
Reproductive Toxicology 28 (2009) 308-320

Reproductive
Toxicology

ELSEVIER

Contents lists availab le at ScienceDirect

Reproductive Toxicology

j o u r n a l  h o m e p a g e :  w w w . e l s e v i e r . c o m / l o c a t e / r e p r o t o x

Development of a screening assay to identify teratogenic and embryotoxic 
chemicals using the zebrafish embryo
Ingrid W.T. S e lders laghs3 b *, An R. Van R om pay3, W im  De C oenb, Hilda E. W i t te r s 3
1 VITO NV, Flemish Institute for Technological Research, Unit o f Environmental Risk and Health, Toxicology, Boeretang 200,2400 Mol, Belgium 
b UA, University o f Antwerp, Department o f Biology, Laboratory for Ecophyslology, Biochemistry and Toxicology, Groenenborgerlaan 171,2020 Antwerp, Belgium

A R T I C L E  I N F O  A B S T R A C T

We  developed and  op tim ized  a screen ing  procedure, in w hich  zebrafish  em bryos w ere  exp lored  as a 
m odel for th e  evaluation  o f th e  specific em bryotoxic and tera togen ic  po ten tia l of chem icals. A selection  of 
know n positive (retino ic  acid, valproic acid, caffeine, lith ium  chloride) and  negative (glucose, saccharin) 
com pounds for developm en ta l toxicity  w ere used  to evaluate  th is m ethod . W e exposed em bryos and 
evaluated  em bryotoxic ity  and  m orphological characteristics of th e  em bryos a t 2 4 ,4 8 , 72 and  144 h  post 
fertilization . After evaluation  o f th e  induced  effects, co n cen tra tio n -re sp o n se  curves w ere  crea ted  for bo th  
em bryotoxic ity  and  teratogen ic effects. Values for te ra togen ic  indices (TI) w ere  calculated  as th e  ratio  
LC50/EC50 . The resu lts ob ta ined  w ere  com pared  to ex isting  d a ta  from  stud ies w ith  labora to ry  anim als 
and  hum ans. W e d em o n stra ted  th a t  o u r classification o f th e  com pounds, based  on  TI values, allow s to 
d istingu ish  tera togens from  n o n-tera togens and  supports th e  app lication  o f zebrafish  em bryos as an 
a lternative m ethod  for developm en ta l toxicity  stud ies to p red ic t effects in  m am m als.
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1. Introduction

E m bryogenesis is h igh ly  sensitive  to  to x ican t exposure , y e t m an y  
chem ica ls  c u rre n tly  reg is te red  for co m m erc ia l u se  lack c o m p re ­
h en sive  sa fe ty  d a ta  [ 1 ]. D ev elo p m en ta l to x ic ity  te s tin g  acco rd ing  to 
c u rre n t in te rn a tio n a l g u id e lin es in clu d e  a p re n a ta l d e v e lo p m en ta l 
to x ic ity  s tu d y  (OECD Test G uideline TG 414) [2], a tw o -g e n e ra tio n  
re p ro d u c tio n  to x ic ity  s tu d y  (OECD Test G uideline  TG 416) [3], 
a re p ro d u c tiv e /d ev e lo p m e n ta l to x ic ity  sc reen in g  te s t  (OECD Test 
G uideline  TG 421 ) [4] an d  a re p ea te d  dose  to x ic ity  s tu d y  co m b in ed  
w ith  th e  re p ro d u c tiv e /d ev e lo p m e n ta l to x ic ity  sc reen in g  te s t  (OECD 
Test G uideline  TG 422) [5 ],T hese  in vivo  te s t  m e th o d s, w h ic h  involve 
ex p o su re  o f p re g n a n t an im a ls  an d  su b seq u e n t a sse ssm e n t o f toxic  
e ffects in d am s an d  th e ir  fe tuses, req u ire  large n u m b ers  o f an im als 
an d  are  tim e -co n su m in g  an d  expensive  [6],

R ecen t e s tim a tio n s  by  th e  E u ropean  C hem icals B ureau sh o w  th a t  
tw o -g e n e ra tio n  rep ro d u c tiv e  to x ic ity  s tu d ie s  (38% o f an im als, 30% 
o f reso u rces) an d  d e v e lo p m en ta l to x ic ity  s tu d ie s  (23% o f anim als, 
24% o f reso u rces) w ill u se  by  far th e  m o st an im als  an d  reso u rces 
w ith in  REACH (R egistra tion , E valuation  an d  A u th o riza tio n  o f C hem ­
icals), w h ich  is a im ed  a t co m p le tin g  a m in im al to x ic ity  d a tab ase  
for th o u sa n d s  o f e x is ting  chem ica ls  d u rin g  th e  com ing  d ecad e  [7],
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C onsidering  th e  n u m b e r  o f  c o m p o u n d s th a t  n eed  tes tin g , novel 
m e th o d s  are  re q u ire d  to  ex p ed ite  re liab le  h aza rd  id en tifica tio n  and  
red u ce  e th ica l con cern s w h ich  acco m p an y  th e  fore m e n tio n e d  an i­
m al s tu d ie s  [1], In th e  field o f d e v e lo p m en ta l to x ic ity  tes tin g , a 
w e a lth  o f a lte rn a tiv e  m e th o d s  have b e en  d ev elo p ed  over th e  last 
tw o  d ecad es w h ich  vary  g rea tly  in  co m p lex ity  an d  b io log ical e n d ­
p o in ts  em p lo y ed  [6],

E xam ples o f a lte rn a tiv e  m e th o d s  for te s tin g  d e v e lo p m en ta l 
a ctiv ity  o f  chem ica ls  in clu d e  th e  em b ry o n a l s te m  cell te s t  (EST) 
[8,9], th e  m am m alian  m ic ro m ass (MM) te s t  [10,11], a cell cu l­
tu re  b a se d  assay  [12] an d  th e  w h o le -em b ry o  cu ltu re  (WEC) te s t 
[13], T hese assays are  u sefu l for sc reen in g  p u ta tiv e  to x ican ts  b u t 
do  n o t n ecessa rily  in co rp o ra te  th e  range  o f co m p lex ity  o f  m a m ­
m alian  d e v e lo p m en t and  chem ica l su scep tib ility . Ideally, one  w o u ld  
su p p le m e n t in vitro  te s tin g  w ith  in vivo  assays to  p rov ide  a m ore  
co m p le te  and  re lev an t a sse ssm e n t o f em bryo tox ic  an d  te ra to g en ic  
p o ten tia l fo llow ing  d e v e lo p m en ta l ex p o su re  to  a g iven  chem ica l [ 1 ]. 
Therefore, a lte rn a tiv e  m e th o d s  w h ich  u se  n o n -m am m alia n  species 
o r in v e rteb ra te s  cou ld  be  valuab le  for te s tin g  b ecause , as w ho le  
organ ism s, th e y  m ore  fully  re p re se n t th e  co m p lex ity  o f early  d ev e l­
o p m en t. C and ida te  sp ec ies  include  ch icken  [14], fru it flies [15], fish 
[16] an d  frogs [17] an d  o th ers .

The zebrafish , Danio rerio, offers severa l ad v an tag es  for to x ic ity  
te s tin g  inc lu d in g  eco n o m ic  h u sb a n d ry  re q u ire m e n ts , h igh  fecu n ­
d ity  and  rap id  ex utero  d e v e lo p m en t [18], Z ebrafish  d ev e lo p m en t 
h as b e e n  w ell c h a rac te rized  [19], The eggs re m a in  tra n s p a re n t 
from  fe rtiliz a tio n  u p  to  an d  b ey o n d  p h a ry n g u la tio n  w h e n  th e  
tis su e s  b eco m e  d en se  an d  p ig m e n ta tio n  is in itia te d . This a llow s
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u n o b s tru c te d  o b se rv a tio n  o f th e  m ain  m orp h o lo g ica l changes d u r­
ing earlie r d e v e lo p m en ta l stages. F u rth e rm o re , zeb ra fish  em bryos 
th a t  are  m alfo rm ed , lack organs, o r  d isp lay  o rg an  d y sfu n c tio n  can 
u su a lly  survive w ell bey o n d  th e  tim e  a t w h ich  th o se  o rg an s n o r­
m ally  s ta r t  to  fu n c tio n  in h e a lth y  in d iv iduals [18], In ad d itio n , fish 
are sensitive  to  chem ica l ex p o su re  d u rin g  early  d e v e lo p m en t [20], 
T hese c h arac te ris tic s  m ake th e  zeb ra fish  an  a ttrac tiv e  c an d id a te  for 
sc reen in g  o f to x ican ts  an d  th e  e lu c id a tio n  o f m ec h an ism s th e re o f
[18].

Z ebrafish  h as a lread y  b e e n  u se d  as a m o d el o rg an ism  in n u m e r­
ous s tu d ie s  th a t  a ssess  to x ic ity  e n d p o in ts  o f co m p o u n d s  o r th e ir  
m ech an ism s o f ac tio n  [2 1 -2 5 ], In ad d itio n  to  all th e  d esc rib ed  
ad v an tag es, th e  zeb rafish  is also  lis ted  as a re co m m e n d e d  te s t  
spec ies in  th e  “Fish, Early-life Stage Toxicity Test” (OECD Test G uide­
line TG 210) [26] an d  th e  “Fish, S h o rt- te rm  Toxicity Test on  E m bryo 
and  Sac-fry S tages” (OECD Test G uideline TG 212) [27] for th e  d e te r ­
m in a tio n  o f le th a l an d  su b -le th a l e ffects o f chem icals.

