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Abstract 

 The study of the effects of diethyldithiocarbamate (DEDTC) in some diseases is 

in focus for many years. However, DEDTC is a metal chelator that can present 

neurotoxicity as side effects. Here we investigate the effect of DEDTC on brain Zinc 

(Zn) content and behavior. To address this issue we used adult zebrafish exposed to 

different concentrations of DEDTC. The animal’s behavioral parameters were evaluated 

during the exposure of DEDTC (0.2, 1, 5 mM in home tank water) for 1h. At the end of 

exposure period, the brain levels of DEDTC were measured. The analysis of reactive Zn 

content in different regions of the brain and in glutamatergic neurons and radial glial 

cells were performed using histochemical and immunocytochemical techniques, 

respectively. We also measured the activity of a Zn-dependent enzyme, δ-

aminolevulinate dehydratase (δ-ALA-D). We found that DEDTC exposure at 1 and 5 

mM induced seizure-like behavior in the zebrafish and death at 5 mM. DEDTC in the 

zebrafish brain was detected with exposure of 1 and 5 mM (above 100 mg.kg
-1

 tissue). 

The reactive Zn was reduced in glutamatergic neurons after 1 and 5 mM DEDTC 

exposure in radial glial cells after 0.2 and 5 mM. No changes in brain δ-ALA-D activity 

were detected. Our results showed that DEDTC exposure can accumulate in the brain, 

leading to impairments in neural behavior and in the homeostasis of reactive Zn in the 

brain. 

 

Keywords: brain; δ-aminolevulinate-dehydratase; diethyldithiocarbamate; reactive Zn; 

zebrafish  
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Introduction 

The use of organosulfur pesticides, like dithiocarbamates,
1-4

 is  restricted in several 

countries because of the toxic effets.
5-8

 However, experimental studies have indicated 

that diethyldithiocarbamate (DEDTC) has beneficial properties on restraint stress,
9
 

ischemia-reperfusion,
10 

hypoxic brain injury,
11

 ototoxicity caused by cisplatin,
12

 

arthritis,
13

 and cardiac allograft rejection
14 

and also presents cytoprotective antioxidant 

activity
15,16

 by triggering apoptosis in human hepatoma cells.
17

 For all these reasons, the 

potential therapeutic use of DEDTC seems to be justified. On the other hand, the side 

effects induced by DEDTC are quite neglected.  

The neurotoxic effect of DEDTC could be attributed to its ability to chelate 

essential metals, such as zinc (Zn).
18

 In the brain, Zn is typically found bound to 

proteins
19,20

 and, thus, Zn-dependent biomolecules are potential targets of DEDTC. One 

example is the δ-aminolevulinate dehydratase (δ-ALA-D), a key enzyme in the heme 

biosynthetic pathway that is modulated by Zn.
21,22

 Additionally, there is a pool of Zn 

(chelatable or reactive Zn) in the central nervous system (CNS), susceptible to 

DEDTC.
23

 Reactive Zn is abundantly located in the presynaptic vesicles of hippocampal 

glutamatergic neurons, is released at the synaptic cleft, and acts as a neuromodulator of 

excitatory receptors and glial glutamate transporters.
23

 Therefore, DEDTC when used 

can accumulate in the CNS, resulting in brain Zn dyshomeostasis. Here we investigate 

the relationship between DEDTC, Zn dyshomeostasis, and behavioral impairment. To 

address this issue we used adult zebrafish (Danio rerio) as an animal model.  

The zebrafish is an emergent vertebrate model in behavioral neuroscience studies. 

In addition to its low cost, easy maintenance, and abundant offspring, the species 

presents attractive features for toxicological research such as the quick absorption of 

compounds directly added to water and conserved genetic and biochemical 
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mechanisms.
24

 Particularly, the cellular Zn transporters of zebrafish embryos have been 

recently characterized, showing a high degree of similarity with their mammalian 

counterparts.
25

 Moreover, a reactive pool of Zn is present throughout the CNS of 

zebrafish,
26

 suggesting that Zn could play a role for brain homeostasis in this species. 

These characteristics make the zebrafish an appropriate model to investigate the 

behavioral changes caused by DEDTC via modulation of the Zn pool in the CNS. 

Here, we aimed to investigate the acute effects of DEDTC. First, we assessed the 

influence on behavioral parameters by exposing adult animals to increasing 

concentrations of DEDTC. Afterwards, we measured the amount of reactive Zn in brain 

regions by histochemical staining and in glutamatergic neurons and radial glial cells by 

immunocytochemical analysis. In order to analyze whether DEDTC accumulates in the 

zebrafish brain and changes the activity of Zn-dependent enzymes, we measured the 

content of DEDTC and the δ-ALA-D activity in the brain tissue. 

 

Material and Methods 

Animals 

A total of 220 male and female (50:50 ratio) wild-type adult zebrafish (4–7 months-

old) of short-fin phenotype were obtained from commercial distributor (Delphis, RS, 

Brazil). Animals were kept in an aquarium rack system (Zebtec, Tecniplast, Italy) at 27 

± 1ºC under a light/dark cycle of 14/10 h (lights on at 7:00 am) for at least 2 weeks prior 

to the experiments. Animals were fed twice a day with commercial flake fish food 

(alcon BASIC®, Alcon, Brazil). All experiments were performed using reverse osmosis 

water supplemented with 0.018 mg/L Instant Ocean
TM

 salt. Experimental procedures 

were conducted in accordance with National Institute of Health Guide for Care and Use 
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of Laboratory Animals. The experimental protocols were approved by the Ethics 

Committee of Universidade Federal do Rio Grande do Sul (number 19780 – CEUA). 

