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a b s t r a c t

As part of the ACuteTox project aimed at the developm ent of non-animal testing strategies for predicting 
human acute oral toxicity, aggregating brain cell cultures (AGGR) were examined for their capability to 
detect organ-specific toxicity. Previous multicenter evaluations of in vitro cytotoxicity showed that some 
20% of the tested chemicals exhibited significantly lower in vitro toxicity as expected from in vivo toxicity
data. This was supposed to be due to toxicity at supracellular (organ or system) levels. To examine the 
capability of AGGR to alert for potential organ-specific toxicant s, concentration–response studies were 
carried out in AGGR for 86 chemicals, taking as endpoints the mRNA expression levels of four selected 
genes. The lowest observed effect concentration (LOEC) determined for each chemical was compared 
with the IC 20 reported for the 3T3/NRU cytotoxicity assay. A LOEC lower than IC 20 by at least a factor 
of 5 was taken to alert for organ-specific toxicity. The results showed that the frequency of alerts 
increased with the level of toxicity observ ed in AGGR. Among the chemicals identified as alert were many 
comp ounds known for their organ-specific toxicity. These findings suggest that AGGR are suitable for the 
detection of organ-specific toxicity and that they could, in conjunction with the 3T3/NRU cytotoxicity 
assay, improve the predictive capacity of in vitro toxicity testing.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction 

As part of the five-year ACuteTox project, aggregating brain cell 
cultures (AGGR) were evaluated for their capability to detect or- 
gan-specific toxicity supposedly missed by using the 3T3/NRU 
cytotoxicity assay (Clothier et al., 2008 ) as the most simple, eco- 
nomic and efficient in vitro testing approach . To this end, the AGGR 
and 3T3/NRU test systems were compare d by their toxicity data 

obtained from concentration–response analyses of a total of 86 ref- 
erence chemicals, 56 representing a training set, and 30 belonging 
to a subsequent blinded pre-validati on exercise.

The principal goal of the EU-funded project ACuteTox 
(Clemedson et al., 2006 ) was to develop and pre-validate simple,
robust and reliable in vitro testing strategie s for the prediction of 
human acute oral toxicity of commercial chemical s. It was based 
on previous multicen ter efforts such as MEIC (Ekwall et al., 1998 )
comparing various in vitro systems with respect to their relevance 
to predict acute oral systemic toxicity, by testing a set of reference 
chemical s. These preceding studies showed a fair correlation be- 
tween in vitro basal cytotoxic ity data and in vivo data (i.e., rat oral 
LD50 values and human blood concentratio ns estimated to cause 
50% lethality); but there was a certain amount of chemical s exhib- 
iting significantly higher or lower in vitro toxicity than could be ex- 
pected from the existing in vivo data. Significantly higher in vitro 
toxicity (i.e., overestimated in vivo toxicity) was generally attrib- 
uted to lower accessibility of the biological target(s) in vivo , due 
to a combination of low absorption, slow distribution , rapid degra- 
dation, or rapid excretion. Significantly lower in vitro toxicity (i.e.,
underest imated in vivo toxicity) was thought to reflect the lack of 
metaboli c activation and/or biological targets in the in vitro test
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system. This view was supported by the fact that many of the 
chemicals for which in vivo toxicity was either over- or underest i- 
mated (termed outliers by Ekwall et al., 1998 ), were known for 
their organ-specific actions. One of the goals of the ACuteTox pro- 
ject was, therefore, to identify correcting factors to improve the 
correlation between in vitro and in vivo toxicity. The correcting 
factors examine d included biokinetics, metaboli sm, and organ- 
specific toxicity. With respect to organ-specific toxicity, the MEIC 
study showed that a considerable proportion of compounds of 
which the toxicity was underestimate d in vitro were known for 
their action on the nervous system, and in particular on the central 
nervous system (CNS). Therefore, serum-fr ee AGGR (Honegger
et al., 1979, 2011 ) were included in the ACuteTox program as a rep- 
resentative model system for the detection of organ- and CNS-spe- 
cific toxicants . These three-dim ensional (3D) cell cultures have 
been shown to reach a highly differentiated phenotype that is 
maintained for at least two months (Zurich et al., 1998 ). Previous 
studies showed their usefulness for neurotoxicol ogical investi- 
gations (Braissant et al., 2002; Honegger and Schilter, 1992;
Honegger and Werffeli, 1988; Kucera et al., 1993; Monnet-Tsc hudi 
et al., 1996, 2000; Zurich et al., 2002, 2000, 1998, 2005 ).

