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Abstract

Whole body oxygen consumption and some hemolymph parameters
such as pH, partial pressure of gases, level of ions and lactate were
measured in the estuarine crab Chasmagnathus granulata after both
acute (96 h) and chronic (2 weeks) exposure to cadmium at concentra-
tions ranging from 0.4 to 6.3 mg/l. In all instances, the crabs developed
hemolymph acidosis, but no respiratory (increased PCO2) or lactate
increases were evident. Hemolymph levels of sodium and calcium
were always increased by cadmium exposure. The chronic toxicity of
cadmium was enhanced at 12� salinity, even causing a significantly
higher mortality in comparison with the higher salinity (30�) used. A
general metabolic arrest took place at 12� salinity in the crabs
chronically exposed to cadmium, as indicated by decreases of oxygen
consumption and PCO2, an increase of PO2, along with no changes in
lactate levels. These imbalances were associated with severe necrosis
and telangiectasia in the respiratory gills, probably leading to respira-
tory impairment and finally histotoxic hypoxia and death of the
animals.
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Introduction

Chasmagnathus granulata is an estua-
rine crab living along the South American
Atlantic coast from Rio de Janeiro (Brazil) to
Puerto Deseado (Argentina) (1). Some es-
tuarine environments, such as Lagoa dos
Patos (Brazil), Samborombón Bay and Mar
Chiquita (Argentina), are densely populated
by this species. Both adults and juveniles

live mainly in burrows in coastal muddy
flats, being omnivorous detritivores (2) and
serving as food for several fish species of
high commercial value that reproduce in
Samborombón Bay (3).

Samborombón Bay is located in the exter-
nal, open sector of the Rio de la Plata estuary,
where pollution is significantly lower than in
other sectors (4). Nevertheless, cadmium was
detected above permissible levels in 82% of
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water samples from the Rio de la Plata estuary,
with mean values ranging from 2 to 4 µg/l (4).
Furthermore, the cadmium concentration found
in superficial sediments was 9.43 ± 4.63 µg/g,
while a concentration of 11.91 ± 6.39 µg/g was
reported in suspended material from the more
polluted areas (5).

The acute lethal toxicity of cadmium has
been previously reported for C. granulata,
as well as its inhibitory effect on carbonic
anhydrase (6,7). It has been widely reported
for both vertebrate and invertebrate animals
(8,9) that heavy metals can bind to several
proteins, including enzymes, altering their
functions. Accordingly, several physiologi-
cal processes, including those involved in
blood homeostasis, have been considered in
studies of sublethal effects of heavy metals
on aquatic fauna (8,10). These studies have
examined gas exchange, ion regulation and
acid-base balance, closely related processes
that are finely regulated, especially in inter-
tidal crabs (11-13).

Salinity is one of the most variable pa-
rameters in the estuarine environments where
C. granulata lives. For example, in Sambo-
rombón Bay the salinity ranges from 12 to
18� near the mouth of the Salado River
(14). Near Punta Rasa Cape (15), where the
tidal influence is strong, the crabs are ex-
posed to salinities of 20 to 30�. As a conse-
quence of the fluctuations of salinity, the
crabs typically possess highly developed
mechanisms for ion regulation. The estua-
rine crab C. granulata is a strong hyperregu-
latory species (16).

Several effects of salinity on heavy metal
toxicity have been reported for crustaceans.
As a rule, the toxicity of a heavy metal
increases as the salinity decreases. This fact
has been reported for several crustaceans
both in studies of lethal (6,17), and sublethal
(18-21) effects.

This study was designed to identify un-
der acute and chronic exposure to sublethal
concentrations the imbalances caused by
cadmium to blood homeostasis of C. granu-

lata, mainly the effects on levels of gases,
ions and organic metabolites, in order to
determine the nature and significance of the
produced changes. In addition, the influence
of environmental salinity as a factor modify-
ing cadmium toxicity was assessed.