 

DEDTC exposure 

Animals were individually placed in beakers containing 400 mL of sodium DEDTC 

trihydrate (Sigma, St. Louis, MO, USA) solution for 1 h at 28ºC. Experimental groups 

consisted in (i) Control (home tank water) (n = 55), (ii) 0.2 mM DEDTC (n = 55), (iii) 1 

mM DEDTC (n = 55), and (iv) 5 mM DEDTC (n = 55). A stock DEDTC solution was 

prepared daily, dissolved in home tank water. Experiments with matched controls were 

simultaneously performed with DEDTC groups.  

 

Behavioral evaluation  

Animals were individually tested in beakers and behaviors were recorded using a 

video camera (Sony Handycam DCR-SX22 SD) during the exposure period. The data 

were further analyzed by two independent trained blind observers (inter-rater reliability 

>0.85). The behavioral profiles were determined by the main behavioral phenotype of 

the animal expressed at each 1 min interval. According to the zebrafish behavioral 

catalog,
27

 each phenotype was determined as follows: 0, normal behavior (regular 

exploration of the beaker); 1, movements in bursts (rapid changes of swimming 

direction); 2, seizure-like behavior (or corkscrew-like swimming); 3, loss of posture; 4, 

death (see Supplementary video S1). Afterwards, fish were anesthetized in ice-cold 

water and euthanatized by decapitation in order to remove the whole brain for the 

analyses. Throughout the experiments, care was taken to move fish gently between 

home tanks and beakers and the solutions were replaced after each trial. All fish were 

equally tested and the behavior was recorded on a stable table in the same room, with 
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uniform handling conditions, water quality, and illumination between trials. Fish that 

died during the exposure period were not used for further biochemical experiments. 

 

Measurement of DEDTC levels in the brain  

 The levels of DEDTC were measured spectrophotometrically based on previous 

method described elsewhere.
28

 Basically, this method consisted of the addition of 

saturating concentration of copper (Cu) in the samples. Excess of Cu(II) reacts with 

either free DEDTC or Zn(DEDTC)2, displacing Zn from this complex. This procedure 

yields a yellow Cu(DEDTC)2 complex. The calibration curve was prepared by adding 

1.2 mM CuSO4 to different concentrations of DEDTC, both dissolved in dimethyl 

sulfoxide (DMSO, Sigma, St. Louis, MO, USA). The linear calibration range was 6.6 – 

99 µg/mL DEDTC with the regression coefficient (r
2
) 0.986 (see Supplementary fig. 

S1). We used a pool of 6 weighed whole brains homogenized in DMSO containing 1.2 

mM CuSO4 for each independent sample. The samples were centrifuged at 15.000 g at 

20°C for 10 min. Then, the yellow supernatants were transferred to 96-well microplates 

and the absorbance was read at 435 nm. The obtained absorbance was subtracted from 

the blank (samples from unexposed animals) and the results were expressed in mg of 

DEDTC per kg of brain tissue. 

 

Histochemical analysis and quantification of reactive Zn  

Histochemical staining of reactive Zn was performed using the Neo-Timm method 

previously described for zebrafish brains.
26

 After the exposure period, brains were 

excised and immersed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 24 

h, and then transferred to sodium sulfide solution (1% Na2S) in 0.12 M Millonig’s 

buffer for 24 h. Coronal (30-µm-thick) slices were cut in a vibroslicer (VTS-1000; 
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Leica), and mounted on slides. For histochemical staining of reactive Zn, the slices were 

incubated in a solution containing silver nitrate. The reaction was carried out in a dark 

room, and only ultrapure and metal-free reagents were used. Images were captured by 

NIS Elements AR 2.30 software (Nikon) using the same parameters with a light 

microscope (Nikon Eclipse E-600) coupled with a camera (Nikon DXM1200C CCD). 

Quantification of Neo-Timm was performed by analyzing the total area stained for each 

CNS region under 10x magnification. Images were converted to 8-bit gray scale and the 

optic density was quantified using ImageJ 1.37v software. 

 

Flow cytometric analysis of the intracellular content of reactive Zn in neural cells  

The analysis of reactive zinc content in neural cells was based in Malavolta et al.
29

 

Neural cell suspensions (Fig. 5A) were obtained by mechanical dissociation of each 

brain with a glass Pasteur pipette in 0.3 M phosphate-buffered saline (PBS, pH 7.4) 

containing 1 mM ethylenediamine tetraacetic acid (EDTA). The EDTA was used 

throughout the experiment in order to avoid possible interferences due to free Zn in the 

medium and adsorbed to the cell membrane. Cells were filtered through a 40 µm nylon 

mesh (Cell Filter Strainer-BD Biosciences) and incubated with PBS containing 1% 

paraformaldehyde at 4°C for 20 min. Samples were centrifuged at 1,000 g at 4°C for 10 

min, the supernatants were discarded, and the pellets were further suspended in 

permeabilization buffer containing 1% bovine serum albumin (BSA) and 0.0001% 

triton X-100 (Sigma, St. Louis, MO, USA) in PBS for 20 min at room temperature. 

Cells were processed for specific immunostaining of glutamatergic neurons or radial 

glial cells using rabbit anti-vesicular glutamate transporter 1/2 (Vglut, 1:100, Synaptic 

Systems, Germany) and rabbit anti-glial fibrillary acidic protein (GFAP, 1:100, Dako, 

Denmark A/S), respectively. Antibodies were diluted in permeabilization buffer and 
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incubated for 1 h at room temperature. Cells were then washed (1x) with PBS and 

centrifuged as previously described. The supernatants were removed and the cells were 

bathed in secondary fluorescent antibody Alexa fluor anti-rabbit 635 (1:200, Invitrogen 

Life Technologies; Carlsbad, CA) diluted in permeabilization buffer, being further 

incubated for 1 h at room temperature. The cells were rinsed (1x) with PBS and 

centrifuged as previously described. The supernatants were removed and the cells were 

incubated with 20 µM of the membrane permeable Zn fluorescent probe, Zinpyr-1 

(ZP1), diluted in 0.02% DMSO and PBS. After 30 min, the cells were rinsed (1x) in 

PBS and centrifuged as previously described. The cells were suspended in PBS for 

analysis of the relative fluorescence using a FACSCalibur flow cytometer (Becton-

Dickinson, San Jose, CA). Controls stained only with secondary antibody were used to 

set the negative region of the graph. Signals from ZP1 were detected in FL1 (530/30) 

and Vglut, and GFAP were detected in FL4 (661/16) band pass filters. The events 

(10,000) were collected using Cell Quest software (Becton-Dickinson, San Jose, CA) 

and data were analyzed using FlowJo software (Tree Star, Inc). 