For the testing of chemical s in the ACuteTox project, AGGR 
were taken at an advanced stage of maturation, i.e., at days 
in vitro (DIV) 17–25. Randomized replicate cultures were pre- 
pared. In each experiment, five chemicals were tested simulta- 
neously, each at three different concentr ations, requiring 32 
replicate cultures. The exposure to the test compound was initi- 
ated by the addition of an aliquot of a concentrated stock solu- 
tion. After 44 h of exposure at the usual culture conditions 
under gyratory agitation, the cultures were harvested and assayed 
for chemically induced adverse effects using a set of relevant bio- 
chemical and/or gene expression endpoint s. All data generated 
were stored in an internet-based data base (AcutoxBase) as part 
of the project (Kinsner-Ovask ainen et al., 2009 ). During the first
phase of the project, the endpoints measure d in AGGR included 
enzymatic activities (i.e., lactate dehydrogenase , glutamic acid 
decarboxylas e, choline acetyltra nsferase, acetylcholin esterase,
glutamine synthetase, 20,30-cyclic nucleotid e 30-phosphohyd ro- 
lase) and overall metabolic activities (i.e., the rate of 2-deoxyglu- 
cose uptake and the rate of incorporation of uridine and 
methionine). Thereafter, gene expression endpoints were 
included, measuring the mRNA expression of selected genes by 
quantitative reverse transcriptio n-PCR (qRT-PCR) (Forsby et al.,
2009). Of the various genes examined initially, four genes were fi-
nally chosen for routine testing, i.e., three genes representing 
CNS-specific traits: (i) the high molecula r weight neurofilament
protein (NF-H), (ii) the glial fibrillary acid protein (GFAP), and 
(iii) the myelin basic protein (MBP); and one known to be up-reg- 
ulated by cellular stress: the heat-shock protein-32 (HSP-32). The 
gene expression endpoints were measured in parallel for each 
replicate culture. Based on the concentr ation–response data gen- 
erated with the 56 chemicals of the training set AGGR were se- 
lected for a final pre-validation exercise with 30 blind-coded 
chemicals (Kinsner-Ovas kainen et al., 2013; Prieto et al., 2013 ).
Among the eight selected in vitro test methods participatin g in 
the pre-validation exercise AGGR was the only nervous system- 
specific model.

The data generated with the 56 training set compounds and the 
32 compound s evaluated in the ACuteTox pre-validati on exercise 
were analyzed for alerts indicating organ-specific toxicity, by the 
comparison of AGGR with the 3T3/NRU system used for basal cyto- 
toxicity testing (Clothier et al., 2008; Kinsner-Ovas kainen et al.,
2013; Prieto et al., 2013 ). Alerts were determined for test com- 
pounds showing consistently higher toxicity in AGGR as compared 
to the 3T3/NRU cytotoxicity assay.

2. Materials and methods 

2.1. Chemical s

The selection of the reference chemicals for the training set (57
chemical s) and the pre-validation exercise (32 blind-coded chem- 
icals) is described elsewher e (Kinsner-Ovas kainen et al., 2013; Pri- 
eto et al., 2013 ). The first 57 chemical s were purchased separately 
by each group according to the instructions obtained in the ACute- 
Tox project; the blind-cod ed 32 chemicals were provided from a
common pool by the ECVAM (Prieto et al., 2013 ). Because of prob- 
lems with solubility, three out of the total of 89 compound s could 
not be analyzed, i.e., one of the first set of 57 chemicals, and two of 
the second set of 32 chemicals. All three compound s showed rela- 
tively weak in vitro toxicity, thus requiring highly concentrated 
stock solutions.

2.2. Preparatio n and use of stock solutions 

The test chemical s were stored in desiccators at 4 �C. For the 
preparati on of stock solutions, each of these compounds was dis- 
solved in the appropriate solvent, either in aqueous solutions or 
in Dimethylsu lfoxide (DMSO), according to recommend ations of 
the ACuteTox project. For each individual test, fresh stock solutions 
were prepared . Chemicals dissolved in DMSO were prepared as 
2000-fold concentrated stock solutions. Thus, the final DMSO con- 
centration in the medium never exceeded 0.05%. At this concentra- 
tion, none of the biochemi cal paramete rs examined was 
significantly affected by the solvent. Compounds dissolved in aque- 
ous solutions (either Puck’s saline solution D1 or medium) were 
prepared as 100- to 1000-fold concentrated stock solutions,
depending on their solubility. They were sterilized by membrane 
filtration (0.2 lm) prior to their use. For the treatments , aliquots 
of the stock solutions were pipetted directly into the culture super- 
natants. Some of the lipophilic compounds (e.g., Phenobarbital, Lin- 
dane, Diazepam) precipita ted in the medium when given at the 
highest concentration. However, due to the gyratory agitation of 
the medium, these precipitates dissolved subsequently, as indi- 
cated by their disappea rance and the coherence of the concentr a- 
tion-dependen t effects.

2.3. Preparatio n and maintenance of aggregating brain cell cultures 

Serum-free, rotation-me diated AGGR were prepared from 16- 
day embryonic rat brains as described previously in detail 
(Honegger et al., 1979, 2011 ). The dissected brain tissue, compris- 
ing the telencephalon, mesencephal on and rhombencepha lon, was 
dissociat ed mechanically into a single cell fraction by the sequen- 
tial passage through nylon sieves of 200- lm and 100- lm pore 
sizes. Through all steps of the preparation, the cells were kept in 
ice-cold, Ca 2+-Mg2+-free saline (Puck’s saline solution D1). The dis- 
sociated cells were washed by centrifugation (15 min, 300 gmax),
and finally resuspend ed in cold serum-free culture medium (mod-
ified DMEM). Aliquots of the cell suspensi on (4 ml, containing the 
amount of cells obtained on average from one embryonic brain)
were transferred to culture flasks (25-ml modified Erlenmeyer 
flasks with air-permeable stoppers ) and incubate d under continu- 
ous gyratory agitation (68 rpm) in a CO 2 incubator (10% CO 2, 90%
humidified air, 37 �C). After two days, the cultures (4 ml) were 
transferred to larger flasks (50-ml modified Erlenmeyer flasks with 
air-permeab le stoppers) and supplemented with 4 ml of fresh 
medium (total volume: 8 ml). The frequenc y of gyratory agitation 
was increased progressively from 68 rpm at culture initiation 
(day 0) to 70 rpm (evening of day 0), then to 73 rpm (day 1),
77 rpm (day 2, after the culture transfer), and then stepwise 
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