
291

INTRODUCTION

Over the past three decades, the release of rare met-

als into the environment has been significantly in-

creased due to their use in industry and agriculture

(Yongxing et al., 2000). Europium (Eu) is a rare earth

element of the lanthanide series, which is primarily

used in nuclear reactor control rods because of its ef-

fectiveness in absorbing neutrons. Eu-doped plastics

have been used as laser materials, and Eu oxide ser-

ves as a phosphor activator, for example in the red

phosphors of colour television tubes (Argonne Na-

tional Laboratory, 2005). Recently, there has been an

increasing interest in diagnostic and therapeutic ap-

plications of Eu in biomedical nanotechnology due to

its fluorescent properties (Kallistratos et al., 1985;

Reynaldo et al., 1996; Alptürk et al., 2006).

The biochemistry of lanthanides has been exten-

sively reviewed (Evans, 1990; Cotton, 1991). They

can form complexes with many molecules of bioche-

mical interest, since the major ligands for lanthanides

are donor groups with negatively charged oxygen a-

toms [e.g. carboxylic or phosphate groups of amino

acids and nucleotides (Gross & Simpkins, 1981; Ger-

sanovski et al., 1985; Franklin, 2001)]. Lanthanides

enter into reaction with biologically active compounds

replacing calcium ions and many others, such as

Zn2+, Mg2+, Mn2+, Fe2+ and Fe3+ (Burroughs et al.,
1992; Sigel & Sigel, 2003).

Toxicity of the lanthanide-containing compounds

in vertebrates depends mainly on their chemical form
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and route of administration. It has been shown that

oral intake through drinking water or oral administra-

tion of EuCl3⋅6H2O causes to rats hyperkeratosis of

the forestomach and eosinophils infiltration of the

stomach submucosa (Ogawa et al., 1995). In rabbits,

lanthanides provoke conjunctivitis when applied di-

rectly on eyes and severe irritation when applied to

abraded skin. Intradermal injection of lanthanide

chlorides lead to epilation and nodule formation in

guinea pigs (Haley et al., 1965). It has also been shown

that subcutaneous injection of lanthanides causes lo-

cal calcification with mild fibrosis and accumulation

of multinucleated giant cells in mice (Garrett &

McClure, 1981). Studies of acute toxicity of Eu in rats

revealed that the main symptoms were arched back,

writhing, ataxia, lacrymation, stretching of the hind

limbs on walking, and laboured and depressed respi-

ration. Death resulted from cardiovascular collapse

coupled with respiratory paralysis (Haley et al., 1965).

Data about Eu effects on aquatic biota are surpri-

singly poor, considering the soil enrichment by metals

of lanthanide series, caused by humans and occasio-

nally resulting in elevated concentrations in the

aquatic environment (Sneller et al., 2000). Generally,

concentrations of lanthanides increase in the series

surface water-pore water-sediments-macrophytes-

molluscs; however, aquatic biota tends to show rather

high variability in bioaccumulation, depending on the

different lanthanide sources and the structure of food

chains (Weltje et al., 2002). Therefore, adverse effects

on certain species, like bottom-dwelling omnivorous

and benthivorous cyprinids, should be considered. 

Zebrafish (Danio rerio) belongs to the family Cy-

prinidae and is a model organism (Lele & Krone,

1996) which offers several compelling experimental

advantages, whereas the toxicity profiles for zebrafish

and mammals are strikingly similar (McGrath & Li,

2008). One of the advantages of zebrafish is a large

number of readily available eggs, which allow multi-

factorial tests on embryos. Experiments with fish em-

bryos are easy to perform and they may serve as a

sound alternative to those using mature fish (Wede-

kind et al., 2007; Lammer et al., 2009).

The aim of the present study is to evaluate the po-

tential toxic effects of Eu on developing embryos of

the model freshwater organism D. rerio.

MATERIALS AND METHODS

Breeding was performed on fish obtained from wild

stocks and maintained in the laboratory for at least

three generations. Sexually mature zebrafish were

kept in 40 l full glass aquaria with a flow-through sys-

tem (flow rate 10-20 l hr–1, 28.5±1ÆC, pH 7.2±0.2

and total hardness 24ÆdH). Light and dark periods

were 14 and 10 hrs, respectively, and fish were fed

with commercially available artificial diet (ZM-400,

Tetra Werke, Melle, Germany) twice per day.

