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Calcium Concretions in the Gills of a Freshwater Mussel Serve as
a Calcium Reservoir During Periods of Hypoxia

H. SILVERMAN, W.L. STEFFENS, anp T.H. DIETZ
Department of Zoology and Physiology, Louisiana State University, Baton
Rouge, Louistana 70803

ABSTRACT The gill of the freshwater mussel, Ligumia subrostrata, is
composed of 25% calcium concretions on a dry weight basis. These concretions
are located extracellularly in the connective tissue of the gill. The concretions
have a lamellar structure and occur singly, multiply, and in clumps. The
concretions are composed primarily of calcium phosphate and an organic ma-
trix. The concretions are more numerous toward the base of the gili and less
frequent in the tip of the gill. The average size of the concretions is 2-3 pm.
The concretions are not solubilized in animals exposed to prolonged hypoxic
conditions. Instead, as calcium increases in the blood under hypoxic conditions
the percentage of the gill dry weight attributed to concretion material in-
creases and the calcium content of the concretion material is elevated. The
calcium content of the concretions also is inversely correlated with blood pH.
This study indicated that the concretion material in the gills was not mobilized
under hypoxic conditions, but served as a calcium reservoir during periods in

which the animal was liberating calecium from other sites.

Calcium concretions are found in the body
tissues of freshwater bivalves and gastro-
pods. The lamellar concretions are usually
found extracellularly within connective tis-
sue in muscle (Kapur and Gibson, '68) and
mantle (e.g., Davis et al., '82; Petit et al,
'80). Similar appearing concretions also are
seen intraceilu{)ariy in the basophilic calctum
cells of the hepatopancreas where they are
presumably formed (Abolins-Krogis, '58, '61,
63a,b, '68; Simkiss, '82; Mason and Simkiss,
'82; Howard et al., ‘81). Since the concretions
contain calcivim and are common in mantle
tissue, a role in shell calcification has been
suggested for these mineral spherites
{Wagge, '51; Abolins-Krogis, '68; Watabe et
al., ’76; Davis et al., '82). In support of this
hypothesis certain tissues (particularly the
hepatopancreas) show an apparent increase
in the number of spherites present following
shell damage and during subsequent repair
of the shell {Abolins-Krogis, *73). These stud-
ies show a relationship between what ap-
pears to be concretion formation in the
hepatopancreas and abnormally high shell
deposition in freshwater molluscs during pe-
riods of shell repair. In further support of the
above hypothesis, Abolins-Krogis (73) sug-
gests that wandering amoebocytes may
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transport concretions to the mantle after the
concretions are formed. However, Marsh et
al. ('81) note that no amoebocytes can be
found above mantle tissue uniess the mantle
has been damaged during experimental ma-
nipulation of the shell.

Yet another hypothesis (Istin and Girard,
"70) for the role of concretions suggests that
the calcium in these spherites can be mobi-
lized under hypoxic conditions much as the
shell of these organisms is often resorbed
under similar conditions. In this report we
note the extensive distribution of calcium
concretions in gill tissue of the Unionid
freshwater mussel Ligumia subrostrata, yet
the gill is quite removed from the area of
shell deposition. We report the results of mor-
phological and histochemical analyses of the
caleium concretions found in the gill tissue.
We ohserve that caleium concretions of the
gills are not mobilized under the most severe
hypoxia; in accord with recent chemical evi-
dence suggesting calcium in the concretions
of the hepatopancreas is mainly bound to a
pyrophosphate complex and not to either or-
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thophosphate or carbonate (Howard et al.,
'B1}. Instead, we report the concretions serve
as a caleium phosphate reservoir which is
capable of increasing its calcium content un-
der anoxic conditions. The increase in cal-
cium content in the concretions is
concomitant with increasing levels of cal-
cium in mussel blood and correlated with the
decreased pH of the blood during the anoxic
period. It appears that this freshwater mus-
sel has a mechanism for conserving calcium
which might otherwise be lost to the environ-
ment following its liberation from the shell
as a result of hypoxia.

MATERIALS AND METHODS

Male Ligumia subrostrata collected locally
(Baton Rouge, La) were used in all experi-
ments. Mussels (25 to 70g) were acclimated
to artificial pond water (0.5 mM NaCl, 0.4
mM CaCly, 0.2 mM NaHCO;, 0.05 mM KCl
at 22-25°C) in the laboratory for at least a
week, and all experiments were initiated
within six weeks of collection.

