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Abstract—Copper toxicity in different embryonic and larval stages of the common South American toad Rhinella arenarum was
evaluated by means of continuous and 24-h pulse treatments in 12 different developmental stages. Lethal concentrations (LC) of 10, 50,
and 90% of continuous treatment with Cu from early blastula (S.4), complete operculum (S.25), and hind limb bud (S.28) stages were
plotted from 24 to 168 h, resulting from S.4 in a 24-h LC50 of 137mg Cu2þ/L and a 168-h LC50 of 19.5mg Cu2þ/L. This result was in
agreement with pulse treatments that showed a high resistance to Cu at blastula and gastrula stages, whereas the organogenic period,
between muscular response (S.18) and open mouth (S.21), was very susceptible to this metal. Continuous treatments from S.25 showed
no significant differences along exposure time (168-h LC50¼ 51mg Cu2þ/L), but in the case of S.28 toxicity increased slightly from a
24-h LC50 of 138.6mg Cu2þ/L to a 168-h LC50 of 104mg Cu2þ/L, pointing out that, although the larval period was significantly more
resistant to Cu, there was also a remarkable stage-dependent susceptibility to this metal. Copper teratogenic potential was approximately
two, and main adverse effects were reduced body size, axial flexure, microcephaly, acephaly, mouth malformations, agenesis of or
underdeveloped gills, agenesis of or underdeveloped tail, and hydropsy. The results are discussed considering Cu toxicity mechanisms,
an evolutionary perspective, and environmental protection. Environ. Toxicol. Chem. 2011;30:2771–2777. # 2011 SETAC
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INTRODUCTION

Copper (Cu) is an essential trace element for all living
systems, crucial for many cellular processes and metabolism,
such as production of enzymes associated with elastin and
collagen synthesis, melanin production, and the integrity of
the central nervous system [1]. Nonetheless, Cu concentrations
as low as 1 to 20mg/L, slightly higher than the pristine con-
centrations, might bring about adverse effects for aquatic
organisms, in both invertebrates and vertebrates [2]. Copper
exposure in fish has been shown to affect reproductive strat-
egies, swimming speed, immunity, metabolism, enzyme activ-
ities, ionic regulation, and epithelial cells in gills and intestine
[3]. Copper levels in water are increased by anthropogenic
activities, such as mines, domestic and industrial discharges,
agricultural chemical applications, animal feed additives, and
soil erosion [2]. Other sources of contamination include the
textile industry, petroleum refining, manufacture of Cu com-
pounds, building siding and roofs, automobile brakes, tires, oil
leakage, and road surface materials.

Amphibians are considered keystone members of ecosys-
tems and vital links in food chains. The decline of amphibian
populations and the large number of malformations found in
many geographic regions has caused increasing concern [4].
Some studies indicate that this could be related to their high
susceptibility to contaminants, particularly during early life
stages [5], in that this susceptibility has been reported with
diverse physicochemical agents such as metals [6,7], pesticides
[8,9], industrial [10] and pharmaceutical [11] chemicals, and

ultraviolet B radiation [12,13]. In addition, the risk for adverse
effects might be enhanced by the preference to breed in shallow,
lentic, or ephemeral water bodies in which pollutants might be
concentrated.

Most toxicity studies in early life stages explore adverse
effects in acute exposure conditions, such as the cases reported
for Cu in Rana sphenocephala, Bufo boreas, and Rana cat-
esbeiana, with 96-h lethal concentration (LC)50 of 230mg/L,
120mg/L, and 2,400mg/L, respectively [14,15]. Teratogenic
effects of Cu, such as embryonic deformities, decreased growth
rate, and delayed metamorphosis [16], as well as behavioral
changes [17], have been reported.

Toxicity studies performed by treating embryos and larvae
during specific developmental stages allow the evaluation of
stage-dependent susceptibility and the potential adverse effects
related to specific cell differentiation and morphogenic proc-
esses, providing possible explanations based on well-known
developmental features, toxicity mechanisms, and evolutionary
perspective [12,18–20]. The main aim of the present study was
to evaluate the toxic effects of Cu on the South American toad
Rhinella arenarum at different embryonic and larval stages,
reporting lethality and malformations at optical and electronic
microscopic levels. The results are discussed in relation to
environmental concentrations of Cu, its toxicity mechanisms,
and an evolutionary perspective.