Fertilised eggs were obtained from reproducing

adult zebrafish according to the procedures described

by Westerfield (1995). Eggs collected within two hours

after spawning were staged according to standard

protocols (Kimmel et al., 1995) and exposed to a ran-

ge of Eu concentrations (0, 0.05, 0.5, 5, 50, 100, 200,

320, 400 and 500 ppm) in triplicate for each one.

Europium (III) chloride hexahydrate (EuCl3⋅6H2O)

(CAS 13759-92-7) was obtained from Aldrich Chem. 

For each Eu concentration, totally 120 eggs were

incubated in a Petri dish at 28.5±1ÆC for 72 hrs. Ad-

ditionally, for some concentrations (200, 320, 400 and

500 ppm), the eggs were exposed to the metal only

for the first 10 hpf (hrs post fertilization) and placed

afterwards into clean fresh water. The development

of embryos and larvae was monitored under a light

stereomicroscope. Mortality and hatching were

recorded every hour. Dead (non-translucent and dark

coloured) eggs were removed. Live as well as dead

embryos were examined for malformations under a

light microscope. Dead embryos were placed in a

NaCl saturated solution, before the examination, un-

til they became clear. Morphometric analysis was car-

ried out on a set of distances among several land-

marks defined on the digital photographs of larvae.

Distances were determined using an image analysing

software (NIKON Digital Sight DS-L2). A total of

nine raw distances [eye diameter, mouth to posterior

margin of pericardial cavity, posterior margin of peri-

cardial cavity to urogenital opening, urogenital open-

ing to posterior tip of notochord, the highest point of

head (dorsally from rhombencephalon) to posterior

tip of notochord, posterior tip of notochord to ante-

rior margin of dorsal fin, posterior tip of notochord to

posterior margin of dorsal fin, mouth to the highest

point of head, posterior margin of pericardial cavity

to the highest point of head] along with eight areas

(eye, yolk sac, dorsal-caudal fin, ventral fin, notochord,

otic capsule, otoliths and body area) were recorded.

The effect of body size was removed by a standard re-

gression method (Lleonart et al., 2000). 

The presence of well-developed heart was as-

sessed at the eye-stage (48 hpf). The heart rate (beats

per minute) was measured at 48 and 72 hrs after ferti-
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lisation in triplicate for each embryo. Only animals

showing a stable rhythm were included in the analy-

sis. Immediately after hatching, the larvae were plac-

ed on a graduated (Newbauer) slide and their stan-

dard length (StL) was determined under stereomicro-

scope. 

Mortality of embryos was analysed by probit ana-

lysis (Finney, 1971) assuming the Eu concentration as

the single predictor and the natural response rate to

be zero.

The effects of Eu on hatching rate of zebrafish

were analysed using the Kaplan-Meier procedure (Ho-

smer & Lemeshow, 1999). Only successfully hatched

larvae were included in the analysis. The overall sta-

tistical significance of the presence of Eu (Mantel-

Cox test) as well as pairwise differences among hatch-

ing curves (log-rank test) were estimated. The medi-

an hatching time along with its confidence interval

was determined for each concentration of Eu.

Differences in StL at hatching were assessed by

ANCOVA (n=40 per treatment) with exposure (10

or 72 hpf) as fixed factor and log-transformed Eu

concentration as covariate. The standardised values

of morphometric variables were subjected to multi-

variate analysis of variance as well as to discriminant

analysis in order to assess eventual differences in bo-

dy form between the groups of larvae exposed to dif-

ferent Eu concentrations. 

Confidence intervals and differences for the pro-

portions of embryos with well-developed heart at 48

hpf were estimated using binomial test (n=154 - 331,

according to various treatments). Changes in heart

rate after exposure to Eu were analysed by ANCOVA

(type IV sum of squares) with the exposure time (10

or 72 hpf) and assessment time (48 and 72 hpf) as

fixed factors and log-transformed Eu concentration

as covariate (n=40 per treatment).

All analyses were performed using SPSS 16.0 soft-

ware (SPSS Inc., Chicago, Illinois, USA).

RESULTS

The presence of Eu affected significantly the deve-

lopmental parameters of zebrafish (Table 1). Under

the conditions of continuous 72 hpf exposure, morta-

lity started at 100 ppm, whereas exposure to 500 ppm

of Eu killed 100% of embryos. The LD50 estimated by

probit function was equal to 277.1 ppm with 95% CI

within 233.9-323.0 ppm. When exposed for 10 hpf,

the death of embryos was significantly attenuated

(LD50=448.6; 95% CI: 366.4-574.9 ppm). The ratio

of median potencies was 0.618 with 95% CI within

the range of 0.397-0.821. 