Histochemistry

Gills were prepared for histochemistry by
cutting the mussel adductor muscles, open-
ing the shell, and cutting the gills free from
the bedy at their basal surface.The gill pair
on each side of the mussel was treated as a
unit. Each unit was rapidly coated with
0.C.T. Compound (Ames Co., Elikhart, IN),
oriented, and frozen in liquid nitrogen. The
gills were allowed to warm to -20°C in a
eryostat (American Optical) and sectioned at
a thickness of 12 um.

The histochemical methed employed to de-
tect calcium in the gili tissue was the aliza-
rin red S reaction following the methods of
Dahl ('52) without employing counter stain,
Alizarin red S reactions also were performed
after pretreatment of gill sections with either
10 mM EGTA (pH 8.5), 0.1 M succinic acid
(pH 2), or potassium acetate buffer (pH 4.4)
for 1 h in an atternpt to remove calcium from
the tissue. Following the pretreatments, the
sections were washed 5-8 times in distilied
water to remove the preincubation fluid prior
to the alizarin red S reaction.

Oxidizable polysaccharides in gill tissue
were demonstrated using a modification of
the silver methenamine method of Martino
and Zamboni (87) without gold substitution,
and by the periodic acid-Schiff reaction of
McManus ('46) substituting Carnoy for for-
malin fixation. The PAS reaction was run
before and after a I-h pretreatment in amy-
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lase to remove glycogen, and also following
EGTA pretreatment. As a tissue control, all
the glycogen in the muscle fibers of the mus-
sel foot was removed using the amylase pro-
cedure, suggesting that PAS staining cannat
be attributed to glycogen.

Some sections were analysed for Ca-AT
Pase following the methods of Padykula and
Herman ('565) with and without ATP as a
substrate. For general orientation purposes
we alse stained some sections with 1% tolui-
dine blue and Paragon.

Estimates of the size range of the calcium
concretions were made using a Wild light
microscope and an ocular micrometer.

Isolation of the caleium concretions

Two isolation procedures were used to izo-
late a pure fraction of calcium eoncretions
from the gill tissue for chemical analysis.
The first invelved homogenizing gill tissue
with an Ultrasonics tissue homogenizer,
heating the homogenate (100°C for 2 min) to
denature protein, and incubating the mix-
ture in 1 N NaOH at 60-70°C for an hour.
After several washes in NaOH followed by
distilled water, calcium concretions were cen-
trifuged into a pellet (5 min spin at 4,000g).
The second method of purifying the calcium
concretion fraction from gill tissue involved
& differential centrifugation in a discontin-
uous sucrose gradient. The tissue was ho-
mogenized in distilled water layered over a
2.5 M sucrose layer, and the calcium concre-
tions were collected by centrifugation (20 min
at 2500g). The fractions used for X-ray mi-
croanalysis were homogenized using a
ground glass homogenizer and were not al-
lowed to contact any metal instruments, The
purity of the caleium concretion pellets iso-
lated was checked directly using electron mi-
croscopy. Some of the concretion material was
dehydrated in an ethanol series and embed-
ded in L.R. White resin for ultrathin section-
ing. Another portion was similarly
dehydrated, mounted on copper troughs, and
sputter coated with 10 nm Au-Pd for exami-
nation using scanning electron microscopy.
Some of the material was also placed on car-
bon-coated parlodion films for observation of
whole concretions using transmission elec-
tron microscopy. All electron microscopy was
done on concretions immediately after isola-
tion and also after treatment with 10 mM
EGTA to remove caleium from the concre-
tions.

In some mussels the mantle was isolated
and a calcium concretion fraction was pre-
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pared using the same techniques applied to
the gill pairs,

Chemical analysis of the concretion fraction

The concretions were analyzed for calcium
by atomic absorption spectrophotometry
{Perkin-Elmer) using methods previously de-
scribed (Murphy and Dietz, *76). Concretion
bicarbonate was estimated using manometry
to measure the liberation of CO5 from the
calcium concretions by dilute sulfuric acid
{Dietz and Branton, '75; Potts, '64). Concre-
tion phosphate was extracted by 10% TCA
and quantitated by molybdate colorimetry
(Huxtable and Bressler, "73). Blood from
mussels in which the gill concretions were
isolated was also analyzed for osmolarity, Ca
content, pH, phosphate, and bicarbonate.
Concretions also were ashed at 450°C to de-
termine the percentage of the concretion ma-
terial attributed to volatile organic matter.

