ransport  of Ca 2+ (Simson and Spicer 1975; Meyran et al. 
1984). These precipitate particles probably mark  the 
Ca-transport ing sites (Ca 2+ ATPase, Caa+/Na + and/or 
Ca2+/H + exchange mechanisms) whose presence on the 
apical plasma membrane  of the epidermal cells has been 
reported by Roer (1980) and Cameron (1989) in Carcinus  
maenas  and Call inectes  sapidus, respectively. Eisenmann 
et al. (1990) suggest that, in rat incisor ameloblasts, an 
identical association exists between the formation of Ca- 
pyroant imonate  precipitate along the apical cell mem- 
brane and the location of the Ca 2+, Mg2+-ATPase. Fur- 
thermore, fluoride, which inhibits enamel mineralisation, 
and verapamil, a Ca-channel blocker, have been found to 
reduce the concentration of Ca-pyroant imonate  deposits 
on the cell membrane  of ameloblasts (Monsour et al. 
1989). In accordance with the hypothesis of Tandler et al. 
(1970) and Wick and Hepler (1982), one might propose 
that the presence of Ca and Mg cations "loosely bound" 
to the affinity sites of ATPase induces the precipitation of 
pyroant imonate.  The absence of precipitate particles in 
the organisation zone of chitin-protein fibres and along 
the cell apical plasma membrane  between the pore canal 
cell extensions suggests that these structures are not Ca- 
or Mg-transport ing pathways. 

By 24 h after moulting, the distribution of mineral de- 
posits is such that the cell extensions running through the 
mineralised lamellae of the principal layer constitute the 
preferential access routes up to the pigmented layer 
where mineralisation is still in progress. At this level, the 
regression of the epidermal cell extensions observed by 
Comp6re and Goffinet (1987b) shortly precedes the cen- 
tripetal progress of mineral deposition. The different se- 
quence of events occurring in these cuticular layers ex- 
plains why the lumina of pore canals of the pigmented 
layer in the intermoult  cuticle are filled with mineral, as 
previously observed by Travis (1957, 1963, 1965), Travis 
and Friberg (1963) and Hegdahl et al. (1977b), whereas 
they remain free in the principal layer, as mentioned by 
Bouligand (1970), Hegdahl et al. (1977a), Giraud-Guille 
(1984a) and Comp6re and Goffinet (1987b). During the 
postmoult  period, rapid degeneration of the cell process- 
es in the principal layer coincides with the complete min- 
eralisation of the pigmented layer at stage C1, and with 
the end of their transporting activity at stage C3, precisely 
at the onset of deposition of the unmineralised membra-  
nous layer. 

The question remains regarding the site of storage of 
the Ca 2+ and Mg 2+ accumulating in the new pigmented 
layer before the moult. Roer 's  in vitro experiments (1980) 
on the integument of Carcinus  maenas  suggest that the 
epidermis, at this time, is involved in resorption of Ca 
from the old cuticle. This view is inconsistent with the 
results of Cameron and Wood (1985) and of Jeuniaux et 
al. (1986), who have demonstrated that, in Call inectes 
sapidus and in Carcinus  maenas  respectively, the exuvinm 
is shed with its entire Ca content. I t  thus appears that the 
cations accumulating in the new pigmented layer do not 
come from the old cuticle. As in the principal layer during 

the postmoult  period, a thin cuticular zone near the epi- 
dermis remains free of any Sb precipitate. This observa- 
tion supports the view that Ca ions are likewise trans- 
ported by way of the cell extensions. During the pre- 
moult, however, the Ca-transport ing rate is probably too 
low to induce Sb precipitation at the level of Ca-trans- 
porting sites in the plasma membrane.  
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