MATERIALS AND METHODS

Rhinella arenarum embryos

Rhinella arenarum adults weighing approximately 200 to
250 g were obtained in Lobos (Buenos Aires Province,
Argentina: 358110S; 598050W), a presumably pristine region.
Ovulation of R. arenarum females was induced by means of an
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intraperitoneal injection of a suspension of one homologous
hypophysis in 1ml of amphibian embryo–larval toxicity
test (AMPHITOX) solution (AS) per female. Oocytes were
fertilized in vitro with sperm suspensions in AS. The AS
composition was (inmg/L) Naþ 14.75, Cl� 22.71, Kþ 0.26,
Ca2þ 0.36, HCO�

3 1.45. After fertilization, embryos were
kept in AS at 20� 28C until they reached the stage required
for each experimental protocol. The stage of embryos and larvae
were defined according to Del Conte and Sirlin [21] and
Echeverria y Fiorito de López [22], respectively. Embryos
used before hatching (muscular response stage [S.18]) were
dejellied by means of a 2-min treatment with 2% thioglycolic
acid solution, neutralized at pH 7.2 with 1.35ml of saturated
NaOH solution every 100ml in AS, and then thoroughly
washed.

Test solutions

A Cu stock solution of 1.5g/L was prepared by directly
weighing and dissolving the corresponding mass of CuCl2 � 2H2O
(purity 99%, lot 11570; Riedel-de Haën) in distilled water.
Hydrochloric acid was added until reaching pH 1.9 for conserva-
tion purposes. Test solutions, ranging in concentrations between 3
and 375mg Cu2þ/L, were prepared by diluting a secondary stock
solution of 30mg Cu2þ/L in AS. Experimental Cu solutions were
measured four times with a PerkinElmer atomic absorption
spectrophotometer. The error between nominal and measured
concentrations did not exceed 5%.

Experimental protocol

Rhinella arenarum embryos and larvae were continuously
treated with Cu from early blastula (S.4), complete operculum
(S.25), and hind limb bud (S.28) developmental stages for acute
(96 h) and short-term chronic (168 h) exposures. For the stage-
dependent susceptibility studies, embryos and larvae at blastula
(S.4), gastrula (S.11), neural plate (S.13), neural fold (S.14), tail
bud (S.17), muscular response (S.18), gill circulation (S.20),
open mouth (S.21), opercular folds (S.23), right operculum
closed (S.24), complete operculum (S.25), and hind limb bud
(S.28) stages were 24-h pulse exposed to Cu.

For each experimental condition, triplicate batches of 10 em-
bryos or larvae (S.28) were placed in covered 10- or 20-cm-
diameter glass petri dishes containing 40 or 200ml AS with
different Cu concentrations, respectively. Simultaneously, con-
trol embryos or larvae were maintained in ASwithout additions.
Test solutions were renewed every other day, and temperature
was maintained at 20� 28C. For the stage-dependent suscept-
ibility studies, after exposure, individuals were thoroughly
washed with 200ml AS and were maintained in petri dishes
in 40 or 200ml AS for 168 h. Lethal and sublethal effects were
evaluated every 24 h, and dead individuals were removed.
Larvae from S.25 onward were fed with balanced fish food
TetraColor1 ad libitum for 24 h every other day. The bioassays
were replicated up to seven times by using embryos and larvae
from different couples.

Teratogenic effects were studied with a Zeiss Stemi DV4
stereoscopic microscope. Photographs of embryos and larvae
were digitally recorded with a Sony DSC-S90 camera mounted
on a Zeiss Stemi DV4 stereoscopic microscope. For ultrastruc-
tural observations, embryos were fixed in 4% formol, dehy-
drated in a gradient of acetone, prepared by means of the
critical-point technique, and viewed in a JEOL 5800LV scan-
ning electron microscope.

Statistical analysis

Lethality data were analyzed statistically by the U.S. Envi-
ronmental Protection Agency Probit Program [23]. Toxicity
profiles (TOPs), as isotoxicity curves [24], were plotted based
on the LC10, LC50, and LC90 values at different times. To
establish statistical differences between the LC50 values
obtained, a comparison was made, considering the difference
statistically significant when the higher LC50 and the lower
LC50 ratio exceeded the critical value (95% confidence inter-
val) established by the American Public Health Association
[25].