Production of an hypoxic environment

Conditions of hypoxia were produced in two
independent ways. One methoed consisted of
placing mussels in a bell jar continuously
gassed with water saturated Ny creating a
slight positive pressure. The mussels were
placed on a suppert above the water in the
bell jar. Under these conditions the mussels
were not permitted to excrete metabolic by-
products into water. This methed of hypoxia
produced considerable stress as demon-
strated by the change in blood variables
measured and by the attendent mortality of
mussels between days 3 and 6 of the study.

Hypoxic conditions were also established
with the mussels in Ng saturated artificial
pond water. Single mussels were placed in
quart jars sealed with rubber stoppers. The
artificial pond water in each jar was changed
once each 24-h period to prevent the accu-
mulation of metabolic waste products. The
replacement pond water was gassed with Ny
for 20 min hefore it was used to replace pond
water in the jars. Winkler O, titration indi-
cated that this treatment of pond water
leaves less than 1% saturation with oxygen.
Mussels remained under these hypoxic con-
ditions between 24 weeks.

Electron microscopy of gill sections

Gills from both control and hypoxic (in
water) treatment groups were prepared for
electron microscopy by excising the gill pair
and fixing the whole outer gill filament in
0.02 M cacodylate buffered 2.5% glutaralde-
hyde for 20 min. The gills were then cut into
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5.mm wedges which identified the orienta-
tion of the tissue and fixed an additional 1-2
h. The tissue soaked overnight in 0.02M cac-
odylate buffer and was posifixed for 1 h in
1% 0sQ4. The tissue was dehydrated in
either an acetone or ethanol series and
embedded in either Spurr or L.R. White
resin. Ultrathin sections were taken and con-
trasted with lead citrate and with saturated
uranyl acetate (50% ethanolic). The sections
were viewed with a JEOL 100CX operating
at 80 keV.

X-ray microanalysis

Concretions isolated on sucrose gradients
were transferred to distilled H,O, then air-
dried. The resultant pellet of purified concre-
tions, as determined previously, was at-
tached (using drawn glass probes for
handling) to a spectroscopically pure carbon
SEM stub with Aqua Dag (Fullam). After
verification of sample purity by SEM, ele-
mental composition was determined subse-
quently on the same sample using energy
dispersive X-ray spectroscopy (EDS). A Hita-
chi HS-450 equipped with an Edax unit was
used for all work. Spectrum collection time
was 25 sec,

RESULTS

Morphology of the calcium concretions in

the gill

Calcium concretions are located through-
out the connective tissue of the giil. They
appear singly, as multiples, and often
clumped together as clusters. In the loose
connective tissue forming the core of the gill
bars (Fig. 1), the concretions exist as isolated
single or doublet concretions. In the denser
connective tissue toward the base of the gills
the concretions are numerous and exist as
clusters (Figs. 1,2), which can virtually fill
several hundred micrometers of basal con-
nective tissue. They predominate particu-
larly in the region of the gill connective tissue
lying adjacent to the kidney tubule, and sur-
rounding the branchial nerves.

The concretions range in size from tenths
of microns o over 100 um, but the average
size of the concretions in gill material is be-
tween 1-3 pm with less than 1% over 20 um
as determined by light microscopy of isolated
gill concretions. The concretions react histo-
chemically with both alizarin red S (Figs. 1,2)
and PAS following amylase reaction (Fig. 3).
The alizarin red S reaction can be eliminated
by pretreatment with either EGTA (Fig. 4)or
succinic acid. Although the calcium can be
removed, structures are still present which
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correspond to concretion material. Reaction
with PAS following amylase treatment indi-
cates that the material which is not removed
by either acid or EGTA (Fig. 5) is either poly”
saccharide or has a polysaccharide moiety
associated with it. The concretions also react
specifically with silver methenamine (Fig. 6)
supporting the PAS results.

The coneretions also stain with toluidine
blue giving a refractile appearance. The con-
cretions also give an apparently positive re-
action for the presence of Ca-ATPase using
the methods of Padykula and Herman (55)
(Fig. 73, but incubation of the sections with-
out the ATP substrate indicates the reaction
is not an enzymatic one but is indicative of a
calcium phosphate complex already present,
and is histochemical evidence for a calcium
phosphate component in the concretions.

Also of interest in the gill sections studied
with lght microscopy is the similarity in
staining pattern of the paired chitinous rods
supporting individual gill bars and the con-
cretions (see Figs. 1,2,4,7). The chitinous rods
of Unionids have been reported to have a
calciferous nature (Ridewood, '03), and this
study indicatés their composition to be simi-
lar to the calcium concretions of the gill. This
also is consistent with the electron mi-
croscopic appearance of the two structures
(Fig. 8.