In th is  study, w e  in v es tig a ted  th e  p o ten tia l o f zeb ra fish  em bryos 
and  larvae as can d id a te s  for d e v e lo p m en ta l to x ic ity  sc reen s for an  
e x te n d ed  p e rio d  o f 144 h  to  cover m o re  o f th e  e ssen tia l d ev e lo p ­
m en ta l stages. O th e r s tu d ie s  p e rfo rm e d  are sh o r t- te rm  [26,28,29] 
and  lim ited  to  specific  m ech an ism , e.g. an g io g en esis  [22], h e a r t 
d e v e lo p m en t [30], an d  cell cycle in h ib itio n  [31], First, w e  d ev e l­
o ped  an d  o p tim ized  a sc reen in g  p ro ced u re  for th e  ev a lu a tio n  of 
th e  em b ry o to x ic  (le th a l for em bryo) an d  te ra to g e n ic  p o ten tia l of 
chem ica ls . Second, w e  em p lo y ed  th is  m e th o d  to  ev alu ate  a n u m ­
b e r  o f positive  an d  negative  co m p o u n d s for d e v e lo p m en ta l tox ic ity  
and  co m p ared  th e  re su lts  to  available zebrafish , m am m alian  and  
h u m an  da ta . It w as th e  final p u rp o se  to  assess w h e th e r  th is  te s t  
w ith  zeb ra fish  em b ry o  can  be in te g ra te d  in sc reen in g  p ro g ram s 
for th e  h aza rd  id en tific a tio n  o f chem ica ls an d  su p p o rt th e  3Rs 
(re fin em en t, red u ctio n , rep la ce m en t)  p rin cip le  for an im al te s tin g  
[32],

2. Materials and methods

2.2. Test animals

Adult, wild type, zebrafish were obtained from a commercial supplier (Aquaria 
Antwerp, Aartselaar, Belgium) and kept at the VITO laboratory facility at least 3 
weeks prior to the first intended spawning. The adult fish were maintained in large 
60-701 aquaria with a maximum density of 1 g fish/1 tap water at 25 ± 2 °C with a 
constant light-dark (14-10 h) cycle. The w aterw as continuous aerated and renewal 
of the water occurred in a semi-static manner. Fish were regularly provided with a 
varied diet consisting of commercial dry flake food, young daphnids and live brine 
shrimp. The health condition of the fish was checked regularly (daily except week­
ends). VITO acquired the approval of the animal use protocol (approval nr. 06-004) 
from the local ethical committee.

2.2. Collection o f eggs

Prior to spawning, males and females were housed separately for a minimum of 
5 days. The day before eggs were required, males and females were placed in breed­
ing tanks with a 6:4 male-female ratio. The breeding tanks were equipped w ith a 
spawning tray, which consists of a fine net with an appropriate mesh size for eggs to 
fall through, close to the bottom of the tank. The fish were left undisturbed overnight 
and eggs could be collected 1 h after the light had been turned on the next morn­
ing. Eggs were rinsed in 0.0002% methylene blue (CAS #7220-79-3, Sigma-Aldrich) 
diluted in medium (see below) and placed into large Petri dishes.

2.3. Chemicals and test media

Fish water, similar to the reconstituted water described in OECD 203, 
annex 2 (measured ranges; pH 7.5-8.0, conductivity 632-676 jjuS/cm2, hardness 
217-235 mg/1 CaCC>3 , oxygen 92-98%) was used as the medium for all solutions dur­
ing the experiments. The pH was checked for all solutions and adjusted to 6.8-8 
when necessary by adding sodium hydroxide or hydrogen chloride solution (stock 
solutions 1 M) and oxygen levels of the solutions were always higher than 80%. We 
selected four chemicals known to be teratogenic for mammalians, all-trans retinoic 
acid (CAS #302-79-4, Sigma-Aldrich), valproic acid sodium salt (CAS #1069-66-5, 
Sigma-Aldrich), caffeine (CAS #58-08-2, PharmInnova) and lithium chloride (CAS 
#7447-41-8, Sigma-Aldrich), and as negative compounds, glucose (CAS #50-99-7, 
Merck) and saccharin (CAS #81-07-2, Sigma-Aldrich). For retinoic acid, valproic acid,

caffeine and lithium chloride, the concentration range was determined in prelimi­
nary experiments. Presence of a 0 and 100% effect level (for both malformation and 
mortality) was used as the criterion for the selection ofthe concentration range. Con­
centration ranges for glucose and saccharin were chosen arbitrarily, starting from a 
highest level (55 mM).

2.4. Optimization o f test conditions

Initially, embryo development was observed in fish water and compared to 
observations of normal embryonic development [19] in embryo medium [33], in 
order to make sure that fish water could be used as a medium which allows normal 
development of the embryos up to 144 h post fertilization (hpf). As the exposure 
period in our teratogenic assay was extended to 144 h to include more develop­
mental stages, issues with respect to test recipient and safe levels of solvent were 
investigated. For high-throughput screening, several multi-well plates, including 
24-, 48- and 96-well plates, were used as recipients and filled with 2,1 and 0.2 ml 
fish water per well respectively, in order to determine the optimal conditions for 
future exposure studies. To compare the different multi-well plates, morphologi­
cal characteristics with special emphasis on the presence of skeletal deformities of 
control zebrafish larvae were evaluated after hatching (55, 72 and 144 hpf). Finally, 
the effects ofthe selected solvent, DMSO, on normal development were character­
ized to determine the no observed effect concentration (NOEC). Therefore, DMSO 
was added to fish water and embryos were placed in diluted DMSO solutions vary­
ing from 0.014 to 0.56 mM, corresponding to 0.1-4% (v/v), within 2 hpf in 24-well 
plates, and observed up to 144 hpf. In this way a safe concentration of DMSO to 
study development could be selected and used as a final solvent concentration. 
The results of preliminary tests should be incorporated in the development of the 
standard protocol for the evaluation ofthe embryotoxic and teratogenic potency of 
chemicals.

2.5. Testing of chemicals

For all test compounds at least one range-finding test and three final tests were 
performed. The tested concentrations were selected based on the presence of a 0 and 
100% effect level (for both malformation and mortality) as derived from the range- 
finding test. We defined 0 hpf as 1 h after the light had been turned on. Immediately 
after egg collection the embryos were exposed within 2 hpf to test media contain­
ing different concentrations of the test compound. For each concentration of the 
compounds tested, along with a negative (test medium only) and/or solvent control, 
15-20 embryos were randomly distributed into wells of a 6-well culture plate con­
taining 8 ml solution. The embryos were placed at 28.5 ±  0.5 °C in a temperature and 
light controlled incubator w ith a constant light-dark (14-10 h) cycle which was set 
at the same circadian rhythm as the adult zebrafish. At 4 hpf, fertilization success was 
determined and 12 fertilized eggs for each concentration were transferred individu­
ally to a well of a 24-well plate containing 2 ml solution, one embryo per well. Each 
24-well plate held two different concentrations of the test compound. Embryos in 
the control and/or solvent control group were placed on a separate plate. The expo­
sure was static and continuous throughout 144 hpf, solutions were not renewed 
during the overall experiment. This set-up allows for high-throughput testing with 
minimum manipulation of the embryos.

2.6. Evaluation o f developmental effects

At selected time points, namely 24, 48, 72 and 144 hpf, embryotoxicity 
(= mortality) and morphological characteristics ofthe embryos were evaluated using 
an inverted microscope (IX 81, Olympus, Belgium) or a stereomicroscope (Stemi 
2000-C, Zeiss, Germany). The embryos were evaluated for the presence and mor­
phological development (as appropriate) of somites, tail detachment, otic vesicle and 
otoliths, eyes, heart beat and blood circulation. After hatching, the aforementioned 
characteristics were no longer scored; instead, larvae were evaluated for skeletal 
deformities, body position (normally absence of a sideways position) and their abil­
ity to swim (after stimulation if necessary). All individuals were evaluated at all time 
points. The time points at which these characteristics were evaluated and considered 
in the overall malformation score (see below), are directly related to the evolution of 
normal development at that time (Table 1 ), which corresponds to stages described in 
literature [19]. Scores were given for each characteristic in a binominal way, normal 
(0) or abnormal (1). Observations were recorded ¡nan excel temp late form (Microsoft 
Excel 2002).

2.7. Data evaluation

The excel template forms were designed in a way that, based on the scores given 
for each characteristic, a score for overall effect was generated for each individual in 
the experiment. An embryo was considered either normal (all scores = 0), dead, or 
malformed as for surviving animals (score = 1 for one or more morphological char­
acteristics evaluated). Furthermore, effects were considered as a function of time. 
When increased mortality occurred at later time points, incidences for malforma­
tions were calculated as the sum of the incidence at the previous time point for dead 
embryos/larvae and the incidence for living embryos/larvae at that time. Thus, each 
individual in the experiment did get scores for both mortality and malformation
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Table 1
Morphological characteristics evaluated as measures for the teratogenic potency ofthe test compound at the designated times points (x).