 

Measurement of δ-ALA-D activity  

The analysis of δ-ALA-D activity was performed based on methods as described 

previously for other models.
21,22

 Specific conditions for experimental measurement of 

the δ-ALA-D activity in zebrafish brain were previously investigated in order to obtain 

the protein concentration and time of incubation appropriate to maintain the linearity of 

reaction and saturating amounts of substrate (data not shown). From this initial analysis, 

5 whole brains were pooled for each sample and homogenized in 0.9% NaCl (1:5). The 

homogenate was centrifuged (4,000 g at 4°C for 10 min) and the supernatant (100 µg 

per assay) was used for enzyme incubation. The δ-ALA-D activity was measured in a 
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medium containing 3 mM δ-aminolevulinic acid (Sigma, St. Louis, MO, USA) and 80 

mM sodium phosphate buffer, pH 6.8, at 37 °C for 2 h. The levels of porfobilinogen 

(PBG) were determined using Ehrlich’s reagent at 555 nm, with molar absorption 

coefficient of 6.1 x 10
4 

M
−1

. Protein content was measured according to Lowry et al.
30

 

using BSA as standard. Results were expressed in nmol of PBG per mg of protein per h. 

 

Statistical analysis  

Non-parametric data of the behavioral phenotypes were expressed as median ± 

interquartile range and the analysis of variance across time was performed by Friedman 

test followed by Dunn’s Multiple Comparison test. The correlation between the main 

behavioral phenotype and different DEDTC concentrations were further analyzed by 

non-parametric Spearman’s rank correlation test. All other data were described as 

means ± S.E.M., and statistical comparisons were performed using one-way ANOVA 

followed by Tukey’s test as post hoc. The relationship between parametric data and 

different DEDTC concentrations was evaluated by linear regression analysis. Statistical 

significance was set at p < 0.05 level. 

 

Results 

DEDTC impairs zebrafish behavior 

DEDTC significantly impaired the zebrafish behavior during the exposure period (p 

< 0.0001) in a concentration dependent manner (r
2
 = 0.901, p = 0.042) (Fig. 1). The 

representative analysis shows that control fish exhibited normal behavior with 

spontaneous short swims during the test (Fig. 2A). Fish exposed to 0.2 mM DEDTC 

had no significant changes on behavior (Fig. 2B). In contrast, 1 mM DEDTC (Fig. 2C) 

induced significant behavioral changes after ~4 min of exposure, characterized by 
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movements in bursts up to the ~16
th

 min. After this period, the fish reestablished the 

normal swimming up to ~39 min, when they presented seizure-like behavior alternated 

with movements in bursts up to 60
th

 min. The behavioral changes were more prominent 

with 5 mM of DEDTC (Fig. 2D). At this concentration, after ~2 min, we observed 

movements in bursts that last up to 3 min. For about 12 min the animals remained with 

normal behavior and then restarted with seizure-like behavior episodes along with 

movements in bursts for 20 min. After ~49 min, the animal exhibited a persistent loss of 

body posture, leading to death at the end of the trial. 

 

DEDTC accumulates in zebrafish brain 

Brain levels of DEDTC were below the detection limit in animals exposed to 0.2 

mM DEDTC (Table 1). However, animals exposed to 1 and 5 mM presented DEDTC 

at values of 114 and 960 mg.kg
-1 

tissue, respectively. The increase of DEDTC in the 

brain was strongly correlated with the exposure concentration (r
2
 = 0.974, p < 0.001). 

 

DEDTC decreases reactive Zn content in the brain 

The DEDTC exposure substantially affected the levels of reactive Zn in zebrafish 

brain (Fig. 3). Fish exposed to 0.2 mM DEDTC exhibited small changes in the reactive 

Zn content in the optic tectum (Fig. 3B, 3F and 3J). In contrast, 1 mM (Fig. 3C, 3G 

and 3K) and 5 mM (Fig. 3D, 3H and 3L) DEDTC induced a prominent decrease in the 

amount of reactive Zn throughout the brain. The optic density quantification of the 

periventricular gray zone (PGz) shown in Figs. 3I-3L confirmed these decrement in 

reactive Zn content after 1 and 5 mM DEDTC exposure (Fig. 4). A significant 

correlation between optic density of PGz and different DEDTC concentrations was 

confirmed by linear regression (r
2
 = 0.320, p = 0.045).  
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Neo-Timm analysis showed a normal staining pattern throughout the brain, 

excluding the possibility of cytoarchitectonic re-distribution of reactive Zn after 

DEDTC exposure.  

 

DEDTC decreases intracellular content of reactive Zn in both glutamatergic neurons 

and radial glial cells 

The analysis of the mean fluorescence intensity (MFI) of reactive Zn revealed a 

significant decrease of Zn content in all neural cells from animals exposed to 1 and 5 

mM DEDTC (Fig. 5B), with a significant correlation with DEDTC concentration (r
2
 = 

0.166, p = 0.032). To investigate whether DEDTC affected reactive Zn content in 

different neural cell types we performed immunostaining for Vglut and GFAP to 

identify glutamatergic neurons and radial glial cells respectively. Both concentrations of 

DEDTC, 1 mM and 5 mM were able to decrease Zn content in glutamatergic neurons in 

28 and 40%, respectively (Fig. 5C); No changes were found with 0.2 mM DEDTC. 

