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Abstract: Marine algae release a plethora of organic halogenated compounds, many of them
with unknown ecological impact if environmentally realistic concentrations are applied. One
major compound is dibromoacetic acid (DBAA) which was tested for neurotoxicity in the
invertebrate model organism Caenorhabditis elegans (C. elegans). This natural compound
was compared with the widespread synthetic xenobiotic tetrabromobisphenol-A (TBBP-A)
found in marine sediments and mussels. We found a neuro-stimulating effect for DBAA;
this is contradictory to existing toxicological reports of mammals that applied comparatively
high dosages. For TBBP-A, we found a hormetic concentration-effect relationship. As chemicals
rarely occur isolated in the environment, a combination of both organobromines was also
examined. Surprisingly, the presence of DBAA increased the toxicity of TBBP-A. Our results
demonstrated that organohalogens have the potential to affect single organisms especially
by altering the neurological processes, even with promoting effects on exposed organisms.
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1. Introduction

Xenobiotics of both, natural and synthetic sources can influence organisms in many different ways.
Since more and more chemicals are released into the environment toxicological investigations about
how these xenobiotics act on organisms become increasingly important. Up to 360 pg/g dry weights of
organic halogens have been found in Swedish forests [1] and up to 35 ug/L of adsorbable organic
bromine in Berlin lakes [2]. The amount found in industrial waste water has increased almost by factor
100 [3]. These figures clearly show the increasingly importance of realistic ecotoxicological investigations
on how these xenobiotics act on organisms. In many past corresponding investigations, two important
issues were often not well considered: on the one hand unrealistically high concentrations were usually
used while screening for the toxic potential, on the other hand most tests were restricted to determining
the LDso and changes in lifespan. Only a few analyses have been conducted on neurological effects,
although the nervous system is one of the primary targets for environmental chemicals and pollutions [4].
This aspect is gaining increasing significance, since many invertebrates lack real livers and even
well-known hepatotoxins display major adverse neurotoxic actions, as recently exemplified with
microcystin-LR in Caenorhabditis elegans (C. elegans) [5]. One of the main reasons, why neurological
examination is often omitted, is that standardized neurotoxicity screening methods devolved by the WHO
and US EPA use vertebrates like rats or mice. Thus, these tests are expensive, time-consuming,
complex and not least ethically questionable. We have recently developed a protocol which allows
the transfer of neurotoxicity screening methods to the invertebrate model organism C. elegans [6].
This allows integration of neurological content issues to toxicological screenings. Recently, we
investigated the impact of two organohalogens, namely 2,2',6,6'-tetrabromo-4,4'-isopropylidendiphenol
(tetrabromobisphenol-A, TBBP-A) and dibromoacetic acid (DBAA), on the lifespan, growth and
offspring of C. elegans in natural occurring concentrations [7]. The synthetic xenobiotic, TBBP-A, is
used as flame retardant and was found in marine sediments and muscles [8]. It acts as an endocrine
disruptor [9]; in particular, due to its stuctural similarity to thyroxin, also as immunosuppressive [10,11].
Changes in neuronal behavior in mice have also been reported by Nakajima et al. [12]. With C. elegans,
TBBP-A acted in a hormetic way as low concentrations extended lifespan while higher concentration
decreased it [7].

Dibromoacetic acid has both sources, artificial and natural ones. It is produced by marine algae, such
as Asparagopsis sp. [13], but is also a by-product of freshwater disinfection [14,15]. It is a toxic,
carcinogen and also neurotoxic character has been shown [16,17]. More recently, DBAA was found in
considerable concentrations in freshwater, for instance in the Berlin waterways [2]. Therefore, it was of
particular interest to identify a toxic potential. Interestingly, Saul ef al. [7] demonstrated a stimulating
effect of environmental realistic concentrations of DBAA to the lifespan of C. elegans. This underlines
the importance to refer to environmental realistic concentrations when evaluating the interaction of
chemicals with organisms. In this study, we found a stimulating effect for 0.1 uM TBBP-A and 50 uM
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DBAA, while 50 uM TBBP-A had a toxic effect. Furthermore, a microarray analysis revealed that both
organobromines modulated different signaling and neurological processes. The aim of this study was to
determine if changes in lifespan and growth are caused by differences in neuronal behavior and if
microarray findings are also reflected in phenotypic life traits. Therefore, we analyzed the impact of the
same concentrations and mixtures of TBBP-A and DBAA on the autonomic (locomotion, pumping, and
defecation) and sensory (mechanical, chemical, and thermal) neurological behavior and on the molecular
level via qRT-PCR. We hypothesized that neurological modulations are the underlying mechanisms for
the observed stimulating or toxic effects of these organobromines, rather than modulations of biochemical
variables such as enzyme or transporter activities or mobilization energy depots.