Life stage Embryotoxicity Developmental endpoints 
to be evaluated

Time point for observation of normal development 
(normal = score 0. abnormal = score 1 )
24 h 48 h 72h 144 h

Zebrafish egg Egg coagulation X X X X

Somites X X X X

Tail detachment X X X X

Otolith X X X

Eyes X X X

Heart beat X X X

Blood circulation X X X

Hatching X X

Zebrafish larvae Larvae alive X X

Skeletal deformities X X

Side-wise position X

Active swimming X

(eventually upon tail
stimulation)

Embryotoxic effect/time point % of organisms w ith score 1 for mortality at each time point of observation
Teratogenic effect/time point % of organisms w ith score 1 for any of the developmental endpoints at each time point of observation

at selected time points. This allowed effect percentages to be calculated for each 
concentration at each time point. The percentage of embryotoxicity was calculated 
as the ratio of dead embryos and/or larvae over the number of embryos (generally 
12 fertilized eggs) at the start of exposure. On the other hand the percentage of 
malformation for 24, 48, 72 and 144 hpf was calculated as the ratio of malformed 
embryos and/or larvae over the number of embryos that were alive at 24 hpf. The 
resulting output then consisted of the cumulative percentage for each time point 
of observation of individuals that were malformed or dead. Detailed records with 
observations on each morphological characteristic were also available and were 
used to compare developmental effects in zebrafish embryos to mammalian stud­
ies.

The resulting data, from minimum 3 independent experiments (n =3) each with 
12 replicates (one embryo per well) per concentration, from the excel template 
form were imported into Graphpad Prism (Graphpad Prism, version 2.01) to cre­
ate concent ration-response curves for mortality and malformation for each time 
point. The sigmoidal curves had a variable slope that adequately fitted the data. The 
top and bottom of the curve were set to 100 and 0 respectively with the prereq­
uisite that percentages close to 0 and 100 for effects were present in the selected 
concentration range. These concentration-response curves were required to deter­
mine EC50 (teratogenic effects) and LC50 (lethal/embryotoxic effects) values. The 
EC50 and LC50 were derived from a 4-parameter equation describing the curve as 
follows:

/  Top -  Bottom
ottom + 10  exp(log EC50 -X )  x Hill Slope

where Y= response (percentage of death or malformed individuals), X=the loga­
rithm of the concentration of the test substance.

Based on LC50 and EC50 values, a teratogenic index (TI) was calculated as the ratio 
LC50/EC50 for each time point. The higher the TI, the more specific teratogenic effects 
of the chemical can be expected compared to overall embryotoxicity, as measured 
by mortality of organisms.

2.8. Statistical analysis

Statistical analysis was performed in Statistica (StatSoft, Inc. 2007, STATISTICA 
data analysis software system, version 8.0, www.statsoft.com). The statistical sig­
nificance of the results was tested using a Kruskal-Wallis ANOVA to determine 
the effect of concentration, followed by a Mann-Whitney U-test between groups 
(control versus exposed).

3. Results

3.1. Optim al test conditions

Zebrafish  em bryos, k e p t in Petri d ish es filled w ith  fish w ater, 
sh o w ed  a surv ival ra te  o f 90% or h ig h er (d a ta  n o t sh o w n ) an d  no r­
m al d e v e lo p m en t u p  to  144 h p f  re la tive  to  p u b lish ed  lan d m ark s
[19], Based on th e se  re su lts  w e  co n clu d ed  th a t  fish w a te r  can  be 
u s e d a s m e d iu m fo r  th e  ex p o su re  stu d ies . On th e  o th e r  han d , d ev e l­

o p m e n t o f em b ry o s k ep t in d iffe ren t m u lti-w e ll p la te s  o ver a period  
o f 144 h  sh o w ed  m alfo rm atio n s  in som e p lates . Skeletal d e fo rm i­
tie s  such  as ta il k inks (Fig. 1 ) w ere  m ore  o ften  p re se n t in larvae k ep t 
in  sm a lle r  w ells, as th o se  o f a 9 6 -w ell p la te  in  c o m p ariso n  to  24- 
an d  4 8 -w e ll p la tes . F u rth e rm o re , sk e le ta l d e fo rm itie s  w ere  m ore 
co m m o n  a t 144 h p f  in  c o m p ariso n  to  55 an d  72 hpf. This re su lt is 
m o st p ro n o u n c ed  for th e  96 -w ell p la te . As th e  w a te r  q u a lity  in  th e  
96 -w ells  m ig h t d e te r io ra te  an d  cause  te ra to g e n ic  effects, th e  te s t  
m ed iu m  w as ch an g ed  in th e  96 -w ell p late , b u t re su lts  o f ske le ta l 
d e fo rm itie s  gave th e  sam e  o u tco m e  (d a ta  n o t show n). Based on th e  
re su lts  from  th e  e x p e rim e n ts  w ith  th e  d iffe ren t m u lti-w e ll p lates, 
th e  2 4 -w ell p la te  w as u sed  in all fu r th e r  ex p o su re  e x p e rim e n ts  as 
a re c ip ie n t for th e  em bryos.

DMSO w as te s te d  in  th e  range from  0.014 to  0.56 m M  (0.1-4% 
(v/v)) in  3 in d e p e n d e n t e x p e rim e n ts  (n = 3) and  sh o w ed  adverse  
e ffects on  th e  d ev e lo p m en t o f  th e  zeb rafish  em bryos, as illu s tra ted  
in  Fig. 2 for 144 h p f  (24, 48, 72 hpf; d a ta  n o t sho w n ). At 144 hpf, 
k inks in th e  ta il w e re  m ostly  p re sen t, ev en  a t a c o n ce n tra tio n  as 
low  as 0.07 m M  (0.5% (v/v)) DMSO (m ean%  larvae w ith  a k ink  in 
th e ir  ta il >10). The NOEC o f DMSO w as d e te rm in e d  to  be  0.035 mM  
(0.25% (v/v)) (mean%  larvae affected  <10; n o t sign ifican tly  d iffe ren t 
from  contro ls), b u t  w e  p re fe rred  a s ta n d a rd  final DMSO co n cen ­
tra t io n  of 0.014 mM , c o rre sp o n d in g  to  0.1% (v/v), for th e  exposure  
ex p erim en ts .

% skele ta l defo rm ities in h a tch ed  larvae in fish  w ate r
80.0

60.0

50.0

40.0

30.0

10.0

0.0

I 111 55 hpf □  72 hpf a  144 hpf I

Fig. 1. Mean percentages and standard deviation (n=3 experiments) of hatched 
larvae in fish water with skeletal deformities, placed in 24-, 48- and 96-well plates 
at 55, 72 and 144 hpf.
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Table 2
Effect percentages (4 independent experiments) for abnormal morphological characteristics evaluated in the zebrafish teratogenicity assay after exposure to retinoic acid.

Retinoic acid
concentration
(mM)

Embryotoxicity3 Otolithsb Eyesb Somites*5 Tail
detachment*5

Heart
beat*5

Blood
circulation*5

Hatching Kink in the tailc Sidewise
position0

Active
swimming0

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

24 hpf
Control 
Solvent 
8.52 x 10 
4.26 
2.13 
1.07
5.33 
2.66
1.33 
6.66
3.33 
1.66

io-8
io-7
IO“6
io-6
io-5
io-4
io-4
io-3
io-2

48 hpf
Control 
Solvent 
8.52 x IO-9 
4.26 
2.13 
1.07
5.33 
2.66
1.33 
6.66
3.33 
1.66

IO“8
io-7
io-6
io-6
io-5
io-4
io-4
io-3
io-2

72 hpf
Control 
Solvent 
8.52 x 10 
4.26 
2.13 
1.07
5.33 
2.66
1.33 
6.66
3.33 
1.66

IO“8
io-7
io-6
IO“6
io-5
io-4
io-4
io-3
io-2

144 hpf
Control 
Solvent 
8.52 x 10- 
4.26 x 10- 
2.13 x 10- 
1.07 x 10-( 
5.33 x 10-

2.1
13.9
12.5
8.3
8.3

14.6 
12.5 
18.8 
20.8 
27.1
43.8
97.9

4.2
16.7 
12.5 
10.4
8.3

18.8 
16.7

4.2 
Í2.7
8.3 
9.6 

11.8 
8.0

10.8
10.5 
4.8

21.9
31.5 
4.2

4.8
8.3
8.3 
8.0

11.8 
8.0 
6.8

0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 2.5 5.0
7.5 15.0 34.2 28.6

56.7** 41.6 69.4** 47.5
100.0* 1 100.0* 1
100.0* 1 100.0* 1

2.1 4.2 2.1 4.2 2.1 4.2 0.0 0.0 0.0 0.0 2.1 4.2 2.1 4.2
13.9 12.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12.5 8.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8.3 9.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 4.2 2.1 4.2
8.3 11.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 4.2

14.6 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.6 27.3
12.5 10.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0 20.0 32.2 28.2
18.8 10.5 56.2** 32.2 90.7** 12.9 0.0 0.0 7.5 9.6 100.0** 0.0 100.0** 0.0
20.8 4.8 100.0** 0.0 100.0** 0.0 31.7 27.3 33.6 40.1 100.0** 0.0 100.0** 0.0
27.1 21.9 100.0** 0.0 100.0** 0.0 87.2** 9.5 97.5** 5.0 100.0** 0.0 100.0** 0.0
66.7 23.6 100.0** 0.0 100.0** 0.0 83.3** 28.9 100.0** 0.0 100.0** 0.0 100.0** 0.0