Because of significant mortality starting at 100

ppm, the hatching rate was analysed only for alive

and successfully hatched embryos. Exposure to Eu

significantly increased the median hatching time as

well as the overall duration of hatching (Mantel-Cox,

p < 0.001) with 72 hpf exposure resulting in a more

profound delay. Under conditions of both 10 and 72

hpf exposure, the median hatching time increased ap-

proximately up to 83 hpf, after which extensive mor-

tality of embryos was observed. 

The StL of newly hatched larvae (Fig. 1A) was sig-

nificantly affected at high Eu concentrations (p
<0.001). After continuous 72 hpf exposure, a slight

but significant decrease of mean StL in comparison to

the control group was observed at 100 ppm (ln-trans-

formed=4.61) of Eu (p<0.01) and became more pro-

nounced at 320 ppm (ln-transformed=5.77) (p<
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FIG. 1. A. Effects of exposure to Eu on the StL of the new-

ly hatched zebrafish. Open circle: control; Filled circles: 72

hpf exposure; Squares: 10 hpf exposure. B. Dependence of

the heart rate of zebrafish embryos (48 and 72 hpf) on the

concentration of Eu (0-500 ppm) and duration of exposure

(10 or 72 hpf). Triangles: control (lower: 48 hpf, upper: 72

hpf); Circles: exposure to Eu and heart rate at 48 hpf;

Squares: exposure to Eu and heart rate at 72 hpf; Shaded

symbols: 72 hpf exposure; Open symbols: 10 hpf exposure.

Error bars represent 95% CI.



0.001). Above this concentration, the differences in

StL were not estimated due to the extensive mortali-

ty of embryos. A dose-dependent decrease in StL was

also observed after 10 hpf exposure. Moreover, there

was a significant interaction between the factor of ex-

posure time and Eu concentration covariate (p <

0.001), indicating that the high concentrations of the

metal, whether for 10 or 72 hpf exposure, tend to pro-

duce more similar negative effects on the growth of

embryos.

Malformations of body shape, eye and yolk sac

were not seen in dead or alive embryos, except for

heart aplasia in most dead embryos. When corrected

for body size, the morphometric measurements were

not significantly different even at highest Eu concen-

trations used. Very poor discrimination (32% of cas-

es) was also achieved by means of discriminant analy-

sis (data not shown). Therefore, it is concluded that

exposure to Eu has no teratogenic effect and, more

generally, does not result in significant alterations of

the body shape. 

Significant effects of Eu on the development and

functionality of embryonic heart were detected. Ex-

posure to Eu delayed the differentiation of the heart

muscle depending on the concentration of metal

(Table 1; binomial test, p<0.001). At concentration

of 320 ppm, the proportions of normal embryos were

not significantly different between 10 and 72 hpf ex-

posure times. At higher concentrations, most em-

bryos were dead after continuous exposure, whereas

for 10 hpf exposure the proportion of animals with

normally developed heart continued to decline. Death

of embryos was accompanied by complete heart apla-

sia in most cases.

Furthermore, even in the successfully heart devel-

oping embryos, the heart rate was affected by the

presence of the metal. The mean values of beats per

minute along with 95% CI for different treatments at

different time points are shown in Figure 1B. Con-

centration values (ln-transformed) was the most strong

covariate (p<0.001, partial Eta2=0.440), causing a

time-dependent decrease in the heart rate. The latter

was also dependent on the exposure time (p<0.001,

partial Eta2= 0.225) as well as on the time point of

measurement (i.e. 48 or 72 hpf; p<0.001, partial Eta2

=0.044). There were also significant interactions of

Eu concentration with the factors of exposure dura-

tion (p < 0.001, partial Eta2= 0.184) and the time

point of measurement (p<0.05, partial Eta2=0.006),

indicating that the differences between exposure and

measurement time points were attenuated at high

concentrations of the metal. 