2. Results
2.1. Acute Exposure

Exposure of C. elegans to both chemicals alone and in mixture changes several behavioral traits as
well as gene transcription.

2.1.1. Locomotive Behavior

The ability to move without stint is not only necessary to reach food but also to avoid predators and
unfavorable conditions. Therefore, the impact of the chemicals on locomotive behavior was assayed
using two aspects: on the one hand the number of body bends per minute, which reflects the capability
to react to immediate stressors, such as mechanical tension. On the other hand, the relative movement
speed was measured, reflecting the ability to reach food and escape predators or chemicals. Both aspects
can be influenced in different ways, as shown for ggb-/ mutants [18]. Untreated worms could perform
about 62 bends per minutes after 24 h (Figure 1A) and the worms moved about five times their body
length in 20 s (Figure 1B). After 72 h the speed of movement remained identical, but the body bend
frequency decreased to 54 bends per minute. Incubation of 24 h with 0.1 uM TBBP-A, 50 uM DBAA
and the mixture of both caused an increased body bend frequency. The mixture significantly increased
the body bend frequency in relation to 0.1 uM TBBP-A. After 72 h, 0.1 uM TBBP-A still caused an
increase, whereas the mixture of both high concentrated organobromines significantly decreased the
frequency in relation to the control and to 50 pM DBAA. After 72 h incubation, both mixtures decreased
the frequency significantly in relation to the single compounds.

The movement speed was significantly decreased by 50 uM TBBP-A and by both mixtures after
72 h. In addition, the mixture of 0.1 uM TBBP-A and DBAA significantly decreased the speed in relation
to 0.1 uM TBBP-A alone and the mixture of both high concentrations reduced the speed in relations to
both individual components. For detailed values, please refer to Table S1 and significances between
mixtures and components are listed in Table 1.

2.1.2. Pharynx Pumping

Food ingestion and thereby energy-uptake is essential for every animal and impairment can decrease
survival and fitness. C. elegans feeds through a cycle of contraction and relaxation of the pharyngeal muscles,
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which can be monitored by up and down movement of the grinder. A decreased frequency reflects a
smaller amount of energy that is available for maintenance and growth.

The pumping frequency of the pharynx of unimpaired nematodes was about 281 and 266 pumps per
minute, after 24 h and 72 h, respectively (Figure 1C). Incubation with all substances except 50 uM
TBBP-A led to a significant increased pumping frequency after 24 h and 72 h. Mixture of 0.1 uM TBBP-A
and DBAA even significantly increased the frequency in relation to the individual components (Table 1),
with exception of 50 uM DBAA after 72 h, while the second mixture increased the frequency referred
to 50 uM TBBP-A but decreased it as compared to DBAA. Table S2 displays mean values, SEM
and significances.
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Figure 1. Neurophysiological behavior. The graphs show locomotive behavior (body bends
(A) and relative movelength (B)); pumping frequency (C); defecation interval (D); mechanical
sensory (E) and chemical index (F). 1: Control, 2: 0.1 uM TBBP-A, 3: 50 uM TBBP-A,
4: 50 uM DBAA, 5: 0.1 uM TBBP-A + 50 uM DBAA, 6: 50 uM TBBP-A + 50 uM DBAA.
Significant changes to the control are given by * (p <0.05) and ** (p <0.001). Bars represent
mean values + SEM (One Way ANOVA (Holm-Sidak-method)).
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Table 1. Significances of mixtures in relation to the single compounds.

. . . 0.1 T + 50 D Relative to 50 T + 50 D Relative to
Neurophysiological Behavior tex

Body bends 24h
72 h
Relative movelength 24h
72 h
Pumping 24h
72 h
) 24 h
Defecation 7 h
24 h
Touch response 7 h
L. 24 h
Chemical index 72 h

tex: exposure time; 0.1 T: 0.1 uM TBBP-A; 50 T: 50 uM TBBP-A; 50 D: 50 uM DBAA; red: significantly
higher than the single substance; green: significantly lower than the single substance; Significant changes are
given by * (p <0.05) and ** (p <0.001).