100.0 0.0 - - - - - - - - - - - -

2.1 4.2 16.7 28.9 16.7 28.9 16.7 28.9 0.0 0.0 16.7 28.9 16.7 28.9 13.1 11.7 0.0 0.0
13.9 12.7 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 4.2 8.3 0.0 0.0
12.5 8.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.2 5.0 5.6 6.6
8.3 9.6 12.5 25.0 12.5 25.0 12.5 25.0 0.0 0.0 12.5 25.0 12.5 25.0 13.8 5.5 12.2 17.7
8.3 11.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.5 11.8 26.3** 21.8

14.6 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.3 16.7 25.0 50.0 21.9 3.9 37.0** 31.3
12.5 10.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 66.7 47.1 12.5 16.0 75.1** 12.2
18.8 10.5 88.9** 22.2 91.9** 10.6 5.3 6.1 15.3** 17.2 97.5** 5.0 100.0** 0.0 92.3** 9.2 100.0 0.0
22.9 8.0 100.0** 0.0 100.0** 0.0 67.5** 32.8 45.6** 33.3 100.0** 0.0 100.0** 0.0 97.5** 5.0 100.0* Í
41.7 15.2 100.0** 0.0 100.0** 0.0 100.0** 0.0 95.8** 8.3 100.0** 0.0 100.0** 0.0 100.0** 0.0
93.8 8.0 100.0** 0.0 100.0** 0.0 75.0** 35.4 75.0** 35.4 100.0** 0.0 100.0** 0.0 100.0 0.0

100.0 0.0 - - - - - - - - - - - - - - - -

100.0# 100.0# 100.0# 0.0 100.0# 100.0# 2.1 4.2 4.4 5.0 4.4 5.0 8.8 0.4
0.0 0.0 13.7 9.7 5.8 7.1 17.2 12.3
0.0 0.0 22.5 15.0 12.5 9.6 22.5 15.0
0.0 0.0 31.2** 25.9 11.7 8.8 26.2** 15.9
0.0 0.0 43.8** 22.4 39.0** 26.5 35.5** 22.4
0.0 0.0 59.6** 37.8 29.8 29.4 41.4 45.6
0.0 0.0 92.7** 9.5 65.0** 23.4 97.7** 4.5
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Fig. 2. Concentration-response curve for malformation and mortality for DMSO 
exposure (n=3 experiments) at 144 hpf. %Effect (mean±SD) is shown versus the 
logarithm of the concentrations tested (logmM) (range 0.014-0.56 m M ~ 0.1-4%
(v/v)).

3.2. Data obtained fo r  selected test com pounds

A ll-trans re tin o ic  acid  w as te s te d  in th e  range b e tw e e n  
8.52 x 10~ 9 and  1.66 x 10~ 2 mM , se lec ted  a fte r  a ran g e-fin d in g  test, 
w ith  a final DMSO co n ce n tra tio n  of 0.1%. R esults are sh o w n  in 
Table 2. W e o b se rv ed  m alfo rm atio n  of eyes (Fig. 3A), o to lith s  
(Fig. 3A), so m ites, an d  card iovascu lar d e fec ts (Fig. 3B) in th e  early  
d e v e lo p m en ta l s tages (2 4 -4 8  hpf). At la te r  d e v e lo p m en ta l stages 
(7 2 -1 4 4  hpf) sk e le ta l d e fo rm itie s  (Fig. 3D) an d  lack o f sw im m in g  
b eh av io r w e re  m o st p ro m in e n t. Effects (>10%) w ere  se e n  a lread y  a t 
th e  lo w est co n ce n tra tio n  o f 8 .52 x 10~ 9 m M  an d  a co n ce n tra tio n  
d e p e n d e n t in crease  o f m alfo rm atio n s  is se e n  a t h ig h er co n cen ­
tra tio n s . Significant e ffects w e re  a p p a re n t a t 4 .26 x 10~ 8 m M  and  
h igher.

V alproic  acid  w as te s te d  in  th e  range  from  0 .04  to  12.0 m M  as 
d e riv ed  from  a ran g e-fin d in g  te s t. Overall e ffects seen  w ith  ex p o ­
su re  to  valpro ic  acid  w e re  sim ila r to  th o se  for re tin o ic  acid, a lth o u g h  
effect c o n ce n tra tio n s  w e re  h ig h er (Table 3). Effects (>10%) w ere  
se e n  a t a va lp ro ic  acid  co n ce n tra tio n  as low  as 0.09 m M , w h ich  w ere  
s ign ifican tly  d iffe ren t from  co n tro ls  a t 0.38 m M  and  144 hpf.

For caffeine, c o n ce n tra tio n s  te s te d  w ere  b e tw e e n  0.05 and  
12.9 m M . At 48  hpf, b lood  c ircu la tio n  w as a b se n t a t a c o n ce n tra ­
tio n  of 1.61 m M  an d  h ig h e r  an d  s ta r tin g  from  72 hpf, m o stly  k inks 
in  th e  ta il w e re  o b se rv ed  w h e n  em b ry o s are exp o sed  to  a t least 
0.39 m M  caffeine (Table 4). D ow n to  0.19 m M  caffeine, sign ifican t 
d ifferences w e re  sh o w n  co m p ared  to  con tro l.

The c o n ce n tra tio n s  o f lith iu m  ch lo ride  te s ted , w e re  b e tw e e n  
0.05 and  235.9 m M . R esults are sh o w n  in Table 5. At 24  an d  48  hpf, 
m o rta lity  is o b se rv ed  a t th e  h ig h es t co n ce n tra tio n  te s ted , w h ile  no 
o th e r  te ra to g e n ic  effects w e re  obvious. A lthough  n o t an  e n d p o in t 
in  th e  above d esc rib ed  zeb ra fish  te ra to g e n ic  assay, k inks in  th e  
ch o rd a  w ere  o b se rv ed  occasionally  (Fig. 3C). This m alfo rm atio n  w as 
n o t o b se rv ed  in  a sy s tem atic  m a n n e r  a t d iffe ren t co n cen tra tio n s . 
A p p a ren tly  lith iu m  ch lo ride  ex erts  its  m ajo r te ra to g e n ic  p o ten tia l 
a t la te r  tim e  p o in ts . At 72 hpf, a slig h t re ta rd a tio n  in d e v e lo p m en t 
cou ld  be  o b served , m an ifes ted  as a d e lay  in  h a tch in g  a fte r  ex p o ­
su re  to  58.9 m M  lith iu m  ch lo ride. At 144 h p f  sk e le ta l d e fo rm itie s  
a n d  re d u ce d  sw im m in g  b eh av io r a re  m o st p ro m in en t.

For all positive  c o m p o u n d s te s te d , th e  n u m b e r  o f  ind iv idua ls 
a ffec ted  is c o n c e n tra tio n -d e p e n d e n t. B ased on th e  p e rce n ta g e  in d i­
v id u als  a ffec ted  (m alfo rm a tio n  fo r any o f o b se rv ed  ch arac te ris tics) 
for each  c o n cen tra tio n , c o n c e n tra tio n -re sp o n se  cu rves w e re  c re ­
a te d  fo r each  tim e  p o in t (Fig. 4). LC50  (for em bryo tox ic  e ffects or 
le th a lity ) an d  EC50 (for specific te ra to g e n ic  effects) va lues w ere



Table 3
Effect percentages (4 independent experiments) for abnormal morphological characteristics evaluated in the zebrafish teratogenicity assay after exposure to valproic acid.

Valproic acid 
concentration (mM)

Embryotoxicity3 Otolithsb Eyesb Somites*5 Tail
detachment*5

Heart
beat*5

Blood
circulation*5

Hatching Kink in 
the tailc

Sidewise
nositionc

Active
swimminffc

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

24 hpf
Control 0.0 0.0 0.0 0.0 0.0 0.0
4.70 x IO-2 2.1 4.2 0.0 0.0
9.40 x IO“2 2.1 4.2 0.0 0.0 0.0 0.0
0.19 0.0 0.0 0.0 0.0 0.0 0.0
0.38 4.2 4.8 0.0 0.0 0.0 0.0
0.75 2.1 4.2 0.0 0.0 2.1 4.2
1.5 18.8 26.7 12.7 19.8 20.0** 17.1
3.01 47.9 4Í.0 57.9** 41.7 90.5** 16.5
6.02 81.3 26.7 100.0** 0.0 100.0** 0.0
12.0 100.0 0.0 - - - -

48 hpf
Control 0.0 0.0 0.0 0.0 2.1 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4.70 x IO“2 2.1 4.2 0.0 0.0 0.0 0.0 0.0 0.0
9.40 x IO“2 2.1 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.38 4.2 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 4.2 4.4 5.0
0.75 4.2 4.8 2.1 4.2 2.3 4.5 0.0 0.0 0.0 0.0 4.2 8.3 58.5** 31.0
1.5 39.6 40.5 33.3 40.8 70.8 47.9 10.4 20.8 8.3 16.7 33.3 47.1 100.0** 0.0
3.01 66.7 47A 100.0** 0.0 100.0** 0.0 50.0 70.7 87.5** 17.7 100.0** 0.0 100.0** 0.0
6.02 85.4 29.2 100.0* 100.0 100.0** 100.0* 100.0* 100.0*
12.0 100.0 0.0 - - - - - - - - - - - -