The histochemical results suggest the pres-
ence of a high concentration of calcium and
phosphate (confirming the report of Jans-
gens, 1893) in both the concretions and chi-
tinous rods of the gill, and also suggest that
the concretions occupy much of the volume
of the deep connective tissue of the gills. Iso-
lation of the concretion material from the
soft tissue of the gill was readily accom-
plished in a discontinuous sucrose gradient
indicating the difference in density between
the concretions and the other components of

PFig. 6. Calcium concretions in the deep connective
tissue of the mussel gill stained with silver methena
mine. Several of the concretions exhibit a lamellar ap-
pearance. Some of the large concretions demonstrate a
dense staining core (arrows). Bar = 5 pm.

Fig. 7. A section through two musse! gill bars reacted
for histochemical Ca-ATPase activity. The epithelivm of
the gill bars show dark staining ATPase activity lar-
rows}, but the calcarecus chitinous rods (Cr} and the
calcium concretions (C) show a more intense staining
than the epithelium. The calcium phosphate nature of
these tweo structures is responsible for the staining. Bar
= 20 pm.

Fig. 1. An anterior to posterior section across the ven-
tral edge of a mussel gill lamella stained with alizarin
red S to demonstrate calcium deposits. Caleium concre-
tions stain and are found singly {C) and in large clumps
{arrows) within the connective tissue of the gill. Also
stained are the calcareous chitinous rods (Cr) which sup-
port individual gill bars. Note the area occupied by par-
ticulate calcium within this section of gill. The section is
typical of the midregion of the lamellae. Bar = 40 pm.

Fig. 2. A dorsal-ventral section across the plane of a
mussel gill lamella stained with alizarin red 8. The area
shown is near the base of the lamelia, Note the cajcar-
eous chitinous reds (Cr) running the length of the gill
bars. Also note the apparent organized clusters of eal-
cium concretions (C) along the length of the rods. The
caleium concretions increase in number and area of con-
nective tissue occupied toward the base of the gill {com-
pare this figure with Fig. 1). Bar = 100 pm.

Fig. 3. An anterior to posterior section across the
ventral edge of a mussel gill lamella stained with PAS.
The caleium concretions stain positive with PAS (C) and
exhibit a typical concentric lamellar structure. The cal-
careous rods (arrows) as well as the connective tissue in
the immediate area of the rods also react positively with
PAS. Bar = 40 pm,

Fig. 4. A section with similar orientation to that seen
in Figure 1. This section has been preincubated in 10
mM EGTA before subsequent staining with alizarin red
S. After EGTA or acid treatment neither the calcium
concretions nor the calcareocus chitinous rods (Cr) stain
with alizarin red 8. Bar = 40 pm.

Fig. 5. A section of gill lamelia adjacent to a water
channel preincubated with EGTA before PAS staining.
The concretion material loses shape and organization
but still stains positive with PAS (arrows). Bar = 20 pm.
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the gill tissue. Electron microscopy of the
isolated gill concretions shows the purity of
the isolated coneretion fraction.

In situ, the calcium concretions have a la-
.mellar appearance in cross-section viewed by
electron microscopy (Figs. 8,9). The concen-
tric lamellae also can be seen in the light
microscope using either phase contrast or
Nomarski interference optics or after tolui-
dine blue staining. The number of lamellae
is variable, depending in part, on the size of
the concretion. The lamellae surround an in-
ner electron dense material making up the
core of the concretions. Sections of isolated
concretions have the same appearance Fig.
10), and when pretreated with EGTA for 1
min the lamellae of the conecretions disap-
pear from the sections (Fig. 11). A few of the
dense cores from the concretions remain. Al-
though the size of the concretions varies
widely, the core of these concretions are gen-
erally the same size (0.1 um).

The concretions often have associated with
them an amorphous material at their outside
surface similar to that reported for the intra-
cellular concretions of the hepatopancreas
(Bimkiss, '82). This amorphous material often
has embedded within it erystalline struc-
tures which are removed by EGTA treat-
ment. Rarely the lamellar components on the

outside surface of the concretion appear to -

have crystals embedded in them as well (Fig.
12). Foliowing EGTA treatment, fragments
of these lamellae can often be found display-
ing a negative image of the solubilized crys-
tals (Fig. 13). Although the concretions
themselves rarely gave an electron diffrac-
tion pattern the crystals embedded in the
lamellae and in the amorphous coat did pro-
duce diffraction patterns indicative of a true
crystalline structure. Scanning electron mi-
croscopy reveals these crystals extending
from the surface of the otherwise smooth con-
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cretion surface (Fig. 14). Other concretions
demonstrate ne crystal protrusions and are
smooth (Fig. 15).