2.1.3. Defecation

The more time ingested food remains in the intestine, the better the nutrients can be absorbed.
Increased defecation reflects a diminished amount of energy that the nematodes can extract from the
food and that is available for maintenance. The defecation cycle of C. elegans consists of three
consecutive muscle contractions [19] of which the expulsion step can be monitored by using a
stereomicroscope. The time between two cycles was measured.

As shown in Figure 1D, the period between two defecations was about 51 s after 24 h and about 70 s
after 72 h for nematodes treated with dimethyl sulfoxide (DMSO). After 24 h, all substances except for
0.1 uM TBBP-A provoked a significant deceleration. The mixtures were also down regulated in reference
to at least one of their components (Table 1). After 72 h exposure to 50 uM TBBP-A and the mixture of
the high concentrated organobromines it caused a down-regulation while the other mixture caused an
up-regulation. For details on mean value and SEM, please refer to Table S3.

2.1.4. Mechanical Sensory Perception

Mechanical perception allows the nematode to interact with its environment and react to predators as
well as food sources. Decreased perception therefore may lead to decreased ingestion and reduced
energy. Mechanical sensory was monitored by touching the anterior end of the nematode with a fine hair.

Untreated nematodes showed a positive reaction to about 84% and 86% to nose touching (Figure 1E
and Table S4). The nose-touch avoidance behavior was significantly affected by exposure to the mixture
of 50 uM TBBP-A and DBAA. Both, after 24 h and 72 h, the percentage of positive reactions was
drastically reduced in relation to control and likewise to the individual compounds (Table 1).
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2.1.5. Chemical and Thermal Sensory Perception

C. elegans detects and evaluates food sources as well as harmful substances through chemical perception.
A reduced perception therefore not only decreases the amount of energy gained by ingestion but also
increases the risk to contact chemical stressors. When the nematodes are grown on agar containing NaCl
and were fed ad libitum during that period, they associate NaCl with food sources. For this, the fraction
of animals that crawled towards the NaCl source was determined and the chemical index was calculated.

Untreated C. elegans had a chemical index of about 0.28 after 24 h of incubation and about 0.39 after
72 h. As shown in Figure 1F the ability to perceive NaCl dramatically decreased during every experimental
design containing 50 uM TBBP-A, however, no statistical difference could be found between the
mixture and its individual components (Table 1). In addition, the chemical index also decreased after
72 h of incubation with the mixture of 0.1 uM TBBP-A and DBAA. Detailed information on mean value,
standard error of the mean, and significances are shown in Table S5. Thermotaxis behavior was assayed
as well, however, due to high deviation, no significant changes were found. For details, please refer to
the Supplements “Thermotaxis”.

2.1.6. Neuromolecular Experiments

We hypothesized that transcriptional changes caused by the organobromines are the underlying
mechanisms for the observed modulated neuronal behavior, rather than biochemical modulations. Therefore,
we chose 17 genes, either representing different neuronal pathways or because they showed
transcriptional changes in the previous performed microarray [7] and are involved in the examined
behavior. For detailed information on description and function of the genes, please refer to Table 2.

Table 2. Description and function of examined genes.

Gene Function
ace-1 (abnormal AcetylCholinEsterase) Acetylcholinesterase
casy-1 (CAlISYntenin/Alcadein homolog) Learning
che-12 (abnormal CHEmotaxis) Chemorezeptor

dat-1 (DopAmine Transporter)

dop-1 (DOPamine receptor)

dop-3 (DOPamine receptor)

eat-4 (EATing: abnormal pharyngeal pumping)
gbb-1 (GABAB receptor subunit)

grd-12 (GRounDhog (hedgehog-like family))
hda-4 (Histone DeAcetylase)

hen-1 (HEsitatioN behavior)

mec-10 (MEChanosensory abnormality)
srab-6 (Serpentine Receptor, class AB (class A-like))
tph-1 (TryPtophan Hydroxylase)

ttx-3 (abnormal ThermoTaXis)

unc-17 (UNCoordinated)

unc-47 (UNCoordinated)

Dopamine-transporter
D1-dopamine-receptor

D2- dopamine-receptor
Vesicular glutamate transporter
GABA-receptor

Growth and movement

Histone deacetylase
Integration of sensory stimuli
Mechanical stimulation
Needed for chemotaxis
Serotonin synthesis

For AIY interneurons
Vesicular acetylcholine transporter
Vesicular GABA transporter




Mar. Drugs 2015, 13 2791

Transcription of ace-1 tended to increase after exposure to the high concentrations of both
organobromines and their mixture, however, no statistical difference to the control could be determined.
TBBP-A (0.1 uM) significantly decreased the transcription of casy-1, gbb-1, grd-12, ttx-3 and unc-47,
but increased the transcription of unc-17 and hen-1. The high concentration of TBBP-A increased the
synthesis of several mRNA, except from eat-4, were the amount was significantly decreased.