RESULTS

Lethality

Rhinella arenarum susceptibility to Cu during embryo and
larval development was determined by means of different
experimental protocols. As a general pattern, the initial devel-
opmental stages exhibited a high resistance to Cu, whereas the
organogenic period showed a very high susceptibility to this
metal. Then, the resistance to Cu increased significantly as
development progressed through the larval stages.

Figures 1, 2, and 3 show the TOP curves obtained by means
of Cu continuous treatments (168 h) of R. arenarum from early
blastula (S.4), complete operculum (S.25), and hind limb bud
(S.28) stages, respectively. In the case of embryos exposed from
early blastula (S.4) stage, Cu toxicity significantly increased
from an LC50 of 137 (116.6–158.6)mg Cu2þ/L at blastula–
gastrula to an LC50 of 19.5 (16.2–24.4) mg Cu2þ/L at complete
operculum (S.25) stage. The toxicity slope was more pro-
nounced from a 48-h LC50 value of 108.1 (90.2–127) to a
72-h LC50 of 42.7 (34–52.9) mg Cu2þ/L, corresponding to
neural tube (S.16) and muscular response (S.18) stages, respec-
tively. It is noteworthy that the confidence interval (CI) of LC50
overlapped the CI of LC10 and LC90 at the last embryonic
stages (Fig. 1). In continuous treatments from complete operc-
ulum (S.25) or the end of embryonic development onward, Cu
toxicity showed no significant differences along exposure time
(24-h LC50¼ 54 [43–63] mg Cu2þ/L and 168-h LC50¼ 51
[45–57] mg Cu2þ/L; Fig. 2). Continuous exposure from hind
limb bud stage (S.28) onward with a 24-h LC50 of 138.6 (137–
150) mg Cu2þ/L registered a significant increase in toxicity,
with a final 168-h LC50 of 104 (100–110) mg Cu2þ/L (Fig. 3);

Fig. 1. Toxicity profile curves of Cu representing the lethal concentrations
(LCs) 10, 50, and 90% in Rhinella arenarum embryos from early blastula
stage (S.4) from 24 h up to 168 h. Bars show 95% confidence intervals.
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however, this late larval stage was approximately 2.5 times
more resistant to Cu than S.25.

The remarkable increase in susceptibility to Cu by expand-
ing the exposure from early blastula stage (S.4) during the
embryonic period might result from a stage-dependent suscept-
ibility to this metal. This presumption was confirmed by means
of 24-h pulse exposures at 12 developmental stages. In Figure 4,
the Cu 24-h LC10, LC50, and LC90 values of blastula (S.4),
gastrula (S.11), neural plate (S.13), neural fold (S.14), tail
bud (S.17), muscular response (S.18), gill circulation (S.20),
open mouth (S.21), opercular folds (S.23), right operculum
closed (S.24), complete operculum (S.25), and hind limb bud
(S.28) stages are plotted. The embryos at the beginning of their
development (blastula [S.4] and gastrula [S.11]) exhibited the
highest resistance to Cu (LC50¼ 154 [124–176] mg Cu2þ/L).
There was a significant increase in Cu toxicity from neural fold
(S.14) to muscular response (S.18) stages (LC50¼ 19.3 [17.4–
22.5] mg Cu2þ/L). S.18 until open mouth (S.21) were the most
susceptible stages to Cu during the whole of embryonic devel-
opment (S.20, LC50¼ 17 [15.8–18.4] mg Cu2þ/L). From the
opercular folds stage (S.23) onward, the resistance to Cu
increased gradually until hind limb bud (S.28) stage, with an
LC50 of 138.61 (128.59–150.3) mg Cu2þ/L.