Chemical analysis of the gill concretions

Chemical analysis of the gill concretions
confirms the histochemical results reported
above, The isolation procedures (both sucrose
gradient and NaOH extraction) were reason-
ably free of contamination and gave an av-
erage concretion fraction yield of 25% of gill
dry weight (see Fig. 16). It is of interest that
the concretion material appears resistant to
60°C 1 N NaOH exposure for as long as an
hour and can withstand over a week in 1 N
NaOH without showing any apparent change
in morphology at the electron microscopic
level. Ashing of the isolated concretions at
450°C indicates 25% of the concretion mate-
rial to be of an organic volatile nature with
the remaining 75% being nonvolatile inor-
ganic matter.

The major inorganic components of the con-
cretion material are phosphate and calcium
(Table 1) as determined both by X.ray mi-
croanalysis and chemical assay. Calcium
makes up 25% of the normal conecretion ma-
terial (atomic absorption spectrophotometry),
and phosphate accounts for another 36-39%
of the concretion material’s weight (molyb-
date colorimetry). The concretion material
also contains notable amounts of other cat-
tons. Manganese and iron are detected in the
characteristic X-ray spectrum, and barium
appears to be present in trace amounts (Fig.
17). The major anionic component associated
with the concretions is phosphate. Bicarbon-
ate (respirometry; accounts for less than 4%
of the concretion weight. X-ray microanal-
ysis of the material reveals no detectable sul-
fur; thus sulfate does not appear to be pres-
ent as a component of either the inorganic or
organic portion of the concretions,

Fig. 8. An electron micrograph through portions of
the caleareous chitinous rods of a single mussel gili bar.
Note the concentric lamellae of the isolated concretion
in the upper right corner of the micrograph. The similar-
ity betwen ocuter layers of the gill bar and the lamellae
of the concretion is apparent (arrows). Bar = 2 pm.

Fig. 9. An electron micrograph of several calcium
concretions in the connective tissue of a musse] gill. The
concretions are often found asociated with amoebocytes
(A) but are rarely seen intracellularly in the gill tissue.
Note the electron dense cores found in several of the
concretions (arrow). The concretions vary in size but all
have a similar concentric lamellar appearance. Bar = 4
Bm.

Fig. 10. An electron micrograph of a concretion iso-
lated from musse] gill by sucrose density centrifugation.
The concretion has been gectioned and demonstrates the
same lamellar appearance as in situ concretions, Note
the typical electron dense core of the concretion. Bar =
1 pm,

Fig. 11. An electron micrograph of isolated caleium
concretions from musse! gill sectioned and treated for 1
min with EGTA. The portion of the concretion relatively
registant to this treatment is the electron dense core (Co)
and, in some cases, the very outer lamellae of the concre-
tion (arrows), Bar = 0.5 um.
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Fig. 12. A high magnification clectron micrograph of
the outer lamellae of a concretion. Crystalline material
is embedded in an organic matrix (in some concretions).
Bar = 1 gm.

Changes in the mussel after hypoxia

After establishing the normal distribution
and structure of the gill calcium concretions,
experiments to determine whether their form
and composition would change under hy-
poxic conditions were initiated. To establish
the stress on individual animals placed in
the hypoxic environment, and to correlate
this stress with changes seen in concretion
form and content, analyses of blood were per-
formed. Table 2 shows the average values
recorded for blood composition in normal
mussels, in mussels placed in a water satu-
rated Ny atmosphere, and in mussels placed
in pond water saturated with N,

Blood pH drops significantly in the ani-
mals under hypoxia. Both groups of hypoxic
animals also show significantly increased
calcium content and, interestingly, only the
atmosphere hypoxic group show a significant
increase in total blood osmolality. These re-
sults have been reporied earlier (Dugal, '39;

Fig. 13. A micrograph of an outer lameliae from a
concretion treated with EGTA. Note the negative images
{arrows) where crystalline material was apparently
embedded before the EGTA treatment. Bar = 1 um,