DISCUSSION

The results of our study reveal significant toxic effects

of Eu on developing zebrafish eggs. Heart rate and

hatching time of embryos may be pointed out as the

most sensitive endpoints of the presence of the met-

al. Significant changes in these parameters were ob-

served at the lowest Eu concentration (0.05 ppm) af-

ter 72 hpf exposure. The presence of Eu also resulted
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TABLE 1. Parameters of embryonic development of zebrafish after either 10 or 72 hpf exposure to Eu

Eu 

concen-
Observed death rate Estimated median hatching time Proportion of embryos

tration 
(hpf) ± 95% CIa without heart beat at 48 hpf

(ppm) Exposure time Exposure time Exposure time

10 hpf 72 hpf 10 hpf 72 hpf 10 hpf 72 hpf

0 0/125 0/60 n. e. 56 ± 0.7 1/125 (1%) 2/154 (1%)

0.05 n.e. 0/60 n. e. 57 ± 0.9 n. e. 6/163 (4%)

0.5 n.e. 0/60 n. e. 63 ± 1.6 n. e. 18/231 (8%)

5 n.e. 0/80 n. e. 69 ± 3.7 n. e. 41/255 (16%)

50 n.e. 0/80 n. e. 75 ± 4.7 n. e. 69/259 (27%)

100 n.e. 10/200 (5.0%) n. e. 81 ± 4.9 n. e. 79/274 (29%)

200 11/128 (8.6%) 36/198 (18.2%) 61 ± 0.5 82 ± 6.2 18/98 (18%) 100/331 (30%)

320 27/112 (24.1%) 99/200 (49.5%) 66 ± 3.3 85 ± 7.4 22/85 (26%) 94/290 (32%)

400 46/120 (38.3%) 150/190 (78.9%) 76 ± 3.8 n. e. 27/72 (37%) n. e.

500 56/103 (54.4%) 200/200 (100%) 84 ± 6.6 n. e. 35/72 (49%) n. e.

a Kaplan-Meier analysis

n. e.: not estimated



in a significant delay of heart formation starting at Eu

concentration of 0.5 ppm. At 100 ppm of Eu and abo-

ve, a significant decrease in growth and onset of mor-

tality were observed. Exposure to Eu for the first 10

hpf, while resulted in a lesser mortality, exerted strong

and lasting effects on the heart function and develop-

ment of animals. At high concentrations, these effects

came close to those of continuous 72 hpf exposure.

Due to their chemistry and ionic radius, lanthani-

des are effective blockers of calcium movement and

inhibitors of physiological processes depending on

Ca2+ transport. In this regard, nerve impulse trans-

mission (Miledi, 1971), skeletal muscles contraction

(Morris, 1980), hormonal responses (Borowitz, 1972)

and especially cardiac function (Kitzes & Berns, 1979;

Durret & Adams, 1980; Fawzi & McNeill, 1985) may

be considered as the most important. The inhibition

of cardiac muscle contraction by lanthanides may be

attributed to either Ca displacement (Ravens, 1975;

Durret & Adams, 1980; Fawzi & McNeill, 1985) or

binding of Eu at calcium specific sites of Ca2+-Mg2+

ATP-ase (Joshi & Shamoo, 1987). 

Heart contractility may thus constitute the prima-

ry target of Eu toxic effects, taking into account that,

in our study, the heart rate was the most sensitive to

Eu parameter. At high Eu concentrations, most death

events occurred at the second day post fertilisation

and were accompanied by aplastic or hypoplastic

heart muscle. Our results thus support the idea that

an early disruption of Ca-mediated functions exerts

detrimental effect on subsequent heart morphogene-

sis and remodelling in zebrafish (Glickman & Yelon,

2002). In small fish embryos, including zebrafish, the

heart function, primarily, does not ensure the oxygen

delivery but rather the distribution of nutrients and

electrolytes through embryonic tissues (Pelster &

Burggren, 1996). Thus, decreased heart function would

result in a rather uniform depletion of energy re-

sources and decrease in metabolic rate, which might

well explain the delayed hatching, decreased growth

and mortality observed. This pattern of toxicity is al-

so consistent with the absence of malformations and

body form alterations in our study.

In conclusion, this study demonstrates for the first

time the toxic effects of Eu on developing zebrafish

embryos. Although decrease in growth and viability

was not observed up to 100 ppm of the trace element,

a slight decline of cardiac function and delayed hatch-

ing were already present in zebrafish embryos ex-

posed to the lowest experimental Eu concentration

(0.05 ppm for 72 hpf). It may be further hypothesised

that chronic exposure to low Eu concentrations could

permanently and negatively affect cardiac function

and energy distribution, rising thus cumulative effects

and decreased viability of fish offspring at later deve-

lopmental stages. 
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