Sublethal effects

Embryos continuously treated from blastula stage (S.4)
onward showed abnormalities directly related to concentration
and exposure time. Copper concentrations higher than
180mg Cu2þ/L stopped embryo development at blastula
(S.4) or initial gastrula (S.11) stages, resulting in cellular
dissociation and yolk exudation to the perivitelline space. In
treatments up to 105mg Cu2þ/L, the embryos reached tail bud
stage (S.17), but 30% of them had morphological anomalies, in
most cases in the abdominal region. Embryos treated from 45 to
105mg Cu2þ/L did not develop beyond the open-mouth stage
(S.21), whereas treatments with 15mg Cu2þ/L had as a devel-
opmental limit the opercular folds stage (S.23). The main
malformations exhibited by embryos were delayed develop-
ment, reduced body size, axial incurvations, microcephaly,
acephaly, microphthalmia, and underdeveloped gills and caudal
fin (Fig. 5a–d). The teratogenic potential of Cu, estimated as the
ratio between the no-effect-concentration (NOEC) value for
lethality (15mg Cu2þ/L) and malformations (7.5mg Cu2þ/L) at
168 h, was approximately two.

The stage-dependent susceptibility study performed by
means of 24-h pulse exposures to Cu at 12 developmental
stages allowed us to identify the range of concentrations
resulting in malformations as well as the main adverse effects
caused by the metal at each developmental stage evaluated.
Table 1 summarizes the main malformations and abnormalities
observed in embryos and larvae exposed to 24-h pulse exposure
to Cu at different developmental stages during the whole
embryonic and early larval period. Copper treatments from
blastula (S.4) until tail bud stage resulted in teratogenic effects
affecting even late developmental stages (Fig. 5f–i). The most
severe adverse effects in embryos were irregular shapes, severe
cellular dissociation, and yolk exudation. Embryos at later
developmental stages exhibited microcephaly, underdeveloped
gills, microphthalmia or eye agenesis, mouth and adhesive
structure malformations, failure in the opercular closure, under-
developed tail and caudal fin, axial flexures, abdominal edemas,
and gut agenesis in a concentration–adverse effect relationship.

Exposure to Cu from muscular response (S.18) to complete
operculum (S.25) stage also showed severe morphological
alterations, but adverse effects were limited to the structures
developed in the given embryonic stage (Table 1). Those
embryos and larvae exhibited reduced body size, delayed
development, severe gill and abdominal dropsy, abnormal
gut development, and underdeveloped tail.

Neurotoxic effects such as erratic swimming and spasmodic
movements were registered from opercular fold stage (S.23)
onward, even if individuals had been exposed at earlier devel-
opmental stages. Those adverse effects were observed with Cu
concentrations between 3.75 and 7.5mg Cu2þ/L.

DISCUSSION

The present results show the high Cu toxicity to embryos and
larvae of R. arenarum, a widely distributed South American
amphibian species, both in continuous and in pulse exposures at
different developmental stages. As a whole, embryos at blastula
(S.4) and gastrula (S.11) stages showed the highest resistance to
Cu; the organogenic stages were the most susceptible, and
during the last embryonic and larval stages the resistance to
Cu increased gradually up to values obtained in the blastula and
gastrula. This pattern within the embryonic stages has also been
found with other metals, such as Pb [18] and Ni [20], and
organic substances such as 2,4-dichlorophenoxyacetic acid

Fig. 2. Toxicity profile curves of Cu representing the lethal concentrations
(LCs)10, 50, and90%inRhinellaarenarum larvae fromcompleteoperculum
stage (S.25) from 24 h up to 168 h. Bars show 95% confidence intervals.

Fig. 3. Toxicity profile curves of Cu representing the lethal concentrations
(LCs) 10, 50, and 90% in Rhinella arenarum larvae from the hind limb bud
development stage (S.28) from 24 h up to 168 h. Bars show 95% confidence
intervals.
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[26], confirming as a general concept that organogenic stages
are very susceptible to noxious agents. Because the organogenic
stages were the most susceptible to Cu, the fact that jelly coats
might reduce the toxicity of environmental agents at embryonic
stages prior to hatching [27] does not affect the main purpose of
this study, which focuses on identifying the most susceptible
developmental stages of amphibian to Cu for protection pur-
poses.