Dietz, *74; Wieser, *81) and led to the assump-
tion that the increased calcium found in the
blood possibly could be coming from the two
large calcium reserves; the shell and the cal-
cium concretions. Mussels placed in an hy-
poxic environment do not show any decrease
in the content of concretions within the gill
on a dry weight basis. In fact, there is a
significant increase in the dry weight of the
concretions per mg dry weight of gill under
these conditions. Further, when the calcium
content of concretions is plotted against the
blood pH of individual mussels there is a
significant (P < 0.002) inverse relationship
between blood pH and calcium content in the
coneretions (Fig. 18). A relationship also ex-
ists between the calcium concentration in the
bicod and the calcium content of the concre-
tions (Fig. 19). The results demonstrate that
concretions in the gill of these mussels are
not losing calcium to the blood during a time
of increased blood caleium, but are instead
gaining it,
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TABLE 1. Composition of gill concretions in pondwater
acclimated Ligumia subrostrata

CCs/dry weight gill (%) 246 + 1229
Ca/dry wt CCs (%) 253 + 1.5(13)
HCOy/dry wt CCa (%) 34+ 04D
Pldry wt CCs (%) 131+ 04 @
Calculated PO, /dry wt gill (%) 38.9
Calculated Po0q/dry wt gill (%) 36.5
Volatile material (%)

tat 450°C for 4 ) 25 + 18 @}

'Calcium pius phosphate account for 60-64% of the calcium
concretions (CCs). Organic material accounts for another 26%,
and X-ray microanalysis indicates quantities of iron, manganese,
bariem, snd sodium can account for 10% of the CCs on a dry
weight basis,

— 1

P Ca

Mn

Si
Ba Fe

Na

Fig. 17. A characteristic X-ray spectrum. Spectrum
collestion time was 25 sec. The predominant elements
are calcium and phosphorous, with barium, manganese,
and iron also present, Sodium was detectable and silcon
may have been a glass contaminant.

Of further interest is the cbservation that
bicarbonate in the blood does not increase
with calcium but significantly declines (Ta-
ble 2. If calcium does not come from the
coneretions it could come from the shell
where it is partially complexed as calcium
carbonate (Dugal, '39). However, blood bicar-
bonate is reduced under hypoxic conditions
{Table 2).

Fig. 14. A scanning electron micrograph of & group of
isolated concretions showing crystalline structure in the
outer surface lamellae, Bar = 1 pm.

Fig. 156. A scanning electron micrograph of a group of
concretions with a smooth outer lamellar surface. These
are as common as those appearing in Figure 14. Bar = 1
pm,

Fig. 16. A transmission electron micrograph of con-
cretions isclated by discontinuous sucrose density gra-
dient. This preparation was used for Xoray
microanalylsis. The micrograph demonstrates the typi-
cal purity achieved with our isolation methods. Bar =
L,
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Fig. 18. The dry weight percentage of calcium in iso-
lated concretion material {spherite) plotted against the
pH of the blood in the anima! from which the coneretions
were extracted, The regression of calcium content in
isolated concretions on musse! blood pH (ploited line) is
significant (P < 0.002; r = 0,38},
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Fig. 19. The dry weight percentage of caleium in iso-
lated concretion {spherite) material plotted against cal-
cium content in the biood of the animal from which the
concretions were extracted. A regression of calcium con-
tent in isclated mussel gill concretions on mussel blood
calcium content (plotted line) is significant (P < 0.0007;
r = {.43).

TABLE 2. Ligumia subrostrata bleod solutes

Normal N3 (Gas) N, (Water)
pH 7.60 + 0.06 T.27 £ 0.07** 7.26 + 0,07
mM Ca 39 +05 140 +1.1* 127 +1.3%
mM Na 21.0 £ 08 200 08 124 4+ 0.4%*
mM HCO5 136 + 0.6 7.1 + 1.4% -
mM PO, 0.13 + 0.03 0.18 + 0.01 —
T'otal solute

mOsm 4560 £ 09 696 + 34% 46.6 + 2.5

Sodium values from Dietz (*74).
*Higher than normal (P < 0.05).
**Lower than normal (P < §.05).

DISCUSSION

In Ligumia subrostrata, calcium concre-
tions (CCs) have been observed in the connec-
tive tissue of the mantle and foot and
extensively examined in the gill. In ali three
locations CCs are extracellular. In other
freshwater and land molluses CCs located
intracellularly have been studied, particu-
larly, in the “calcium cells” of the hepatopan-
creas {(Abolins-Krogis, 58, 61, '63b, '68;
Simkiss, '82; Mason and Simkiss, '82; How-
ard et al., ’81). The CCs in these cells are
composed mainly of an inorganie amorphous
crystalline caleium phosphate (Howard et al.,
’81) associated with an organic matrix. Our
results indicate that the extraceliular CCs of
L. subrostrata have a similar composition of
inorganic calcium phosphate associated with
an organic matrix.