72 hpf
Control 2.1 4.2 0.0 0.0 4.2 8.3
4.70 x IO-2 2.1 4.2 0.0 9.1 1
9.40 x IO“2 2.1 4.2 0.0 0.0 2.8 4.8
0.19 2.1 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23.2** 14.1 3.7 6.4
0.38 4.2 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.2 8.3 4.2 8.3 30.1** 13.8 11.1 15.7
0.75 4.2 4.8 0.0 0.0 4.2 8.3 0.0 0.0 0.0 0.0 24.0 28.9
69.8* 25.8 80.3** Í4.5 41.7 52.0
1.5 62.5 43.8 50.0* 70.7 50.0* 70.7 25.0* 35.4 12.5* 17.7 90.0** 14.1 100.0** 0.0 100.0** 0.0
3.01 93.8 8.0 100.0** 0.0 100.0** 0.0 50.0 70.7 100.0** 0.0 100.0** 0.0 100.0** 0.0 100.0** 0.0
6.02 93.8 Í2.5 100.0* I 100.0* 1 100.0* 1 100.0* 1 100.0* 1 100.0* 1 100.0** 1
12.0 100.0 0.0 - - - - - - - - - - - - - - - -

144 hpf
Control 2.1 4.2 0.0 0.0 5.6 4.8 2.8 4.8 14.1 17.2
4.70 x IO-2 2.1 4.2 0.0 Í 0.0 1 0.0 I 0.0
9.40 x IO-2 2.1 4.2 0.0 0.0 51.1 33.7 25.4 23.0 17.0 11.2
0.19 2.1 4.2 0.0 0.0 87.5 17.7 70.8 29.5 50.0 47.1
0.38 4.2 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 57.7 66.7 57.73 11.4** 4.6 67.9 30.2 100.0 0 62.1 22.9
0.75 37.5 33.7 45.5 64.3 31.8 45.0 40.9 57.9 36.4 51.4 75.0 35.4 100.0 0.0 50.0 50.0 75.0 35.4 100.0 0.0 100.0 0.0
1.5 93.8 Í2.5 100.0 1 100.0 1 100.0 1 100.0 1 100.0 1 100.0 1 100.0 1
3.01 100.0 0.0 - - - - - - - - - - - - - - - - - - - -

6.02 100.0 0.0 - - - - - - - - - - - - - - - - - - - -

12.0 100.0 0.0 - - - - - - - - - - - - - - - - - - - -

Notes: Incidences of morphological effects >10% are shown in bold, cells have been left blank when no observations were made.
Abbreviations used: (hpf) hours post fertilization; (-) no data available due to 100% mortality; (/) no S D could be calculated since data originated from 1 experimental run. 

a Mean percentage ±  SD of mortality based on all eggs.
b Mean percentage ±  SD of teratogenic effect based on surviving, pre-hatch embryos. 
c Mean percentage ±  SD of teratogenic based on surviving, post-hatch embryos.

At p< 0.05 there was a significant effect of concentration as determined by a Kruskal-Wallis ANOVA.
At p< 0.05 there was a significant effect of concentration as determined by a Kruskal-Wallis ANOVA and between groups as determined by a Mann-Whitney U-test.

I.W
.T. Selderslaghs et aí. / Reproductive 

Toxicology 
28 

(2009) 308-320 
313



Table 4
Effect percentages (3 independent experiments) for abnormal morphological characteristics evaluated in the zebrafish teratogenicity assay after exposure to caffeine.

Caffeine
concentration (mM)

Embryotoxicity3 Otolithsb Eyesb Somites*5 Tail
detachment*5

Heart
beat*5

Blood circulation*5 Hatching Kink in 
the taiIe

Sidewise
Dositionc

Active
swimminec

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

24 hpf
Control 0.0 0.0 2.8 4.8 2.8 4.8
0.05 2.8 4.8 0.0 0.0 0.0 0.0
0.10 2.8 4.8 5.8 5.0 5.8 5.0
0.19 2.8 4.8 0.0 0.0 0.0 0.0
0.39 2.8 4.8 0.0 0.0 0.0 0.0
0.77 2.8 4.8 0.0 0.0 0.0 0.0
1.61 5.6 4.8 0.0 0.0 0.0 0.0
3.22 25.0 22.0 4.2 7.2 4.2 7.2
6.44 87.5 17.7 100.0 1 100.0 1
12.9 100.0 0.0 - - - -

4 8  h p f
Control 2.8 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05 2.8 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.10 2.8 4.8 2.8 4.8 5.8 5.0 5.8 5.0 5.8 5.0 2.8 4.8 5.8 5.0
0.19 2.8 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.39 2.8 4.8 0.0 0.0 3.0 5.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.77 2.8 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8 4.8
1.61 5.6 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 70.7** 9.7
3.22 25.0 22.0 19.8 21.6 32.5* 36.9 22.6 21.5 0.0 0.0 24.0** 16.5 100.0** 0.0
6.44 100.0 0.0 - - - - - - - - - - - -
12.9 100.0 0.0 - - - - - - - - - - - -

7 2  h p f
Control 5.6 4.8 0.0 1 0.0 ! 0.0 1 0.0 1 0.0 ! 0.0 1 3.0 5.2 3.3 5.2
0.05 2.8 4.8 0.0 0.0 6.1 10.5
0.10 5.6 4.8 0.0 1 0.0 1 50.0 1 50.0 1 50.0 1 50.0 1 6.1 10.5 7.4 10.5
0.19 2.8 4.8 0.0 0.0 2.8 4.8
0.39 2.8 4.8 0.0 0.0 45.5** 7.9
0.77 2.8 4.8 0.0 0.0 100.0** 17.6
1.61 5.6 4.8 33.3 57.7 0.0 0.0 16.7 28.9 0.0 0.0 0.0 0.0 77.8** 38.5 29.5** 14.2 100.0** 14.2
3.22 27.8 25.5 5.6 9.6 11.1 19.2 41.4 46.0 0.0 0.0 23.9** 22.7 100.0** 0.0 97.2** 4.8 100.0 4.8
6.44 100.0 0.0 - - - - - - - - - - - - - - - -
12.9 100.0 0.0 - - - - - - - - - - - - - - - -

1 4 4  h p f
Control 5.6 4.8 0.0 0.0 5.6 9.6 0.0 0.0 0.0 0.0
0.05 2.8 4.8 0.0 0.0 14.9 19.1 3.0 5.2 6.1 10.5
0.10 8.3 8.3 0.0 0.0 15.8 12.3 0.0 0.0 2.8 4.8
0.19 8.3 8.3 0.0 0.0 49.2** 23.9 3.3 5.8 30.9 37.6
0.39 2.8 4.8 0.0 0.0 85.9** 4.4 22.2 31.5 41.4** 42.9
0.77 2.8 4.8 0.0 0.0 97.2** 4.8 38.4** 37.6 59.6** 27.8
1.61 61.1 39.4 0.0 1 0.0 1 0.0 1 0.0 1 100.0 1 100.0 1 3.3 5.8 100.0** 0.0 100.0** 0.0 100.0** 0.0
3.22 97.2 4.8 0.0 1 0.0 1 0.0 1 0.0 1 100.0 1 100.0 1 100.0
6.44 100.0 0.0 - - - - - - - - - - - - - - - - - - -
12.9 100.0 0.0 - - - - - - - - - - - - - - - - - - -

Notes: Incidences of morphological effects >10% are shown in bold, cells have been left blank when no observations were made.
Abbreviations used: (hpf) hours post fertilization (-); no data available due to 100% mortality (/); no SD could be calculated since data originated from 1 experimental run. 

a Mean percentage ±  SD of mortality based on all eggs.
b Mean percentage ±  SD of teratogenic effect based on surviving, pre-hatch embryos. 
c Mean percentage ±  SD of teratogenic effect based on surviving, post-hatch embryos.

At p< 0.05 there was a significant effect of concentration as determined by a Kruskal-Wallis ANOVA and between groups as determined by a Mann-Whitney U-test.
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Table 5
Effect percentages (3 independent experiments) for abnormal morphological characteristics evaluated in the zebrafish teratogenicity assay after exposure to lithium chloride.