Material and Methods

Adult C. granulata crabs were used in all
experiments. In order to minimize biological
variations in response, only males were stud-
ied. The animals were collected on Faro San
Antonio beach, at the southern end of Sam-
borombón Bay (36o18�S, 56o48�W). The con-
centrations of heavy metals in crabs sampled
at this site have been reported to be below
the detection limits of atomic absorption
spectrophotometry (7). Once in the labora-
tory, crabs were maintained for two weeks
under the same environmental conditions
that would be used later in the bioassays:
12-h light/12-h dark photoperiod (fluores-
cent light), temperature of 20 ± 1oC, pH 7.4
± 0.1, dissolved oxygen at >90% of satura-
tion, and 12 or 30� salinity. The saline
water was prepared from dechlorinated tap
water (total hardness: 80 mg/l as CaCO3

equivalents) and Marine Mix (Wiegandt,
Krefeld, Germany) salts for artificial marine
water. On the basis of the results obtained in
a previous study of C. granulata (16), crabs
were acclimated for two weeks to the above
salinities. During this acclimation period,
the crabs were fed twice a week with com-
mercially available pellets of rabbit food and
chicken liver, as in previous studies (6,7).

After the acclimation period, 10 crabs
were randomly assigned to each 24-liter ca-
pacity glass aquarium, which contained 3
liters of test solution, enough for the crabs to
be submerged. The toxicological bioassays
followed the guidelines of the American
Public Health Association (22). In all cases,
a cadmium stock solution (10 g/l) was pre-
pared from hemipentahydrated cadmium
chloride (Baker, Ltd., Phillipsburg, NJ, USA)
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and distilled water. In addition, a control
group was always run, containing only 10
crabs and the artificial saline water used in
all test solutions. The following experiments
were conducted in order to test for the acute
and chronic effects of cadmium under the
influence of different salinities.

Acute effects

Crabs for this set of experiments were
collected on July 1995. The mean wet weight
(± SEM) of the crabs used was 13.85 ± 2.07
g (N = 80). These assays were conducted
only at 12� salinity. Two series, each com-
prising a control and cadmium concentra-
tions of 0.4, 1.6 and 6.3 mg/l, were run. For
each series, independent aquaria with 10
crabs each were used for each cadmium
concentration and control. The concentra-
tions were below the 96-h LC50 value (25.1
mg/l) previously determined for the same
species with this toxicant and salinity (19).
The crabs were exposed for 96 h without
feeding. At the end of the exposure period,
crabs from all treatments were subjected to
the following sequential procedure:

Gas analysis. A hemolymph sample (80
µl) was taken from crabs of the first series
with a capillary tube, from the base of a
fourth or fifth pereiopod, in order to analyze
pH and the partial pressures of CO2 (PCO2)
and O2 (PO2), by means of a Radiometer BMS3
Mk2 Blood microsystem, thermostated at
20oC.

Ion and carbohydrate analysis. A sec-
ond hemolymph sample of 0.5 ml was taken
immediately after the first one with a 1-ml
syringe provided with a 27-G needle, from
the same site, and immediately transferred to
a 1-ml Eppendorf tube for storage at -20oC
until analysis. Sodium and potassium con-
centrations were determined by flame pho-
tometry (Crudo Caamaño SRL, Buenos Aires,
Argentina). Colorimetric methods were used
to measure free calcium (Boehringer kit,
Mannheim, Germany), chloride (Wienner kit,

Rosario, Argentina) and L-lactate
(BioMérieux kit, enzymatic method, Lyon,
France).

Oxygen consumption. Crabs of the sec-
ond series were placed for 60 min in con-
stant-pressure respirometers (23) and their
aerial respiratory rate was measured. Oxy-
gen volume was standardized to 760 mmHg
and 273oK. Respiratory rate was expressed
as µl O2 min-1 g-1 of fresh body weight.

Gill dissection. After determining oxy-
gen consumption, the right third (respira-
tory) and eighth (osmoregulatory) gills of
each crab were dissected and fixed in Bouin
solution for 12 h, dehydrated in a progres-
sive alcohol series, embedded in Paraplast,
cut into 6-µm sections, and stained with
hematoxylin-eosin and Masson trichrome.

Chronic effects - influence of salinity

Crabs for this set of experiments were
collected on March 1996. The mean wet weight
(± SEM) of the crabs used was 12.60 ± 2.41 g
(N = 80). A cadmium concentration of 5 mg/l
was used, in parallel with a clean water con-
trol, at two different salinities, 12 and 30�, in
two series. Each series comprised 10 crabs for
each combination of salinity and treatment
(control or cadmium). The crabs were ex-
posed for two weeks; during this period they
were fed as mentioned for the acclimation
period, and all test solutions were renewed 6 h
after food was provided.