The presence of CCs in mantle tissue led
previous investigators to search for a puta-
tive role in shell calcification. Evidence sup-
porting this theory include observations of
an apparent increase in CCs in hepatopan-
creas cells of molluscs with experimentally
damaged shells (Abolins-Krogis, '61, ’63h,
"13). Wagge ('51) suggested that calcium ma-
terial for shell regeneration was produced in
the digestive diverticula. Petit et al. ("80) and
Abolins-Krogis (73} have observed CCs in
wandering amoebocytes and suggest these
cells may transport CCs to the mantle during
times of shell formation and repair. Al
though there is enough calcium in the con-
cretions to make them a peossible source of
caleium during shell formation, the calcium
in the CCs is in the form of calcium phos-
phate which is relatively difficult to solubil-
ize (Simkiss, '82), even under extreme
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conditions of hypoxia as shown by results of
our study, Howard et al. (81) have analyzed
.the CCs caleium phosphate composition and
find it to be composed of pyrophosphate which
would he resistant to breakdown. Since the
aragonite crystals of the shell of these mol-
luscs are calcium carbonate, one would have
to envision a liberation of calcium in the
connective tissue and its transport to the
mantle for the CCs to play a major role in
shell calcification; possibly by the amcebo-
cytes. However, Timmermans ('73) notes the
relationship between amoebocyte number
and position in the mantle may be related to
mantle damage rather than shell repair dur-
ing shell injury experiments. Marsh et al.
(’81) suggest that it would be difficult to de-
termine if amoebocytes are actually trans-
porting shell building material or are
phagocytizing debris in an area of injured
cells. These questions raise doubt as to
whether the CCs actually contribute to shell
regeneration, and perhaps whether they con-
tribute to shell calcification processes under
normal cenditions. Bierbauer (57) has pre-
sented evidence that the CCs do not play a
role in shell calcification.

We suggest it is appropriate to view the
CCs as playing an overall role in calcium
homeostasis within the organism. This hy-
pothesis is supported, in part, by the distri-
bution of the CCs in the connective tissue of
the gill. On a dry weight basis giil tissue
contains twice as much CCs material as
mantle tissue, and this distribution is diffi-
cult to reconcile with a role in mantle-di-
rected shell formation. Further, cursory
examination of other mussel tissues (unpub-
lished) reveals the CCs are widely distrib-
uted in the connective tissue throughout the
organism. Simkiss’ ("76) approach has sug-
gested that original CCs formation within
hepatopancreas cells is a possible cellular
mechanism for maintaining proper intracel-
lular calcium activities in the cytosol.

Istin and Girard ('70) have suggested that
during hypoxic stress the CCs might be a
source of the free calcium. Our results indi-
cate that the CCs may contribute to the ho-
meostasis of free calcium in the blood in the
opposite way. In the gill tissue the amount of
CCs is increased during hypoxic conditions
instead of decreased. At the same time the
calecium content within the concretions is in-
creased in a manner correlated with the cal-
cium content in the blood (Table 2). The fact
that calcium increases at the same time total
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concretion weight is increasing suggests that
the weight gain is largely due to the addition
of calcium to the concretions with elevation
of calcium in the blood. These results suggest
that the caleium liberated by the mussel un-
der hypoxic conditions does not come from
the extensive calcium concretion deposits in
the gill connective tissue. This also appears
to be true of connective tissue CCs found in
Helix (Burton, *78). Instead, the calcium is
probably liberated from the shell (Dugal, "39;
Sorokina and Zelenskaya, '67). Freshwater
organisms do not have an abundant supply
of environmental calcium, and it would be
selectively unsound for an animal forced to
liberate calcium carbonate buffer derived
from the shell in response to metabolic
changes (resulting in lower blood pH) due to
hypoxia to not have a mechanism to retain
the liberated calcium. Clearly, calcium car-
bonate of the shell (or elsewhere) would be
more susceptible to leaching by acidic metab-
olites than the calcium phosphate (pyrophos-
phate) of the concretions (Howard et al., "81)
due to the solubility characteristics of the
two materials under such conditions. it is
also not surprising that during the hypoxic
conditions, when calcium increased in the
blood, there was a decrease in blood bicar
bonate. The limit of CaCO4, solubility is about
15 mM, and Dugal ("39) has suggested an
unknown organic acid as the balancing an-
ion for the increased calcium in the blood.
Wieser ('81) has recently shown that succi-
nate and lactate are produced during hy-
poxia concomitantly with an increase in blood
calcium in Helix. In these studies with L
subrostrata such anions would not only have
to balance the increased calcium in the blood
but also make up for an apparent loss of
bicarbonate from the normal blood concen-
trations. The acidosis observed in the present
study is the result of hypoxic conditions as
maintained by nitrogen gas and not by main-
tenance of an increased CO; environment. In
the latter case bicarbonate apparently rises
in Helix (Burton, 76); it appears that in our
hypoxic treatment group, if bicarbonate is
being liberated from the shell it is being re-
leased from the animal as CO, leaving high
blood calcium and low bicarbonate levels.
These results also can be obtained by infus-
ing HCl into Helix in an attempt to mimic
metabolic acidosis (Burton, "76).