Flow cytometry analysis also showed a significant correlation between reactive Zn in 

glutamatergic neurons and different DEDTC concentrations (r
2
 = 0.421, p < 0.001). The 

radial glial cells had lower reactive Zn content than glutamatergic neurons (data not 

shown). Nonetheless exposure to 0.2 and 5 mM DEDTC decreased the reactive Zn 

levels in radial glial cells (35 and 32%, respectively), with no changes at exposure to 1 

mM DEDTC (Fig. 5D). We could observe only a trend of association between reactive 

Zn in radial glial cells and different DEDTC concentrations (r
2
 = 0.106, p = 0.085). 

 

DEDTC does not change δ-ALA-D activity 

In order to investigate the effect of DEDTC on the fraction of Zn strongly bound to 

biomolecules, we evaluated the Zn-dependent activity of the δ-ALA-D in zebrafish 
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brain. As shown in Table 2, DEDTC did not change the enzyme activity (r
2
 = 0.025, p = 

0.463).  

 

Discussion 

In the current report, we investigated the acute effect of DEDTC on behavior and 

Zn pool in the brain, by exposing adult zebrafish to different concentrations of DEDTC. 

Our main findings included behavioral impairment and decreased reactive Zn fraction in 

glutamatergic neurons in a concentration dependent manner of DEDTC in zebrafish 

brain (Fig. 6). To our knowledge, this is the first study that concomitantly evaluated the 

toxic effect of DEDTC on behavior and reactive Zn-brain levels in a vertebrate model.  

It is quite remarkable the small number of studies addressing the behavioral effects 

of DEDTC at different concentrations.
18,31-33

 Here, we observed that 5 mM DEDTC 

induced loss of posture and death in about 40% of animals, while 1 mM DEDTC caused 

movements in bursts and seizure-like behaviors. Studies have reported that DEDTC 

may decrease locomotor activity
18,34 

and induce seizure-like behaviors
31

 in rodents, 

acting as a proconvulsant.
32,34

 Interestingly, Haycock et al.
33

 have demonstrated an 

electrographic recording of seizures induced by high concentration of DEDTC in rats. 

Here we observed that zebrafish acutely exposed to DEDTC displayed seizure-like 

behavior, similar to that induced by common convulsant agents to the same species.
35-38

 

Therefore, caution should be taken with the therapeutic use of DEDTC. 

Considering that DEDTC may cross the blood-brain barrier,
39

 the abnormal 

behavior is a possible consequence of DEDTC exposure. Accordingly, we showed that 

the behavioral impairment were associated with the accumulation of DEDTC in the 

zebrafish brain after acute exposure. Moreover, histochemical and flow cytometry 

analyses revealed that these behavioral effects were accompanied by a reduction of 
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reactive Zn content in the brain. Given the ability of DEDTC to chelate the pool of 

reactive Zn,
18

 our data strongly suggests that the chelation of reactive Zn can be 

responsible, at least in part, for the harmful effects in zebrafish. Similarly, previous 

studies have reported that brain clearance of reactive Zn by DEDTC result in a 

proconvulsant effect in rodents.
31-33

 Accordingly, our results showed that seizure-like 

behavior was observed only in DEDTC at concentrations able to chelate Zn. These 

results reinforce the idea that the zebrafish could be a useful model to assess the 

neurotoxical effects of DEDTC in CNS.  

Since a subset of glutamatergic neurons have high content of reactive Zn,
23

 these 

cells are most likely to be affected by DEDTC. Indeed, the glutamatergic neurons 

presented a significant reduction in intracellular content of reactive Zn after exposure to 

1 mM and 5 mM DEDTC. Interestingly, the decrease of reactive Zn levels in 

glutamatergic neurons is associated with seizure susceptibility in Zn-deficient diet-

treated rats
40

 and in vesicular Zn transporter-knockout mice.
41

 Our results also support 

an important role of the reduced Zn content in glutamatergic neurons by DEDTC on the 

behavioral impairment in zebrafish. Such effects could have implication on the 

dyshomeostasis of neural network, since reactive Zn released from glutamatergic 

neurons can modulate neighboring neural cells, including glial cells.
23

 Although glial 

cells have lower reactive Zn content than the glutamatergic neurons,
42

 radial glial cells 

had a reduction of about 35% in the pool of reactive Zn after exposure to 0.2 mM and 5 

mM DEDTC. Similarly, a previous study has shown that DEDTC decreases the 

intracellular levels of reactive Zn in glial cells.
42

 Contrastingly, the content of reactive 

Zn in radial glial cells of zebrafish exposed to 1 mM DEDTC was similar to control, 

indicating a possible ability of these cells to take up extracellular Zn, as observed in 

astrocytes.
43

 In fact, the astrocytic uptake of Zn from glutamatergic neurons was 
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reported in an animal model of seizures induced by kainic acid.
44

 This could be the 

mechanism of  increasing the amount of reactive Zn in glial cells after exposure to 1 

mM DEDTC.  

Although DEDTC affected the pool of reactive Zn in the brain, it was not able to 

change the Zn-dependent activity of δ-ALA-D, a highly conserved enzyme containing 

Zn rigidly associated to the molecular structure and that could be inactivated by Zn 

chelator.
45

 Indeed, previous studies have shown no changes in δ-ALA-D activity in 

other tissues, such as blood and hepatic tissue in rats exposed to DEDTC.
46

 Further 

studies are necessary to clarify whether DEDTC is unable to mobilize the pool of tightly 

bound Zn in the CNS. Nevertheless, it is reasonable to affirm that the neurotoxic effects 

of DEDTC described here could be attributed to the chelation of the reactive Zn pool 

rather than the Zn content strongly bound to biomolecules. 