At the end of the exposure period, a
sample of hemolymph was taken from each
animal of one series to determine pH, PCO2,
PO2 and concentrations of Na+, K+, Ca2+, Cl-

and lactate, while the crabs of the second
series were used for oxygen consumption
determination and gill dissection. In all cases,
the same methodology as described for the
acute assay was followed.

Statistical analysis

Data for each of the variables considered
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in the acute toxicity assay were analyzed by
one-way ANOVA (factor Cd3), while two-
way ANOVA was used to analyze data from
the chronic toxicity assay, taking as factors
cadmium concentration and salinity. In all
cases, a priori planned comparisons (24)
were made to compare each cadmium con-
centration versus control. Logarithmic trans-
formation of data was made when homoge-
neity of variances was not eventually con-
firmed for raw data.

Results

Acute effects

No mortality was recorded during the 96-
h exposure period. Figure 1 shows the re-
sults for all variables, specifying also the
significant differences (P<0.05) detected
between toxicant concentrations and con-
trols. A significant acidosis (P<0.001) oc-
curred at the two higher cadmium concentra-
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Figure 1 - Mean values (± SEM)
of hemolymph parameters and
physiological variables for Chas-
magnathus granulata exposed to
various concentrations of cad-
mium (mg/l) for 96 h at 12‰ sa-
linity. Control: Water dilution
control. N = 10 in all cases.
*P<0.05 compared to control
(one-way ANOVA followed by
planned comparisons test).
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tions (1.6 and 6.3 mg/l). No significant dif-
ferences were detected for PCO2, lactate, oxy-
gen consumption or chloride. Partial oxygen
pressure was significantly higher (P<0.05)
than the control value at 6.3 mg/l cadmium,
while potassium was significantly (P<0.05)
increased, but only at 1.6 mg/l cadmium.
Sodium significantly (P<0.05) rose at 1.6
and 6.3 mg/l while calcium increased at all
the concentrations assayed. No significant
differences were detected between any cad-
mium concentration and control in strong
ion difference (SID), estimated from the dif-
ference between the measured strong cat-
ions and anions.

The main pathologies detected in the gills
were hyperplasia and telangiectasia, although
at a low extent in both cases. Hyperplasia
was mainly observed in lamellae, and in
marginal channels to a lesser extent (Figure
2B). Conversely, a discrete telangiectasia
(accumulation of hemolymph) was observed
in marginal channels rather than in the lamel-
lae. Hyperplasia was observed mainly in the
third gill, while telangiectasia was more com-

monly seen in the eighth gill.

Chronic effects - influence of salinity

Mortality (40%) only occurred in cad-
mium-exposed crabs maintained at 12�.
Figure 3 summarizes the results obtained for
the hemolymph parameters after the 2-week
exposure period, as well as the result of the
statistical comparisons made between the
mean values of the exposed and control crabs
for each of the assayed salinities. Some sig-
nificant differences caused by cadmium
(P<0.001) were found both at 12 and 30�,
i.e., a decrease of pH and an increase in PO2
and Ca2+ levels. However, some other sig-
nificant differences (P<0.05) between the
cadmium-exposed and control crabs were
only found at 12� salinity; these were a
decrease of PCO2 and oxygen consumption,
as well as an increase of Na+ levels and
measured SID. A drop in K+ concentration
was noted at 30� in cadmium-exposed crabs.
Significant effects (P<0.05) of salinity as a
factor were only noted for potassium and

Figure 2 - Pathologies of the res-
piratory gills observed in both
acute and chronic assays at 12‰
salinity. A, Normal architecture
(control); B, hyperplasia (6.3
mg/l cadmium, acute assays); C,
necrosis (5 mg/l cadmium,
chronic assay); D, telangiectasia
(5 mg/l cadmium, chronic assay).
All mentioned pathologies are in-
dicated with arrowheads. Hori-
zontal bars: 10 µm.
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chloride levels, which were higher at 30 than
at 12� (P<0.05).