DBAA had a similar effect as 0.1 uM TBBP-A and led to a reduced gene-transcription in many cases.
Only hen-1, ace-1 and srab-6 were induced, but in the case of ace-1 no significant increase could be
detected. Both mixtures induced numerous gene transcriptions. Nevertheless, eat-4 and grd-12 were
repressed by the mixture containing 0.1 uM TBBP-A and /en-1 and mec-10 by the mixture containing
50 uM TBBP-A. For detailed information about the changes in transcription please refer to Table 3.

With exception of hen-1, srab-6 and unc-17, the mixture containing 0.1 uM TBBP-A significantly
increased the gene-transcription relative to both single compounds. For 50 uM TBBP-A and DBAA in
the mixture a statistical difference to one of the single compounds was observed for nine genes. A
statistical difference to both components was never detected. Significances are shown in Table 4.

Table 3. Relative fold changes (f) of gene transcriptions in relation to control.

0.1 uM TBBP-A 50 pM TBBP-A
0.1 xM TBBP-A 50 uM TBBP-A 50 uM DBAA H r

Gene +50 utM DBAA  +50 uM DBAA
mean = SEM mean = SEM mean = SEM mean = SEM mean = SEM

ace-1 1.52 £ 0.66 1.28 £0.82

casy-1 1.75 * £0.32 0.73 +£0.23

che-12 0.82+0.23 1.33+0.22 0.99+0.21

dat-1 0.59 +£0.20
dop-1 1.31+0.46

1.20 £0.22
0.56 *+0.23

1.08 +0.33 1.11 £0.24

dop-3 1.09+0.24 1.62 * +0.20
eat-4 0.86 + 0.29 0.64 *+0.18 0.63 *+0.13

gbb-I  0.61*=0.12 127 +021 1.48 * £0.22 1.20 £0.16

grd-12 PROMTRE0N6  0.75+0.20 0.65*+£0.15  0.68 **+0.07 0.70 £0.34
hda-4  1.15+0.13 1.14 % £0.07 1.23+0.15 1.53 % £0.19 1.26 * £ 0.09
hen-1

mec-10 0.95+0.09 1.25 * +0.07 1.05 +0.10 0.86 * +0.07
srab-6  0.78 %+ 0.08 1.07+0.11 1.83 % +0.28 1.88 * +£0.23
tph-1 0.85 +0.10 1.08 £ 0.07 0.80 +0.17 1.74 %% £0.14 1.05+0.15
-3 059*+0.15 1.48 +0.33 1.43 £0.28 1.17£0.17

unc-17 1.51 % +£0.23 1.03 +0.10 1.68 * +0.25

unc-47 0.75*+£0.12

Yellow: 2.0 > f> 1.5; red: />2.0; light green: 0.5 < /< 0.67; green: f < 0.5; significances are marked with
*(p< 0.05) and ** (p < 0.001).
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Table 4. Significances (p) for the relative fold changes of gene transcription of the mixtures
in relation to the single compounds.

0.1 pM TBBP-A + 50 pM DBAA Relative to 50 uM TBBP-A + 50 uM DBAA Relative to

Gene 0.1 uM TBBP-A 50 uM DBAA 50 uM TBBP-A 50 uM DBAA

ace-1 n.s. n.s. n.s. n.s.

casy-1 ns. = ]
che-12 n.s. n.s.

dat-1 ns. s ]
dop-1 n.s. n.s. n.s. n.s.

dop-3 [N, ns.

eat-4 n.s. n.s. n.s.

goo-1 [ ns.
grd-12 n.s n.s n.s. n.s.

hda-4 n.s. n.s. n.s. n.s.

hen-1 n.s. n.s.
mec-10 n.s.

srab-6 n.s.

tph-1 n.s. n.s.

unc-17 n.s. n.s. n.s.

trx-3 n.s. n.s. n.s. n.s.
v I —

unc-47 n.s. n.s.