The unexpected low bicarbonate levels
raise the interesting question, if calcium Hb-
eration is not tied to the balancing of higher
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bicarbonate anion in the blood, why is the
calcium concentration in the blood raised so
high and in good agreement to decreased
blood pH? It has been suggested by Christof-
fersen {"73) that neurons in the snail Helix
are depolarized by high external H* and hy-
perpolarized by high Ca™*. The increase in
blood calcium with acidosis may offset the
increase in H* and allow nerve function un-
der such conditions (Christoffersen, '73). This
explanation of calcium and its regulation of
nerve potentials is of interest with reference
to the organization of CCs within the gill,
The main branchial nerves which Lie at the
base of the gill are surrounded by extensive
accumulations of CCs. The association of CCs
with nerves may serve to buffer the changes
in the ionic eontent of the blood., This ar-
rangement of CCs may also partially explain
why the mussel can be more tolerant of
changes in the ionic composition in its blood
{Dietz, '74; Dietz and Branton, '79; Murphy
and Dietz, '76; Scheide and Dietz, '82) than
other freshwater animals.

Another apparent function of the CCs
which has been clearly elucidated by Simkiss
and his colleagues (Simkiss, '82; Mason and
Simbkiss, '82; Howard et al., '81} is the ability
of the CCs to bind potentially toxic metals.
Such binding to the pyrophosphate core of
these granules may serve the organism as a
detoxification site during exposure to toxic
metal compounds in the environment. The
Simkiss reports deal extensively with the
CCs found intracellularly in the hepatopan-
creas. Our study expands on this previous
work by demonstrating an extensive accu-
mulation of extracellular CCs in the gills of
a freshwater mussel. X-ray microanalysis re-
veals that the extracellular CCs contain met-
als, particularly manganese and iron, as also
shown by Mason and Simkiss ('82)

The CCs do not contain appreciable
amounts of carbonate nor do they appear to
have much sulfate because sulfur is not de-
tected by X-ray micreanalysis. This is in
agreement with the report of Howard et al.
('81). There is an organic core to the CCs as
demonstrated by histochemistry, It is com-
posed partially of polysaccharides but does
not appear to show the sulfate groups typical
of connective tissue matrices. This differs
from a recent report by Davis et al. ('82)
where sulfur was reported from X-ray mi-
croanalysis data. Our spherites were unsec-
tioned and not embedded during analysis and
did not exhibit sulfur. Either the region of
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sulfur content was outside the zone of pri-
mary excitation in our preparation (not
likely) or Spurr embedding medium may
have contributed to the sulfur peak previ-
ously reported. The second possibility is sup-
ported by the lack of sulfur in the
characteristic X-ray spectrum of Petit et al.
80).

The organic matrix of the CCs is reactive
with Schiff and silver methenamine after pe-
riodic acid incubation and is likely to be non-
sulfated glyvcoprotein in nature based on the
histochemistry of Abolins-Krogis (61, ’63a.b).
The structure of the CCs is resistant to 1 N
NaOH even at 60°. The organic material of
the CCs is also resistant to acids (pH 2) and
10 mM EGTA as indicated by PAS staining
after preincubation in such solutions. It ap-
pears that a resistant glycoprotein is the
likely organic material associated with the
CCs.

The CCs in freshwater and land molluscs
are a likely calcium reserve which serve
many functions including detoxification (by
chelation) of heavy metals, a storage site of
caleium concomitant with its forced libera-
tion from the shell during hypoxic condi-
tions, and perhaps as a source of shell calcium
under the appropriate conditions, although
such conditions have not as yet been docu-
mented,
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