Histopathological analysis showed incipi-
ent to moderate necrosis in osmoregulatory
gills, consisting of vacuolization and edema-
tization of lamellar epithelium leading to
swelling of inocytes. Severe necrosis, with
rupture of epithelial and pillar cells, was
often seen in respiratory gills (Figure 2C).
Moderate to severe telangiectasia was also
seen in these gills (Figure 2D), i.e., partial or

massive infiltration of lamellae with hemo-
lymph, with lack of the normal circulatory
compartmentalization. The strongest effects
of cadmium were seen at the lowest salinity
assayed.

Discussion

From an ecotoxicological point of view,
the concentrations used in this study that
caused significant effects on the measured
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parameters (1.6 and 6.3 mg/l in the acute
assay and 5 mg/l in the chronic one) can
potentially be found by crabs in their natural
environment. As stated in the Introduction,
the cadmium concentration reported in sedi-
ments and suspended material from the Rio
de la Plata estuary averages 10 µg/g (i.e., 10
parts per million) in the more polluted areas.
Although C. granulata lives in Samborom-
bón Bay, an area thus far relatively free of
pollution, the potential risk of cadmium for
this species should be seriously considered,
especially taking into account that C. granu-
lata is a detritivore, sediment-consumer spe-
cies (2). Cadmium, like other heavy metals,
presents a high absorption to fine sediments
such as clay, abundant in the bottom and
coastal areas of the mentioned estuary (4).

According to Bjerregaard and Vislie (25),
total levels of cadmium in the hemolymph of
the crab Carcinus maenas are slightly below
ambient cadmium concentrations £2 mg/l,
but hemolymph cadmium concentration in-
creases up to 3-fold with respect to ambient
cadmium concentrations ranging from 4 to
10 mg/l. Since these ambient concentrations
and most of the experimental conditions used
in that study were similar to those used in the
present one, in principle we can consider
these results to be representative for C.
granulata. It is also known that competition
occurs between calcium and cadmium for
intake through crustacean gills, using the
calcium uptake routes (26). It has been re-
ported that cadmium uptake increases in
amphipods as ambient calcium concentra-
tions decrease (27), although a higher intake
of cadmium with decreasing salinity is not a
general rule for all crustaceans (26).

A marked acidosis developed after cad-
mium exposure both in the acute and chronic
assays. Neither a respiratory component (in-
dicated by increasing PCO2) nor a metabolic
one (i.e., an increase in hemolymph lactate
concentration) was evident in the two as-
says. A possible role of cadmium binding to
plasma proteins should be considered in or-

der to explain the plasma acidosis caused by
cadmium. This metal has the capacity to
bind to hemocyanin molecules (28,29).
Hemocyanins represent 95% of the plasma
proteins in crustaceans (30). Cadmium is
able to alter polymerization of the hemocya-
nin molecule by binding to allosteric sites
(28), thereby affecting the free ionic force
and possibly also the hemocyanin buffering
capacity. Since PO2 increased in crabs both
acutely and chronically exposed to cadmium,
a possible reduction in the affinity of the
hemocyanin molecule for oxygen may also
have occurred. Although the decrease in oxy-
gen consumption observed in the chronic
assay may also have been responsible for the
increased PO2, this was not the case for the
acute assay, a result supporting the hypo-
thesis of a possible reduction of hemocyanin
oxygen affinity by the effect of cadmium.

A significant effect of cadmium on so-
dium and calcium concentrations was evi-
dent both in the acute and chronic assays. A
marked increase in the plasma concentration
of both sodium and calcium was also re-
ported in experiments with the crab Carci-
nus maenas exposed to cadmium (25). In
Carcinus maenas exposed to copper, a non-
lactic metabolic acidosis was reported, asso-
ciated with a decrease of sodium and other
ion levels, becoming more severe with de-
creasing salinity (19). The increase of so-
dium levels in C. granulata could be related
to an attempt to return to normal pH through
an increase in SID, with higher SID values
corresponding to higher pH values (10, 24,
for crabs). Since wide variation in SID val-
ues was observed among treatments, with-
out a clear correlation with pH changes, no
major physiological role of SID was ob-
served for pH homeostasis.

Nevertheless, it should be noted that no
inhibition of gill Na+/K+-ATPase was found
in a previous in vivo study with C. granulata
acutely exposed to the range of cadmium
concentrations used in the experiments de-
scribed here (31). Furthermore, this lack of
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inhibition was also seen under conditions of
chronic exposure (Moreno PAR, Schwarzbaum
P and Rodríguez EM, unpublished results).
Therefore, the primary active mechanism for
sodium uptake (i.e., Na+/K+-ATPase) seems
to function normally in cadmium-exposed
crabs. However, we cannot rule out a pos-
sible effect of cadmium on apical transport-
ers and channels for sodium; in this respect,
it has been reported that cadmium stimulates
sodium absorption across the amphibian skin
at the level of the apical membrane (32).