n.s.—not significant; * p < 0.05; ** p <0.001; red: up-regulation; green: down-regulation.
2.1.7. Fluorescence-Microscopic Observations of GFP Fusion-Proteins

Transcriptional changes do not necessarily mean changes in translation and protein amount, as many
post-translational and post-transcriptional processes, such as mRNA and protein stability or degradation
can influence the amount of protein. Therefore we used five C. elegans strains, where neuron-specific
proteins were tagged with GFP, to evaluate the impact of the substances to protein synthesis as well as
to the neurons: Dopaminergic neurons (BZ555 (dat-1:GFP)), glutamatergic neurons (DA1240
(eat-4:GFP)), GABAergic neurons (EG1285 (unc-47:GFP)), serotonergic neurons (GR1366
(tph-1:GFP)) and cholinergic neurons (LX929 (unc-17:GFP)). The fluorescence intensity of the whole
nematode was measured using Image J software and the corrected total cell fluorescence (CTCF) was
calculated. For more details on the strains please refer to Section 4.1 and for detailed information on the
tagged genes to Table 2 and Table S6. In order to evaluate the impact of the substances to survival of
the neurons, the number of neurons has been counted out. This was possible only for BZ555 and
EG1285, as EAT-4 (DA1240) and TPH-1 (GR1366) are not expressed in each of the eight serotonin or
glutamate neurons and UNC-17 (LX929) is expressed in over 120 cholinergic neurons. None of the
substances led to death of neurons either after 24 h or 72 h of incubation in one of the strains.

As shown in Figure 2C the amount of UNC-47 was decreased after exposure to 0.1 TBBP-A, but
increased after 24 h incubation with the mixture of 50 uM TBBP-A and 50 uM DBAA. However, the
quantity of protein after incubation with the mixture containing 0.1 uM TBBP-A increased in relation
to its single components (Table 5), while the other mixture increased it relative to 50 uM DBAA. High
concentrated TBBP-A and both mixtures increased the CTCF in BZ555 after 24 h (Figure 2A). TBBP-A
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(0.1 uM) and 50 uM DBAA in a mixture also increased the CTCF in relation to 0.1 uM TBBP-A. After
24 h the fluorescence of strain DA1240 was decreased by 50 uM DBAA. The mixture of the high
organobromine concentrations increased the CTCF in relation to the control and to 50 uM DBAA
(Figure 2B). However, after 72 h the amount of EAT-4 decreased in all exposures containing 0.1 pM
TBBP-A. After 24 h, all substances except 50 uM DBAA increased the amount of UNC-17 in strain
LX929 (Figure 2E). Both mixtures also increased the fluorescence in relation to at least one of their
individual components. An increased expression was still detectable after 72 h of incubation with 0.1 uM
TBBP-A and both mixtures. As seen in Figure 2D, expression of THP-1, marked in strain GR1366, was
increased by the mixture of 0.1 uM TBBP-A and DBAA in relation to the control and to both compounds
after 24 and 72 h. Table S7 displays the mean values, standard error of the mean and significances.
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Figure 2. Corrected total cell fluorescence (CTCF) for the different GFP marked C. elegans
strains after exposure to the different substances. 1: Control, 2: 0.1 uM TBBP-A, 3: 50 uM
TBBP-A, 4: 50 uM DBAA, 5: 0.1 uM TBBP-A + 50 uM DBAA, 6: 50 uM TBBP-A + 50 uM
DBAA, (A) strain BZ555; (B) strain DA1240; (C) strain EG1285; (D) strain GR1366;
(E) strain LX929; (F) picture of strain EG1285 with labeled neurons as an example.
Significances to the control are given by * (p <0.05) and ** (p <0.001). Bars represent mean
values + SEM (One Way ANOVA (Holm-Sidak-method)).
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Table 5. Significances between the mixtures and single compounds.

0.1 T +50 D Relative to 50 T + 50 D Relative to

Strain Tex
01T 50D 50T 50D
B85 T : :
72 h - - - -
24 h
DA1240
72 h
24 h
EG1285
72 h
24 h
GR1366
72 h
LX929 24h
72 h - -

tex: exposure time; 0.1 T: 0.1 uM TBBP-A; 50 T: 50 uM TBBP-A; 50 D: 50 uM DBAA; red: significant higher
than the single substance; Significant changes are given by * (p < 0.05) and ** (p < 0.001).