Lithium Cl 
concentration (mM)

Embryotoxicity3 Otolithsb Eyesb Somites*5 Tail
detachment*5

Heart
beat*5

Blood circulation*5 Hatching Kink in 
the tailc

Sidewise
Dositionc

Active 
swim mine0

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

24 hpf
Control 2.8 4.8 0.0 0.0 0.0 0.0
5.76 x IO“2 2.8 4.8 0.0 0.0 0.0 0.0
0.23 0.0 0.0 0.0 0.0 0.0 0.0
0.92 2.8 4.8 0.0 0.0 0.0 0.0
3.69 0.0 0.0 0.0 0.0 0.0 0.0
14.7 0.0 0.0 0.0 0.0 0.0 0.0
58.9 0.0 0.0 2.8 4.8 0.0 0.0
235.9 100.0 0.0 - - - -

48 hpf
Control 2.8 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5.76 x IO“2 2.8 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8 5.9 2.8 5.9
0.23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.92 2.8 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.69 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
58.9 0.0 0.0 0.0 0.0 0.0 0.0 2.8 4.8 0.0 0.0 0.0 0.0 0.0 0.0
235.9 100.0 0.0 - - - - - - - - - - - -

72 hpf
Control 2.8 4.8 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 2.8 5.9 6.1 12.9
5.76 x IO“2 5.6 4.8 0.0 0.0 0.0 0.0
0.23 0.0 0.0 0.0 0.0 0.0 0.0
0.92 2.8 4.8 0.0 I 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 2.8 4.8 0.0 4.8
3.69 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 70.7 11.1** 4.8 0.0 0.0
14.7 0.0 0.0 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 5.6 0.0 8.3 14.4
58.9 0.0 0.0 0.0 0.0 0.0 0.0 6.7 14.1 0.0 0.0 0.0 0.0 4.8 0.0 50.0** 26.8 38.4** 33.4
235.9 100.0 0.0 - - - - - - - - - - - - - - - -

144 hpf
Control 2.8 4.8 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 100.0 1 2.8 5.9 0.0 0.0 2.8 5.9 2.8 5.9
5.76 x IO-2 5.6 4.8 0.0 0.0 5.8 6.4 5.8 6.4 0.0 0.0
0.23 0.0 0.0 0.0 0.0 11.1 11.8 0.0 0.0 11.1 23.6
0.92 2.8 4.8 0.0 0.0 2.8 5.9 2.8 5.9 2.8 5.9
3.69 0.0 0.0 0.0 I 0.0 1 0.0 1 0.0 1 0.0 1 0.0 1 2.8 5.9 20.2 4.3 0.0 0.0 11.1 23.6
14.7 0.0 0.0 0.0 0.0 86.1** 5.9 91.7** 17.7 66.7** 11.8
58.9 75.0 8.3 0.0 0.0 0.0 0.0 25.0 35.4 0.0 0.0 100.0 0.0 100.0 0.0 55.6 23.6 100.0 1 100.0 1 100.0 /
235.9 100.0 0.0 - - - - - - - - - - - - - - - - - - -

Notes: Incidences of morphological effects >10% are shown in bold, cell have been left blank when no observations could be made.
Abbreviations used: (hpf) hours post fertilization (-); no data available due to 100% mortality; (/) no S D could be calculated since data originated from 1 experimental run. 

a Mean percentage ±  SD of mortality based on all eggs.
b Mean percentage ±  SD of teratogenic effect based on surviving, pre-hatch embryos. 
c Mean percentage ±  SD of teratogenic effect based on surviving, post-hatch embryos.

At p< 0.05 there was a significant effect of concentration as determined by a Kruskal-Wallis ANOVA and between groups as determined by a Mann-Whitney U-test.
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Control Chemical treated
(A)

d eriv ed  from  th e  c o n c e n tra tio n -re sp o n se  cu rves for all t im e  p o in ts  
eva lu a ted , b a sed  o n  a m in im u m  of th re e  in d e p e n d e n t e x p e rim e n ts  
(Table 6). The d is tan ce  b e tw e e n  th e  c o n c e n tra tio n -re sp o n se  curves 
a t th e  50% effect co n ce n tra tio n  for em b ry o to x ic ity  an d  m alfo rm a­
tio n  (Fig. 4) is co n sid ered  a m easu re  o f th e  specific tera to g en ic , 
n o n -em b ry o to x ic  p o ten tia l o f  th e  co m p o u n d . This is also d e m o n ­
s tra te d  by  th e  TI-values, w h ich  are ca lcu la ted  as th e  ra tio  LC50/EC50 
(Table 6). F u rth e rm o re , e ffects o f m a lfo rm a tio n  sh ift to  th e  left 
(lo w er co n ce n tra tio n s ) as a fu n c tio n  o f tim e  (Fig. 4).

G lucose and  saccharin , u se d  as negative  com p o u n d s , w e re  te s te d  
b e tw e e n  0.09 an d  55 m M . As ex p ec ted , g lucose sh o w ed  n e ith e r  
le th a l n o r te ra to g e n ic  effects to  th e  zeb ra fish  em b ry o s in  th e  
range  te s te d  for th e  w h o le  d u ra tio n  o f th e  e x p e rim e n ts  (n = 3)

Fig. 3. Photographs of embryos and larvae at different time points. Exposure con­
ditions and malformations are indicated, respective controls for all individuals are 
shown on the left. (A) 1.33 10~4 mM retinoic acid, malformation ofthe eye (arrow­
head) and otoliths (arrow), 24 h post fertilization (hpf); (B) 2.66 10~5 mM retinoic 
acid, accumulation of red blood cells (arrow), 24 hpf; (C) 58.97 mM lithium chloride, 
kink in the chorda (arrow), 48 hpf; (D) 2.66 10~5 mM retinoic acid, kinks in the tail 
(arrows) and sidewise position, 72 hpf.
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Fig. 4. Concentration-response curves for malformation ( , dotted line) and mortality (o, full line) for retinoic acid (n = 4) valproic acid (n = 4) caffeine (n = 3) and lithium 
chloride (n = 3) at (A) 24 hpf; (B) 48 hpf; (C) 72 hpf and (D) t44hpf. % E Heel (mean SD) is shown versus the logarithm ofthe concentrations tested (log mM).

(d a ta  n o t show n). Saccharin  in d u ced  m o rta lity  (91.66%) as soon  
as 24 h p f  w h e n  em b ry o s w ere  ex p o sed  to  55 m M  b u t  fu r th e r­
m ore, a t la te r  tim e  p o in ts  an d  lo w er c o n ce n tra tio n s  th e re  w ere  
no effects o b se rv ed  (n = 3) (d a ta  n o t sho w n ). Due to  th e  lack of 
50% effect levels for g lucose  an d  saccharin , in  th e  range  te s ted , 
no  c o n c e n tra tio n -re sp o n se  cu rves cou ld  be  g e n e ra te d  o rT I va lues 
calcu la ted . T herefore, w e  can  on ly  s ta te  a no  o b se rv ed  effect co n ­
c e n tra tio n  for th e se  co m p o u n d s. A co n ce n tra tio n  u p  to  27.9 mM  
glucose o r sacch a rin  h ad  no  effect on  zeb ra fish  d ev e lo p m en t.

4. Discussion

In th is  study, w e  o p tim ized  an d  s ta n d a rd ize d  a sc reen in g  p ro ­
ced u re  to  id en tify  th e  specific  te ra to g e n ic  p o ten tia l o f  chem ica ls 
co m p ared  to  overall em b ry o to x ic ity  by  use  o f th e  zeb ra fish  em b ry o  
m odel. W e d e te rm in e d  th e  o p tim a l c o n d itio n s to  m o n ito r  em b ry o  
d e v e lo p m en t to  144 hpf. E x p erim en ts  w ith  d iffe ren t m u lti-w e ll 
p la tes  sh o w ed  th a t  em b ry o s p laced  in  96 -w ell p la te s  are m ore  
likely to  have sk e le ta l d e fo rm itie s  in c o m p ariso n  to  em b ry o s p laced  
in 24 - o r 4 8 -w e ll p la tes . A lthough  o th e r  h ig h -th ro u g h p u t s tu d ­
ies have b e en  p e rfo rm e d  in  9 6 - o r even  3 8 4 -w ell p la tes, ex p o su re  
t im e s  in  th e se  s tu d ie s  d id  n o t exceed  72 h p f  [34,35] o r  so lu tio n s 
w e re  re n ew e d  daily  [36], It m ay  be possib le  th a t  th e  q u a lity  of 
th e  m ed iu m  in w h ich  th e  em b ry o s re s id ed  d im in ish ed  over tim e

due  to  bu ild  u p  o f tox ic  w aste . R enew al o f so lu tio n s  a fte r  h a tc h ­
ing w as te s te d  an d  d id  n o t affect th e  o u tco m e  in  o u r se t-u p . The 
cause  o f sp o n ta n e o u s  m alfo rm atio n s  rem a in s  u n k n o w n  b u t  m ay  
be a ttr ib u te d  to  lim ited  space  a t th e  o n se t o f  sw im m in g . In o rd e r 
to  m a in ta in  a h ig h -th ro u g h p u t e x p e rim e n ta l se t-u p  th a t  allow s 
for m in im al m an ip u la tio n s , 2 4 -w ell p la te s  w e re  se lec ted  as th e  
rec ip ien t in  w h ic h  fu r th e r  e x p e rim e n ts  sh o u ld  b e  co n d u cted , w h ile  
co n tro l g ro u p s sh o w ed  <10% effect.