Concerning the calcium increase (Fig-
ures 1 and 3), dissolution of calcium carbon-
ate from the exoskeleton for hemolymph
buffering has been described for crabs dur-
ing air breathing (12) and under other envi-
ronmental conditions (30) as a consequence
of plasma acidosis. This homeostatic re-
sponse should not be ignored in C. granulata
exposed to cadmium. However, the observed
increase in plasma calcium could be related
to a competitive displacement at the calcium
pump level or to blockage of calcium chan-
nels by cadmium (9), preventing normal cal-
cium uptake in most tissues and therefore
increasing the hemolymph calcium levels.
The possible displacement of calcium by
cadmium from binding sites in plasma pro-
teins, therefore increasing hemolymph free
calcium levels, should also be considered.

By comparing the results from the ex-
periments with the two salinities run in the 2-
week assay (Figure 3), it is clear that the
toxicity of cadmium was enhanced at the
lower salinity, as reported for several other
crustaceans (9,18-20) and even for C. gra-
nulata concerning carbonic anhydrase activ-
ity (6). Control crabs maintained for 2 weeks
at 12� salinity showed values similar to
those of control crabs maintained at the same
salinity in the acute assay. The higher levels
of potassium and chloride observed at 30�
compared to those observed at 12� (effect
of salinity by itself) were possibly related to
the less developed regulation of these ions
compared to others such as sodium (16).

The higher toxicity caused by cadmium
at 12� than at 30� was mainly caused by
the general metabolic arrest that took place
at the lower salinity. Several concomitant
changes are indicative of such metabolic
arrest, such as decreased oxygen consump-
tion, decreased PCO2 and increased PO2, to-
gether with no change in lactate level. How-
ever, we cannot rule out that a transient
hypoxemia and lactacidemia could occur
before that, not detected at the time we sam-
pled hemolymph. The observed metabolic
drop could be due to histotoxic hypoxia
related to tissue necrosis, or to blockade of
the main metabolic pathways in several tis-
sues (33).

The latter results show a correlation with
the observations made on gills. While in the
acute assay all pathologies detected occurred
at a low extent, with no obvious correlation
with hemolymph gas levels, in the chronic
assay a moderate to severe necrosis and tel-
angiectasia in the respiratory gills seem to be
in accordance with the decrease in oxygen
consumption and the possible histotoxic hy-
poxia mentioned above. Experiments made
with copper on the crab Carcinus maenas
showed gill hyperplasia, vacuolization and
necrosis both at sublethal and lethal levels
(34). These pathologies seemed to cause
respiratory impairment, leading to hypox-
emia, lactacidemia, hemolymph acidosis and
death. A recent study on C. granulata ex-
posed to ammonia showed collapsing of gill
lamellae, together with hypoxemia and
lactacidemia, but no hemolymph acidosis
(35).

Only an extreme imbalance in the blood
acid-base status was reported to be lethal for
fishes (36). As suggested for crabs exposed
to copper (37), the hemolymph acidosis ob-
served in C. granulata did not prove to be
the cause of death in cadmium-exposed crabs.
It was detected in both acute and chronic
assays, but lethal effects were only seen in
those animals exposed for 2 weeks to the
lowest salinity, these crabs showing gill pa-
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thologies that seemed to cause respiratory
impairment, finally leading to death of the
animals. However, the hemolymph acidosis
should not be excluded as a factor contribut-
ing to the observed mortality.

As main conclusions, we can state that
the hemolymph acidosis developed both af-
ter an acute and a chronic exposure to cad-
mium was not related to a respiratory (in-
creased PCO2) or to a metabolic (increased
lactate) component. Moreover, its relevance
for crab mortality was not evident. Rather,

the present results suggest that the lethal
effects of cadmium on C. granulata ob-
served at 12� salinity at the end of the 2-
week exposure period are strongly associ-
ated with tissue histotoxic hypoxia caused
by cadmium in most tissues.
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