In summary, we demonstrated that exposure to DEDTC leads to a buildup of 

DEDTC concentration in the brain with consequent chelation of reactive Zn pool in the 

brain and behavioral impairment of adult zebrafish. The use of zebrafish may be an 

interesting strategy to assess the potential effects of DEDTC and unravel novel 

mechanisms of actions of this compound in CNS. As DEDTC is able to chelate other 

metals (e.g., copper) or act on other molecular targets and other neural cell types, 

additional studies must be carried out to better elucidate its toxic effects. In any case, we 

reinforce the idea that it is crucial to consider the side effects of DEDTC in future 

pharmacological studies.  

    

 

Conflict of Interest Statement 

The authors report no conflicts of interest. 

Page 14 of 33Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G


15 

 

References 

1 P. Houeto, G. Bindoula and J. R. Hoffman, Ethylenebisdithiocarbamates and 

ethylenethiourea: possible human health hazards, Environ. Health Perspect., 1995, 

103, 568-573. 

2 R. L. Cooper, J. M. Goldman and T. E. Stoker, Neuroendocrine and reproductive 

effects of contemporary-use pesticides, Toxicol. Ind. Health, 1999, 15, 26-36. 

3 F. Tilton, J. K. La Du, M. Vue, N. Alzarban and R. L. Tanguay, Dithiocarbamates 

have a common toxic effect on zebrafish body axis formation, Toxicol. Appl. 

Pharmacol., 2004, 216, 55-56. 

4 N. C. Rath, K. S. Rasaputra, R. Liyanage, G. R. Huff and W. E. Huff, 

Dithiocarbamate toxicity-An appraisal. In: Stoytcheva M, editor. Pesticides in the 

Modern World-Effects of Pesticides Exposure, New York: InTech Publishing 

Online, 2011 pp323-340. 

5 ANVISA, Agencia Nacional de Vigilância Sanitária. Ministério da Saúde. 

Monografias Autorizadas de Agrotóxicos, 2005, Available: 

http://portal.anvisa.gov.br/wps/content/Anvisa+Portal/Anvisa/Inicio/Agrotoxicos+e+

Toxicologia/Assuntos+de+Interesse/Monografias+de+Agrotoxicos/ Monografias 

[accessed 01 October 2013]. 

6 EU, Monitoring of Pesticide Residues in Products of Plant Origin in the European 

Union, Norway, Iceland and Liechtenstein, 2001 Report. European Commission, 

Health and Consumer Protection Directorate, 2001, Available: 

http://ec.europa.eu/food/fvo/specialreports/pesticide_residues/report_2001_en.pdf 

[accessed 01 October 2013]. 

7 U.S. EPA, Reregistration eligibility decision for thiram. Prevention, pesticides and 

toxic substances. EPA-738-F-04-012, 2004, Available: 

Page 15 of 33 Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G


16 

 

http://www.epa.gov/oppsrrd1/REDs/0122red_thiram.pdf [accessed 01 October 

2013]. 

8 U.S. EPA, EBDC fungicides mancozeb, maneb, and metiram; notice of receipt of 

requests to voluntarily cancel, amend, or terminate uses of certain pesticide 

registrations, 2005, Available: http://www.epa.gov/fedrgstr/EPA-

PEST/2005/June/Day-01/p10577.htm [accessed 01 October 2013]. 

9 R. K. Manchanda, A. S. Jaggi and N. Singh, Ameliorative potential of sodium 

cromoglycate and diethyldithiocarbamate acid in restraint stress-induced behavioral 

alterations in rats, Pharmacol. Rep., 2011, 63, 54-63. 

10 R. Maio, B. Sepodes, N. Figueiredo, R. Pinto, M. McDonald, C. Thiermermann, P. 

Costa and H. Mota-Filipe, Effects of diethyldithiocarbamate (DETC) on liver injury 

induced by ischemia-reperfusion in rats, Transplant. Proc., 2007, 39, 365-368. 

11 X. Yu and Y. V. Li, (2013) Neuroprotective effect of zinc chelator DEDTC in a 

zebrafish (Danio rerio) Model of Hypoxic Brain Injury, Zebrafish, 2013, 10, 30-35. 

12 L. P. Rybak, R. Ravi and S. M. Somani, Mechanism of protection by 

diethyldithiocarbamate agains cisplatin ototoxicity: antioxidant system, Fundam. 

Appl. Toxicol., 1995, 26, 293-300. 

13 R. E. Voll, A. Mikulowska, J. R. Kalden and R. Holmdahl, Amelioration of type II 

collagen induced arthritis in rats by treatment with sodium diethyldithiocarbamate, J. 

Rheumatol., 1999, 26, 1352-1358. 

14 G. M. Pieper, V. Nilakantan, G. Hilton, N. L. N. Halligan, C. C. Felix, B. Kampalath, 

A. K. Khanna, A. M. Roza, C. P. Johnson and M. B. Adams, Mechanisms of the 

protective action of diethyldithiocarbamate-iron complex on acute cardiac allograft 

rejection, Am. J. Physiol. Heart Circ. Physiol., 2003, 284, H1542-H1551. 

Page 16 of 33Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G


17 

 

15 B. C. Magliaro and C. J. Saldanha, Clozapine protects PC-12 cells from death due to 

oxidative stress induced by hydrogen peroxide via a cell-type specific mechanism 

involving inhibition of extracellular signal-regulated kinase phosphorylation, Brain 

Res., 2009, 1283, 14-24. 

16 M. Hochberg, R. Kohen and C. D. Enk, Role of antioxidants in prevention of 

pyrimidine dimer formation in UVB irradiated human HaCaT keratinocytes, Biomed. 

Pharmacother., 2006, 60, 233-237. 

17 J. H. Kang, Y. M. Wei and R. L. Zheng, Effects of diethydithiocarbamate on 

proliferation, redifferentiation, and apoptosis in human hepatoma cells, Acta 

Pharmacol. Sin., 2001, 22, 785-792. 