V ehicle (DMSO) to x ic ity  w as also  eva lu a ted . C o n sisten t w ith  
[37], DMSO a t levels b e lo w  1.5% can  b e  u se d  u p  to  96 h p f  b u t  a t 1.5% 
did in d u ce  ad v erse  e ffects a t 144 hpf. Thus, th e  final DMSO co n ­
c en tra tio n  has b e en  se t to  0.1% for th is  e x p e rim e n ta l se t-u p . W ith  
reg ard s to  th e  positive  an d  negative  te s t  co m p o u n d s , w e a ssu m e 
a te ra to g e n ic  effect for TI = 1 o r  h igher. All positive  co n tro ls  w ere  
classified  as te ra to g en ic , a lth o u g h  lith iu m  ch lo ride  on ly  sh o w ed  
te ra to g en ic  e ffects a t la te r  d e v e lo p m en ta l tim e  p o in ts  (72 and  
144 hpf). N egative con tro ls  failed  to  re tu rn  c o m p u tab le  TI v a lu es a t 
c o n ce n tra tio n s  te s te d  here, u p  to  55 m M . For D-glucose, no  te ra to ­
g en ic ity  o r em b ry o to x ic ity  w as obse rv ed . No ab n o rm a litie s  w ere  
o b se rv ed  in em b ry o s ex p o sed  to  th e  h ig h es t c o n ce n tra tio n  o f sac ­
ch arin  te s te d ; hence , sacch a rin  w as c lassified  as a n o n -te ra to g e n ; 
how ever, h ig h er c o n ce n tra tio n s  o f sacch a rin  w e re  em bryotox ic.

TI va lues can  be  u se d  to  ran k  te ra to g en ic  co m p o u n d s , e.g. 
th e  h ig h e r  th e  TI value  th e  g re a te r  th e  te ra to g e n ic  p o ten tia l a
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co m p o u n d  w ill d e m o n s tra te . R etinoic acid w as th e  m o st te ra to ­
gen ic  co m p o u n d  o f c o m p o u n d s te s te d  here, an d  fu r th e rm o re  th e  
c o n ce n tra tio n  levels w ith  sign ifican t e ffects w ere  th e  low est for 
re tin o ic  acid —a s tro n g  te ra to g e n  across spec ies an d  a c o m m o n  ref­
e ren ce  c o m p o u n d  for v a lid a tin g  d e v e lo p m en ta l to x ic ity  [3 8 -4 0 ], 
The te ra to g e n ic  m ec h an ism  o f re tin o ic  acid  is w ell k n o w n  [41], 
E xogenous v ita m in  A is te ra to g e n ic  in  m ice, ra ts, g u in ea  pigs, h a m ­
ste rs, rabb its, dogs, pigs, chicks an d  m onkeys [42], an d  zeb rafish  
as w ell. C om m on m alfo rm atio n s  in d u ced  by  re tin o ic  acid in  ra ts 
ex p o sed  g e s ta tio n a l days 2 - 4  u n til day  16, include  exencephaly , 
c left p a la te , sp in a  bifida, eye defects, h y d ro cep h a ly  an d  sh o r te n ­
ing  of th e  m an d ib le  an d  m ax illa  [43], O th e r te ra to g e n ic  ta rg e ts  
in clu d e  th e  h ea rt, sk e le to n  and  lim bs [41 ]. W e o b se rv ed  s im ila r m a l­
fo rm atio n s  in  zeb ra fish —eyes, o to lith s  and  som ites, card iovascu lar 
d e fec ts  an d  e d em a  a t th e  early  d e v e lo p m en ta l s tages (2 4 -4 8  hpf) 
an d  sk e le ta l d e fo rm itie s  (7 2 -1 4 4  hpf). D espite  th e  fact th a t  all tran s -  
re tin o ic  acid  is read ily  ox id ized  a n d /o r  iso m erized , e sp ecially  in th e  
p re sen ce  o f o x id an ts  in c lu d in g  air, lig h t an d  excessive h e a t [44], w e 
d id  n o t re fre sh  th e  so lu tio n s  d u rin g  th e  w h o le  d u ra tio n  o f th e  ex p er­
im e n ts  for p u rp o se s  o f  h ig h -th ro u g h p u t sc reen ing . A dverse effects 
o b se rv ed  how ever, sh o w ed  a c lear t im e -d e p e n d e n t  cou rse  w ith  
lo w er c o n ce n tra tio n s  th a t  sh o w ed  no effects an d  lo w er EC50 values 
a t la te r  tim e  p o in ts  o f evalu a tio n . F u rth e rm o re , a n o th e r  s tu d y  [45] 
sh o w ed  th a t  a sh o rt pu lse  (0 .5 ,1  o r 2 h) o f t r e a tm e n t  w ith  all tran s -  
re tin o ic  acid  is a lm o st as effective as a lo n g er t re a tm e n t  (22 h). Thus, 
all tra n s -re tin o ic  acid  is tak e n  u p  read ily  by th e  zeb ra fish  em bryos 
an d  th a t  it re m a in s  s to red , possibly, w ith in  th e  lipoph ilic  yolk [45],

Sod ium  v a lp ro a te  p ro d u ced  an  in crease  in  c o n g en ita l an o m alies  
w h e n  te s te d  in m ice, ra ts, rab b its  an d  m onkeys (in  h igh  doses) [46], 
Case re p o rts  o f va lpro ic  acid  in d u ced  te ra to g e n ic  e ffects in h u m an s 
b eg an  to  a p p e a r  in  1980. The risk  o f n eu ra l tu b e  d e fec ts  a fte r  p re n a ­
ta l ex p o su re  to  va lpro ic  acid  has b e e n  e s tim a te d  to  be  1-2%, w h ich  
is 1 0 -2 0  tim e s  h ig h er th a n  th e  b ack g ro u n d  ra te . Limb an o m alies  
a re  also  in creased . N u m ero u s re p o rts  [4 7 -4 9 ] also  d esc rib ed  a co n ­
s te lla tio n  o f m in o r te ra ia  th a t  are a sso c ia ted  w ith  in utero  exposure  
to  va lpro ic  acid. T hese  fe a tu res  are n o w  co llectively  re fe rred  to  as 
Fetal V alproate  Syndrom e an d  include  a c o n sis ten t p re se n ta tio n  of 
cran iofacial a b n o rm a litie s  [50], T erata  in d u ced  b y  va lpro ic  acid  su g ­
g est in te rfe ren ce  w ith  p a tte rn  fo rm atio n  s im ila r to  re tin o ic  acid. In 
zebrafish , w e  could  also  o bserve  m alfo rm atio n s  in d u ced  by  valproic  
acid  ex p o su re  th a t  w e re  v e ry  s im ila r to  th o se  seen  w h e n  em bryos 
w ere  ex p o sed  to  re tin o ic  acid.

A lthough  th e  asso c ia tio n  b e tw e e n  coffee a n d /o r  caffeine u p tak e  
an d  th e  inc id en ce  of te ra to g e n ic  e ffects in  h u m a n  fe tu ses seem s 
v e ry  w eak  o r a b se n t an d  th u s  re m a in in g  con troversia l, caffeine can  
in d u ce  m alfo rm atio n s  in d iffe ren t an im al spec ies (rat, m ice) [51 ]. A 
possib le  ex p la n a tio n  for th is  d isc rep an cy  is th a t  h u m a n  c o n su m p ­
tio n  o f coffee occurs in m u ltip le  d is tin c t m o m e n ts  o f in tak e  d u rin g  
th e  day  w h ile  in an im a l stu d ies , h igh  do ses o f caffeine are  a d m in ­
is te re d  a t once. In h e a lth y  ad u lts, caffeine is ab so rb ed  v e ry  rap id ly  
an d  its half-life  ran g es b e tw e e n  2.5 an d  6 h  [51 ]. It seem s th a t  th e re  
a re  re la tiv e ly  few  ty p es  o f m alfo rm atio n s  in d u ced  by  caffeine. Those 
m o st freq u e n tly  o b se rv ed  a re  m alfo rm atio n s  o f  th e  lim bs an d  d igits, 
cran iofacial m a lfo rm atio n s  an d  de lays in  ossification  o f lim bs, ja w  
an d  s te rn u m  [5 2 -5 7 ], Caffeine has te ra to g e n ic  e ffects on  th e  fetal 
card io v ascu la r sy s tem  [58], In th is  s tu d y  w ith  zebrafish , th e  ab sence  
o f b lo o d  c ircu la tio n  an d  th e  p re sen ce  o f sk e le ta l d e fo rm itie s  w ere  
obse rv ed . A lthough  a re la tiv e ly  sm all n u m b e r  o f ch arac te ris tics  
w ere  ev a lu a ted  for th is  study, in c o m p ariso n  to  an im al s tud ies, 
th e  te ra to g e n ic  e ffects th a t  w e re  p re se n t in  zebrafish , a re  again  in 
a g re e m e n t w ith  o b se rv a tio n s in m am m als.