The TOP curves report the concentrations exerting the same
degree of adverse effects for different exposure periods [24], so
this might be relevant for incorporation in all toxicity studies. In
the case of early life stages of R. arenarum, the significant
increase in Cu toxicity from an LC50 of 137 to an LC50 of 42.7
and then to an LC50 of 19.5mg Cu2þ/L at blastula (S.4), neural
tube (S.17) and complete operculum (S.25) stages, respectively,
anticipated a remarkable stage-dependent susceptibility to Cu,
confirmed in the present study by means of pulse exposure
experiments. Conversely, Cu toxicity in continuous treatment
from complete operculum stage (S.25) onward did not signifi-
cantly change along the exposure time (168 h), confirming
previous results [24], in which Cu at this larval stage achieves
its maximal toxicity within the initial 24 h of exposure. This
pattern of fast maximal toxic effect found for Cu is similar to the
results reported for Cd [19], whereas the toxicity of Ni sig-
nificantly increased by expanding the evaluation period over
96 h, even if the metal exposure had been for only 24 h [20]. At
advanced larval stages (S.28), the increase in the resistance to
Cu was significant, up to 2.5 times higher than complete
operculum stage (S.25); nevertheless, Cu toxicity increased
toward metamorphosis. It is important to note the multiple
overlap among the confidence limits of LC50 with LC10 and
LC90 (Fig. 1), which implies that, for certain developmental
stages, the exposure to Cu concentrations of about LC10 or
LC50 may represent a risk for 50% or 90% of the population,
respectively. Similar results were obtained for other chemicals
in certain exposure conditions [24,28]. In the case of Cu, these
facts are of special concern because of the very small difference
from the LC10 to the LC50 or from the LC50 to the LC90 in
certain developmental stages.

Most toxicity studies focus on acute effects in a predeter-
mined period of the life cycle, as the cases reported for Rana
sphenocephala, Bufo boreas, and Rana catesbeiana larvae with
a 96-h LC50 of 230mg/L, 120mg/L, and 2,400mg/L of Cu,
respectively [14,15]. For tadpole stages, R. arenarum had
approximately the same susceptibility as B. boreas. However,
based on the stage-dependent susceptibility reported here, the
susceptibility for R. arenarum was approximately six times
higher than the toxicity value reported for B. boreas. Therefore,
an approach evaluating the susceptibility at all developmental
stages would be of great relevance for species protection
purposes. However, differences in the reported Cu toxicity
may be partially related to the Cu salt employed and the
temperature and salinity in the toxicity tests conditions. For
example, the sulfate salt may be less toxic than the chloride
form, perhaps because of the higher solubility of the chloride
form [2]. Moreover, high concentrations of other ions in
the maintaining solution compete with Cu for binding and
uptake, reducing the Cu uptake, bioaccumulation, and toxicity
[29]. It has been reported that FETAX and AMPHITOX tests
have different conditions of salinity and temperature in the
maintaining media [30], which might modify toxicity results.

In comparison with other metals, the present results show
that Cu was the most toxic for R. arenarum embryos followed
by Cd [19], Ni [20], Al [31], and Pb [18]. Copper also caused
relevant teratogenic effects in all the developmental stages
evaluated. Its teratogenic potential in continuous treatments
from blastula to complete operculum stage was about two;
values higher than 1.5 indicate a high risk for embryos to be
malformed in the absence of significant embryonic lethality
[32]. Thus, in the case of Cu, it is meaningful to incorporate
teratogenesis as a relevant endpoint for risk assessment pur-
poses. As reported for lethality, the teratogenic effects produced
by Cu also had a stage-dependent susceptibility pattern, the
organogenic stages being most susceptible to this metal. The
reduced body size produced by Cu at all the developmental
stages evaluated (Table 1) has been also reported for Rana
pipiens [16,17] and may be considered as a nonspecific adverse
effect of toxic agents on early life stages [18,20]. The fact that

Fig. 4. The 24-h lethal concentrations (LCs) 10, 50, and 90% in Cu pulse exposure in Rhinella arenarum embryos at 12 different developmental stages.
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certain malformations such as axial flexures and hydropsy were
obtained at all developmental stages seems to indicate that Cu
might produce some adverse effects in spite of the exposure
period. Other malformations, such as persistent yolk plug,
are related exclusively to the developmental stage at which
the morphogenic and/or cellular differentiation features occur,
in this case during the gastrula stage. This is partially confirmed,
considering that Cu exposure during the initial developmental

stages resulted in similar malformations, such as cephalic
abnormalities (microcephaly/acephaly), mouth malformation,
agenesis/underdeveloped gills and tail, axial flexures, hydropsy,
and reduced body size. In the case of slight effects, embryos in
later stages recovered to some extent during later developmen-
tal stages. This result may be considered within the general
concept of regulation and recovery capacity during early life
stages [33]