18 M. L. Foresti, G. M. Arisi, A. Fernandes, C. Q. Tilelli and N. Garcia-Cairasco, 

Chelatable zinc modulates excitability and seizure duration in the amygdala rapid 

kindling model, Epilepsy Res., 2008, 79, 166-172. 

19 C. J. Frederickson, B. A. Rampy, S. Reamy-Rampy and G. A. Howell, Distribution 

of histochemically reactive zinc in the forebrain of the rat, J. Chem. Neuroanat., 

1992, 5, 521-530. 

20 M. A. Klitenick, C. J. Frederickson and W. I. Manton, Acid-vapor decomposition for 

determination of zinc in brain tissue by isotope dilution mass spectrometry, Anal. 

Chem., 1983, 55, 921-923. 

21 M. M. Braga, T. Dick, D. L. de Oliveira, A. S. Guerra, M. C. Leite, A. P. Ardais, D. 

O. Souza and J. B. Rocha, Cd modifies hepatic Zn deposition and modulates δ-ALA-

D activity and MT levels by distinct mechanisms, J. Appl. Toxicol., 2012, 32, 20-25. 

22 S. Sassa, Delta-Aminolevulinic acid dehydratase assay, Enzyme, 1982, 28, 133-145. 

23 P. Paoletti, A. M. Vergnano, B. Barbour and M. Casado, Zinc at glutamatergic 

synapses, Neuroscience, 2009, 158, 126-136. 

Page 17 of 33 Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G


18 

 

24 A. J. Hill, H. Teraoka, W. Heideman, and R. E. Peterson, Zebrafish as a model 

vertebrate for investigating chemical toxicity, Toxicol. Sci., 2005, 86, 6-19. 

25 E. Ho, S. Dukovcic, B. Hobson, C. P. Wong, G. Miller, K. Hardin, M. G. Traber and 

R. L. Tanguay, Zinc transporter expression in zebrafish (Danio rerio) during 

development, Comp. Biochem. Physiol. C Toxicol. Pharmacol., 2012, 155, 26–32. 

26 M. M. Braga, D. B. Rosemberg, D. L. de Oliveira, C. M. Loss, S. D. Córdova, E. P. 

Rico, E. S. Silva, R. D. Dias, D. O. Souza and M. E. Calcagnotto, Topographical 

analysis of reactive zinc in the central nervous system of adult zebrafish (Danio 

rerio), Zebrafish, 2013, 10, 376-388. 

27 A.V. Kalueff, M. Gebhardt, A. M. Stewart, J. M. Cachat, M. Brimmer, J. S. Chawla, 

C. Craddock, E. J. Kyzar, A. Roth, S. Landsman, et al., Towards a comprehensive 

catalog of zebrafish behavior 1.0 and beyond, Zebrafish, 2013, 10, 70-86. 

28 M. N. Uddin, M. A. Salam and M. A. Hossain, Spectrophotometric measurement of 

Cu(DDTC)2 for the simultaneous determination of zinc and copper, Chemosphere, 

2013, 90, 366-373. 

29 M. Malavolta, L. Costarelli, R. Giacconi, E. Muti, G. Bernardini, S. Tesei, C. 

Cipriano and E. Mocchegiani, Single and three-color flow cytometry assay for 

intracellular zinc ion availability in human lymphocytes with Zinpyr-1 and double 

immunofluorescence: relationship with metallothioneins, Cytometry A, 2006, 69, 

1043-1053. 

30 O. H. Lowry, N. J. Rosebrough, A. Lewis Farr and R. J. Randall, Protein 

measurement with Folin phenol reagent, J. Biol. Chem., 1951, 193, 265-275. 

31 J. M. Blasco-Ibáñez, J. Poza-Aznar, C. Crespo, A. I. Marques-Mari, F. J. Gracia-

Llanes and F. J. Martinez-Guijarro, Chelation of synaptic zinc induces overexcitation 

in the hilar mossy cells of the rat hippocampus, Neurosci. Lett., 2004, 355, 101-104. 

Page 18 of 33Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G


19 

 

32 C. L. Mitchell and M. I. Barnes, Proconvulsant action of diethyldithiocarbamate in 

stimulation of the perforant path, Neurotoxicol. Teratol., 1993, 15, 165-171. 

33 J. W. Haycock, R. van Buskirk, P. E. Gold and J. L. McGaugh, Effects of 

diethyldithiocarbamate and fusaric acid upon memory storage processes in rats, Eur. 

J. Pharmacol., 1978, 51, 261-273. 

34 M. I. Domínguez, J. M. Blasco-Ibáñez, C. Crespo, A. I. Marqués-Marí and F. J. 

Martínez-Guijarro, Zinc chelation during non-lesioning overexcitation results in 

neuronal death in the mouse hippocampus, Neuroscience, 2003, 116, 791-806. 

35 S.C. Baraban, M. R. Taylor, P.A. Castro and H. Baier, Pentylenetetrazole induced 

changes in zebrafish behavior, neural activity and c-fos expression, Neuroscience, 

2005, 131, 759-768. 

36 J. A. Tiedeken and J. S. Ramsdell, Zebrafish seizure model identifies p,p -DDE as 

the dominant contaminant of fetal California sea lions that accounts for synergistic 

activity with domoic acid, Environ. Health Perspect., 2010, 118, 545-551. 

37 J. M. Alfaro, J. Ripoll-Gómez and J. S. Burgos, Kainate administered to adult 

zebrafish causes seizures similar to those in rodent models, Eur. J. Neurosci., 2011, 

33, 1252-1255. 

38 B. H. Mussulini, C. E. Leite, K. C. Zenki, L. Moro, S. Baggio, E. P. Rico, D. B. 

Rosemberg, R. D. Dias, T.M. Souza, M. E. Calcagnotto, et al., Seizures induced by 

pentylenetetrazole in the adult zebrafish: a detailed behavioral characterization, PLoS 

One, 2013, 8, e54515. 