The re su lts  o f va rio u s s tu d ie s  an d  a sm all n u m b e r  o f case re p o rts  
in d ica te  th a t  lith iu m  is a “w e ak ” h u m an  te ra to g en . The m ain  e ffects 
a ttr ib u ta b le  to  lith iu m  are  card iac  m alfo rm atio n s  an d  b ab ie s  w ith  
in c reased  b ir th  w e ig h t [59], In tw o  co h o rt s tud ies , risk  ra tio s  o f 3.0 
(95% confidence  in te rv a l (CI), 1 .2-7.7) an d  1.5 (95% CI, 0 .4 -6 .8 ) for

all cong en ita l an o m a lie s  have b e e n  o b se rv ed  [60], L ith ium  t r e a t­
m e n t p ro to co ls d esig n ed  to  p ro d u ce  h u m a n  th e ra p e u tic  se ru m  
levels have no  ad v erse  d e v e lo p m en ta l e ffects on  ra ts, m ice, rab ­
b its  o r m onkeys; how ever, in ra ts  an d  m ice, h ig h er d o ses o f lith iu m  
are  te ra to g e n ic  cau sin g  a w id e  sp e c tru m  of b ir th  d e fec ts  in c lud ing  
cleft pa la te , ex en cep h a ly  an d  sk e le ta l d e fec ts [59], O th e r a n o m a ­
lies o b se rv ed  are  spec ies-, s tra in -  o r tim e -d e p e n d e n t. T rea tm e n t o f 
S p rag u e -D aw ley  ra ts  w ith  lith iu m  ch lo ride  from  days one th ro u g h  
16 re su lte d  in d e fec ts  o f th e  eye, e a r  an d  cleft p a la te  [61], On 
th e  o th e r  hand , an  in creased  freq u en cy  o f exencephaly , k inked  
sp in a l cord  an d  d ila tio n  o f th e  fo u rth  ven tric le  w as re p o rte d  in 
JBT/Jd m ice a fte r  t re a tm e n t  w ith  lith iu m  ca rb o n a te  d u rin g  th e  c r it­
ical p e rio d  o f o rg an o g en esis  [62], In zebrafish , sk e le ta l d e fo rm itie s  
are  m o st f req u en tly  o b se rv ed  a lth o u g h  k in k ed  ch o rd a  w ere  also 
p re se n t in  som e cases. T hese  find ings a re  in  a g re e m e n t w ith  w h a t 
w as o b se rv ed  m o st freq u en tly  in ra ts  an d  m ice. Klein an d  M elton  
co m p ared  d e v e lo p m en ta l e ffects in  X enopus laevis a f te r  ex p o su re  
to  lith iu m  ch lo ride  o r lith iu m  ace ta te  an d  sh o w ed  th a t  th e y  w ere  
m e d ia te d  specifically  by  th e  lith iu m  ion  an d  n o t by  o th e r  m o n o v a­
le n t catio n s o r by  ch lo rid e  [63], This in d ica tes  th a t  th e  re su lts  from  
stu d ie s  w ith  d iffe ren t lith iu m  sa lts  can  be com p ared .

For th e  co m p o u n d s  th a t  w e re  u se d  as negative  co n tro l co m ­
p o u n d s  in  th is  study, D-glucose and  saccharin , no  ev idence  w as 
fo u n d  for p o ten tia l te ra to g en ic  e ffects in  an im a ls  o r h u m an s  [64,65],

E x p erim en ta l resu lts , su p p o rte d  by  lite ra tu re , d e m o n s tra te  th a t  
th e  te ra to g e n ic  a ssay  w ith  zeb ra fish  has p ro v id ed  accu rate  id en tif i­
ca tio n  for th e  c o m p o u n d s te s te d . W e te s te d  a to ta l o f 6 co m p o u n d s 
in  th is  study, w h ic h  w o u ld  req u ire  a t least 560 an im a ls  if  OECD te s ts  
(OECDTG414,416 ,421  a n d 422) [2 -5 ] have to b e  p e rfo rm ed , w ith  a 
m in im u m  d u ra tio n  o f 341 days. By co m p ariso n , th e  zeb ra fish  assay  
cou ld  p rov ide  re su lts  w ith in  a few  w eek s  an d  no a d u lt fish have to  be 
ex p o sed . Beside zebrafish , a n u m b e r  o f o th e r  a lte rn a tiv e  m e th o d s  
have b e e n  p ro p o sed . And ev en  th o u g h  th re e  a lte rn a tiv e  m eth o d s, 
n am e ly  th e  EST, th e  MM an d  th e  WEC te s t  have b e e n  involved in 
a v a lid a tio n  s tu d y  by ECVAM (E u ro p ean  C entre for V a lida tion  o f 
A lterna tive  M eth o d s) an d  it w as sh o w n  th a t  th e se  m e th o d s  w ere  
able to  d isc rim in a te  te ra to g e n s  from  n o n -te ra to g e n s  [38,39,66], 
som e co n cern s re la te d  to  th e se  m e th o d s  rem ain . For in stan ce , th e  
classifica tion  of co m p o u n d s in th e  EST is b a se d  on  cytotoxicity , a 
no n -sp ec ific  e n d p o in t, an d  th e  d iffe ren tia tio n  o f s te m  cells in to  car­
d iac  m uscle  cells is on ly  one o f so m an y  m ech an istic  e n d p o in ts  in  
a dev elo p in g  o rg an ism . T hese a rg u m e n ts  a lso a p p ly  to  th e  MM te s t  
w h e re  g ro w th  of lim b b u d  cells an d  d iffe re n tia tio n  in to  ch o n d ro ­
cy tes is a ssessed . F u rth e rm o re , for MM th e  te s t  sy s tem  still involves 
th e  sacrifice o f p re g n a n t m am m als . WEC also  req u ires  th e  sacrifice 
o f p re g n a n t m am m als  for h a rv es tin g  early  em bryos.

The use  o f zeb ra fish  as a m o d el spec ies o ffers p ractica l ad v an ­
tag es over o th e r  sy stem s. Z ebrafish  em bryos, u n til free-liv ing  larval 
stages, are a w h o le  em b ry o  m o d el b u t  n o t su b je c t to  th e  E uropean  
Council D irective 86/609/EEC reg ard in g  th e  p ro tec tio n  o f an im als 
u se d  for e x p e rim e n ta l an d  o th e r  sc ien tific  p u rp o se s  to  enab le  co m ­
p lex  m ec h an ism s in te ra to g en esis . Due to  rap id  d e v e lo p m en t th e  
assay  req u ire s  sh o rt in cu b a tio n s  an d  is cost-effective  for m ed iu m - 
to  h ig h -th ro u g h p u t sc reen in g  o f chem ica ls . A n u m b e r  o f g ro u p s 
have re p o rte d  e x p lo ra to ry  s tu d ie s  w ith  th e  zeb ra fish  [35,67,68], 
In th e se  s tud ies , d e v e lo p m en t o f th e  em b ry o s w as m o n ito re d  for 
m ax im al 3 days p o s t fe rtiliz a tio n  an d  th e  n u m b e r  o f e n d p o in ts  eval­
u a te d  w ere  lim ited . B ased on th e  ex p erien ce  w ith  lith iu m  ch loride  
it is im p o rta n t to  n o te  th a t  v a luab le  in fo rm a tio n  b eco m es available 
if  th e  zeb ra fish  em b ry o  assay  is e x te n d ed  to  tim e  p o in ts  p o s t­
ha tch in g . Early o b se rv a tio n s w ith in  48 h  o f d ev e lo p m en t [67,68] 
m ay  n o t be  su ffic ien t to  classify  th is  c o m p o u n d  (lith iu m  ch lo ride) 
as tera to g en ic . For re tin o ic  acid, va lp ro ic  acid  and  caffeine, th e  
no  o b se rv ed  effect co n ce n tra tio n  for te ra to g e n ic  e ffects is sh ifted  
to  lo w er c o n ce n tra tio n s  as a fu n c tio n  o f o b se rv a tio n s a t 72 and  
144 hpf.
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D espite  th e  ad v an tag es n o ted  above th e re  are  sh o rtco m in g s  [17 
w ith  th e  m o d e l th a t  req u ire  fu r th e r  re sea rch . E x trap o la tio n  from  
d a ta  acq u ired  w ith  th e  zeb ra fish  to  h u m a n s  re m a in s  an  issue, as 
it does for o th e r  m e th o d s  [69], W e c an n o t define  th e  exac t dose  [ 19

of c o m p o u n d  th a t  reach es  th e  em b ry o  itse lf  since th e  ch o rio n  of 
th e  em b ry o  can  act as a b io logical p ro tec tiv e  b a rrie r  [70,71] o r th e  
ac tu a l u p tak e  o f a c o m p o u n d  by  th e  em b ry o . A n o th e r issue  rem a in s 
th e  ev a lu a tio n  of co m p o u n d s th a t  a re  m etab o lized , a lth o u g h  it is [21

k n o w n  th a t  Cyp g en es a re  p re se n t in  zeb ra fish  [7 2 -7 4 ], A poss ib ility  | 22
to  overcom e th e  m etab o lism  is th e  u se  o f an  ex ogenous m am m alian  
m etab o lic  activ a tio n  sy s tem  [67],

In conclusion , w e d e m o n s tra te d  th a t  th e  m e th o d  d esc rib ed  can  I23
offer a valid  a lte rn a tiv e  for d e v e lo p m en ta l to x ic ity  te s tin g . F u rth e r 
re sea rch  on  th ese  specific  issu es an d  te s ts  for an  e x te n d ed  list o f [24
com p o u n d s , w ill p rov ide  sc ien tific  in fo rm a tio n  for th is  assay  to  be  
in te g ra te d  in to  sc reen in g  p ro g ram s for th e  h azard  id en tific a tio n  of | 25 
chem ica ls . In th is  w ay  it can  also  c o n trib u te  to  a re d u c tio n  o f th e  u se  
o f m am m alian  o rg an ism s for d e v e lo p m en ta l to x ic ity  a sse ssm en t.
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