Fig. 5. Examples of scanning electron and optical microscopic views of malformations produced by Cu in Rhinella arenarum embryos and larvae. Continuous
treatments from blastula stage: control at S.25 (a); 15mg Cu2þ/L continuous treatments (b–e): Delayed development, reduced body size, microcephaly, gill
agenesis, and axial flexures (b); mouth and gill malformations (c); abdominal and cardiac edema, abnormal gut development (d and e); 24-h pulse exposure to Cu
(f–i): 180mgCu2þ/Lat blastula (f) and7mCu2þ/L at gastrula stage, resulting in cellulardissociationand failure in thegastrulationprocess (g); control embryoat tail
bud stage (h); and embryo exposed at neural stages to 3mg Cu2þ/L with remarkable cellular dissociation (i).

Copper toxicity in amphibian early life stages Environ. Toxicol. Chem. 30, 2011 2775



The usual explanation of the remarkable stage-dependent
susceptibility to chemical agents focuses on the complexity
achieved in cell differentiation and morphogenic processes as
development advances [34]. The biochemical toxicity of Cu,
when it exceeds homeostatic control, is derived from its effects
on the structure and function of biomolecules such as DNA,
proteins, and membrane molecules or through oxygen-radical
mechanisms [35]. In the case of hydropsy, the documented
disruption of Na/K ATPase (the ‘‘sodium pump’’) by Cu could
be directly related to this particular adverse effect [36]. More-
over, the high susceptibility to Cu in gill circulation stage (S.20)
might be related to the hydropsy and epithelial lifting reported
for fish gills, probably initiated also by the inhibition of Na/K
ATPase. The moderate hypoxia resulting from gill injury
probably also contributes to Cu toxicity [3]. The cellular
dissociation observed from gastrula (S.11) to tail bud (S.17)
stages seems to reflect the interference of Cu with Ca homeo-
stasis [36], resulting in cellular adhesivity reduction. The erratic
swimming may be related to neurotoxic effects [16,17], possi-
bly associated with acetylcholinesterase (AChE) inhibition as
has been reported for fish [37].

An evolutionary perspective could also contribute to a
rational explanation for the stage-dependent susceptibility to
Cu reported in the present study. In fact, living organisms
at ontogenic stages could be considered as biomarkers of
environmental signatures during the evolutionary process of
their phylogenetic ancestors [38]. From this perspective,
the ancestors of free-living organisms were exposed to
harsh environmental conditions, including metal availability,
as has been reported for the anoxic period in Earth history based
on geochemical studies [39]. The initial anaerobic stages of
R. arenarum embryos reflect the environmental conditions of
these ancient times [38] and therefore could be associated with
high resistance to metals and physical agents [12,20], including
the results of the present study of Cu toxicity. The gradual
increase in free oxygen from approximately 2.4 billion years
ago onward may be reflected during ontogenesis by the gradual
increase in oxygen consumption as the embryo develops [38].
The associated increase in oxidative stress enhanced by tran-
sition metals such as Cu could explain the higher susceptibility
to this chemical during organogenic stages. The adaptation
process of living organisms to oxidative stress during the
phylogenetic process could be reflected during ontogenesis
by the increased resistance to Cu as embryo–larva development
advances.

Compared to Cu toxicity for fishes, ranging mainly between
340 and 10,000mg/L, and for fresh water invertebrates, ranging
between 54 and 1,700mg/L [2], the high susceptibility of
amphibian embryos to this heavy metal is remarkable; the
LC50 reported in the present study for the most susceptible
developmental stage of R. arenarum was for S.20 a 24-h LC50
of 17 (15.8–18.4) mg Cu2þ/L. Moreover, in unpolluted fresh-
water bodies, Cu concentrations range between 1 and 20mg/L,
and, as a result of anthropogenic impacts, Cu concentrations
might rise to even severalfold higher, as in the case of the
Reconquista River, an urban ecosystem of Buenos Aires Prov-
ince with values from 27 to 64mg/L [40]. Consequently, our
results on the susceptibility of R. arenarum to Cu point out that
the toxicity reported for the Reconquista River might be at least
partially related to the high level of Cu pollution in that urban
ecosystem [30].
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