39 J. M. Guillaumin, A. Lepape and G. Renoux, Fate and distribution of radioactive 

sodium diethyldithiocarbamate (imuthiol) in the mouse, Int. J. Immunopharmacol., 

1986, 8, 859-865. 

Page 19 of 33 Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G


20 

 

40 A. Takeda, M. Hirate, H. Tamano, D. Nisibaba and N. Oku, Susceptibility to kainate-

induced seizures under dietary zinc deficiency, J. Neurochem., 2003, 85, 1575-1580. 

41 T. B. Cole, C. A. Robbins, H. J. Wenzel, P. A. Schwartzkroin and R. D. Palmiter, 

Seizures and neuronal damage in mice lacking vesicular zinc, Epilepsy Res., 2000, 

39, 153-169. 

42 I. Sekler and W. F. Silverman, Zinc homeostasis and signaling in glia, Glia, 2012, 

60, 843-850. 

43 E. Varea, G. Alonso-Llosa, A. Molowny, C. Lopez-Garcia and X. Ponsoda, Capture 

of extracellular zinc ions by astrocytes, Glia, 2006, 54, 304-315. 

44 M. Revuelta, A. Castaño, A. Machado, J. Cano and J. L. Venero, Kainate-induced 

zinc translocation from presynaptic terminals causes neuronal and astroglial cell 

death and mRNA loss of BDNF receptors in the hippocampal formation and 

amygdale, J. Neurosci. Res., 2005, 82, 184-195. 

45 T. Emanuelli, J. B. Rocha, M. E. Pereira, P. C. Nascimento, D. O. Souza and Beber 

FA, delta-Aminolevulinate dehydratase inhibition by 2,3-dimercaptopropanol is 

mediated by chelation of zinc from a site involved in maintaining cysteinyl residues 

in a reduced state, Pharmacol. Toxicol., 1998, 83, 95-103. 

46 S. Khandelwal, D. N. Kachru and S. K. Tandon, Influence of metal chelators on 

metalloenzymes, Toxicol. Lett., 1987, 37, 213-219. 

 

 

 

 

 

 

Page 20 of 33Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G


21 

 

Table 1. Level of DEDTC in the brain after acute exposure. 

[DEDTC] in the water [DEDTC] in the brain (mg.kg
-1

) r* 

0.2 mM < 100 

0.987                   

p = 0.001 
1 mM 113.8 ± 19.6

a
 

5 mM 960.2 ± 72.6
b
 

The experiments were performed at least three times, and a pool of 6 whole brains was 

used for each independent sample (each group was n = 3). Values were expressed as 

means ± S.E.M. Distinct letters indicate statistical differences between groups at p < 

0.05. 

* Linear regression was performed without 0.2 mM DEDTC group. 
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Table 2. δ-ALA-D activity in the zebrafish brain after DEDTC exposure. 

[DEDTC]  
δ-ALA-D activity                            

(ηmol PBG.mg protein
-1

.h) 
r* 

Control 0.62 ± 0.05
a
 

0.157                   

p = 0.463 

0.2 mM 0.64 ± 0.04
a
 

1 mM 0.59 ± 0.03
a
 

5 mM 0.66 ± 0.04
a
 

The experiments were performed at least five times, and a pool of 5 whole brains was 

considered to n = 1 (each group was n = 5). Values were expressed as means ± SEM. 

Distinct letters indicate statistical differences between groups at p < 0.05.     

* Linear regression                                 
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Figure Captions 

Fig. 1 Effects of DEDTC on behavioral phenotypes during the 60 min of exposure. 

Quantitative analysis of behavioral phenotypes for each experimental group (n = 8). 

Values were expressed as median ± interquartile range of observed phenotypes, which 

were numbered as 0 (normal behavior), 1 (movements in bursts), 2 (seizure-like 

behavior), 3 (loss of posture), and 4 (death). Data were analyzed by Friedman test 

followed by Dunn’s Multiple Comparison test. Spearman correlation between the 

phenotypes and different DEDTC concentrations was obtained and plotted in the 

graphic 

 

Fig. 2 Scheme of the main behavioral phenotypes for representative profiles of control 

(A), 0.2 mM (B), 1 mM (C) and 5 mM DEDTC groups (D). Exposure to lower 

concentration of DEDTC (0.2 mM) did not change the behavior across time (B). 

Exposure to 1 mM DEDTC induced seizure-like behavior at the end of the test (C). 

Administration of 5 mM DEDTC caused several seizure-like episodes up to death (D). 

The x-axis represents the exposure time to DEDTC (in minutes) and the color bars 

indicate the main behavioral phenotype played by each animal 

 

Fig. 3 Histochemical staining of reactive Zn in the periventricular gray zone after 

DEDTC exposure. In comparison to the control (A and E) 0.2 mM DEDTC caused 

small changes on the reactive Zn content (B and F), while 1 mM (C and G) and 5 mM 

(D and H) DEDTC produced a reduction in the reactive Zn levels. At higher 

magnification, the abundant content of reactive Zn of the periventricular gray zone (I) 

was unaltered at 0.2 mM DEDTC (J), and significantly decreased at 1 mM (K) and 5 

mM (L). The images were obtained by the analysis of four brains for each group (n = 4). 
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OT, optic tectum; PGz, periventricular gray zone. Bars represent 60 µm in A-D panels, 

200 µm in E-H panels, and 400 µm in I-L panels 

 

Fig. 4 Optic density quantification of reactive Zn in the periventricular gray zone. 

Results confirmed the substantial decrease in the reactive Zn levels at 1 mM and 5 mM 

DEDTC (n = 4). Values were expressed as the mean ± S.E.M of arbitrary units (a.u.). 

Data were analyzed by one-way ANOVA followed by Tukey’s test as post hoc. 

Different letters indicate statistical differences between groups at p < 0.05. The linear 

regression between optic density and different DEDTC concentrations was obtained and 

plotted in the graphic 

 

Fig. 5 Flow cytometry measurement of intracellular reactive Zn content from 

glutamatergic neurons and radial glial cells. Representative plots of side scatter (SSC) 

and forward scatter (FSC) of neural cells isolated from each zebrafish brain (n = 6 - 8) 

are shown (A). Percentage of mean fluorescence intensity (MFI) of reactive Zn obtained 

for all the neural cells of zebrafish brain after exposure to different DEDTC 

concentrations (B). Percentage of MFI of reactive Zn in glutamatergic neurons at 

different DEDTC concentrations (C). Percentage of MFI of reactive Zn in radial glial 

cells caused by exposure to DEDTC (D). Values were expressed as the mean ± S.E.M. 

in percentage of MFI related to the control. Data were analyzed by one-way ANOVA 

followed by Tukey’s test as post hoc. Different letters indicate statistical differences 

between groups at p < 0.05. The linear regression between cellular reactive Zn and 

DEDTC concentrations was obtained and plotted in each graphic 
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Fig. 6 Schematic representation of the effects caused by DEDTC in zebrafish. 

Numbered stripes represent each parameter and the colors correspond to specific 

changes. In general, increased DEDTC concentrations cause most significant changes in 

the parameters 
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Supplementary Figure Caption 

 

Supplementary fig. S1 Calibration curve of absorbance and corresponding 

concentrations of DEDTC (mg.mL
-1

) 
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Fig. 1 Effects of DEDTC on behavioral phenotypes during the 60 min of exposure. Quantitative analysis of 
behavioral phenotypes for each experimental group (n = 8). Values were expressed as median ± 

interquartile range of observed phenotypes, which were numbered as 0 (normal behavior), 1 (movements in 

bursts), 2 (seizure-like behavior), 3 (loss of posture), and 4 (death). Data were analyzed by Friedman test 
followed by Dunn’s Multiple Comparison test. Spearman correlation between the phenotypes and different 

DEDTC concentrations was obtained and plotted in the graphic  
53x38mm (300 x 300 DPI)  

 

 

Page 27 of 33 Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G


  

 

 

Fig. 2 Scheme of the main behavioral phenotypes for representative profiles of control (A), 0.2 mM (B), 1 
mM (C) and 5 mM DEDTC groups (D). Exposure to lower concentration of DEDTC (0.2 mM) did not change 
the behavior across time (B). Exposure to 1 mM DEDTC induced seizure-like behavior at the end of the test 

(C). Administration of 5 mM DEDTC caused several seizure-like episodes up to death (D). The x-axis 
represents the exposure time to DEDTC (in minutes) and the color bars indicate the main behavioral 

phenotype played by each animal  
54x67mm (300 x 300 DPI)  
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Fig. 3 Histochemical staining of reactive Zn in the periventricular gray zone after DEDTC exposure. In 
comparison to the control (A and E) 0.2 mM DEDTC caused small changes on the reactive Zn content (B and 

F), while 1 mM (C and G) and 5 mM (D and H) DEDTC produced a reduction in the reactive Zn levels. At 

higher magnification, the abundant content of reactive Zn of the periventricular gray zone (I) was unaltered 
at 0.2 mM DEDTC (J), and significantly decreased at 1 mM (K) and 5 mM (L). The images were obtained by 
the analysis of four brains for each group (n = 4). OT, optic tectum; PGz, periventricular gray zone. Bars 

represent 60 µm in A-D panels, 200 µm in E-H panels, and 400 µm in I-L panels  
68x54mm (300 x 300 DPI)  
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Fig. 4 Optic density quantification of reactive Zn in the periventricular gray zone. Results confirmed the 
substantial decrease in the reactive Zn levels at 1 mM and 5 mM DEDTC (n = 4). Values were expressed as 
the mean ± S.E.M of arbitrary units (a.u.). Data were analyzed by one-way ANOVA followed by Tukey’s test 

as post hoc. Different letters indicate statistical differences between groups at p < 0.05. The linear 
regression between optic density and different DEDTC concentrations was obtained and plotted in the 

graphic  
31x22mm (300 x 300 DPI)  
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Fig. 5 Flow cytometry measurement of intracellular reactive Zn content from glutamatergic neurons and 
radial glial cells. Representative plots of side scatter (SSC) and forward scatter (FSC) of neural cells isolated 
from each zebrafish brain (n = 6 - 8) are shown (A). Percentage of mean fluorescence intensity (MFI) of 

reactive Zn obtained for all the neural cells of zebrafish brain after exposure to different DEDTC 
concentrations (B). Percentage of MFI of reactive Zn in glutamatergic neurons at different DEDTC 

concentrations (C). Percentage of MFI of reactive Zn in radial glial cells caused by exposure to DEDTC (D). 
Values were expressed as the mean ± S.E.M. in percentage of MFI related to the control. Data were 
analyzed by one-way ANOVA followed by Tukey’s test as post hoc. Different letters indicate statistical 
differences between groups at p < 0.05. The linear regression between cellular reactive Zn and DEDTC 

concentrations was obtained and plotted in each graphic  
69x53mm (300 x 300 DPI)  
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Fig. 6 Schematic representation of the effects caused by DEDTC in zebrafish. Numbered stripes represent 
each parameter and the colors correspond to specific changes. In general, increased DEDTC concentrations 

cause most significant changes in the parameters  

130x186mm (96 x 96 DPI)  
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DEDTC leads to a buildup of DEDTC in the brain with consequent chelation of reactive 

Zn and behavioral impairment of zebrafish. 

 

 

  

 

 

 

Page 33 of 33 Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
a 

Sa
nt

a 
M

ar
ia

 o
n 

12
/1

1/
20

14
 1

1:
37

:4
8.

 

View Article Online
DOI: 10.1039/C4TX00111G

http://dx.doi.org/10.1039/C4TX00111G