2.2. Chronic Exposure

Impact of chronical exposure on neuronal development was determined by exposing eggs to the
organobromines. For the tests L1-, L2/L.3-, L4- and Al-developmental stages were used.

2.2.1. Neuromolecular Experiments

As shown in Figure 3 A, transcription of casy-1 was delayed by 0.1 uM TBBP-A and by both mixtures.
However, 0.1 uM TBBP-A caused an increased transcription in the L4-stage. Similarly, all testing
approaches containing 0.1 uM TBBP-A led to a significant decreased eat-4 transcription in
L1-stage (Figure 3C). An induction was detected in stage L4 after incubation with 0.1 puM TBBP-A. An
increased transcription was also observed for unc-17 after incubation with 50 uM DBAA and with the
high concentrated mixture at L2/L.3-stage (Figure 3E). However, DBAA caused a decrease in stage Al.
The selected tolerance level of 2 was exceeded; also no significant changes to the control could be
determined. In stage L2/L3, 50 uM DBAA caused a reduction of the transcription of thp-1 to factor 0.2
(Figure 3D), but, due to high deviations, there was no statistical difference to the control. As shown in
Figure 3B, 0.1 uM TBBP-A and 50 uM TBBP-A caused a more than two-fold induction of
dat-1 in L1-stage, and there was an induction by 50 uM DBAA and the mixture containing 0.1 uM
TBBP-A in stage L.2/L3. The stimulating effect of 0.1 uM could also be seen in L4-stage. However,
again due to high deviations of the single data, no statistical significance could be derived. The mixture
containing the high concentrations of organobromines led to a significantly increased transcription in
L4-stage. Al-stage has to be excluded because all repeats for the control-group led to no results. The
mixture of 0.1 uM TBBP-A and DBAA caused a significant increased transcription of unc-47 in
L1-stage and A1, even if the tolerance level of 2 was not exceeded (Figure 3F). In addition 0.1 uM
TBBP-A caused a significant increased transcription in stage Al. The mixture of 50 uM TBBP-A and
DBAA significantly increased the amount of mRNA in L2/L3- and L4-nematodes, while 50 uM
TBBP-A repressed transcription in L4- and A1-stage. For detailed values please refer to Table S8.
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Figure 3. Relative gene transcription after exposure to the substances during different
developmental stages. Statistical significances to the control are shown as * (p < 0.05) and
** (p < 0.001). Bars represent means + SEM (One Way ANOVA (Holm-Sidak-method)).
Dark grey bars: L1-stage, light grey bars: L2/L.3-stage, white bars: L4-stage, black bars:
Al-stage, 1: 0.1 uM TBBP-A, 2: 50 uM TBBP-A, 3: 50 uM DBAA, 4: 0.1 uM TBBP-A
and 50 uM DBAA, 5: 50 uM TBBP-A and 50 uM DBAA, (A) casy-1; (B) dat-1; (C) eat-4;
(D) tph-1; (E) unc-17; (F) unc-47.

2.2.2. Fluorescence-Microscopic Observations of GFP Fusion-Proteins

The influence of the substances on protein quantity and neuronal development was only examined by
using C. elegans strain LX929, because the early development stages of all other GFP strains had
insufficient fluorescence intensity. With exception of stage L1, incubation with the mixture of the high
concentrated organobromines led to significant increased fluorescence intensity (Figure 4 and Table S9).
The mixture containing 0.1 uM TBBP-A provoked a delayed expression of UNC-17. L1-stage showed
a massive decrease of intensity, while in stage L2/L.3 a trend towards an increase was observed. In stage
A1l the expression was significantly increased in relation to the control, however the expression of
UNC-17 was significantly decreased after exposure with 50 uM TBBP-A.
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Figure 4. Corrected total cell fluorescence (CTCF) of C. elegans strain LX929 after exposure to
the different substances during different developmental stages. Bars represent means + SEM
(One Way ANOVA (Holm-Sidak-method)). Dark grey bars: Control, white bars: 0.1 uM
TBBP-A, black bars: 50 uM TBBP-A, light grey bars: 50 uM DBAA, spotted bars:
0.1 uM TBBP-A + 50 uM DBAA, stripped bars: 50 uM TBBP-A + 50 uM DBAA.
Significances are shown as p < 0.05 (*) and p <0.001 (**).

3. Discussion
3.1. Increased Pumping Frequency Leads to Increased Growth

An increased pumping frequency leads to a faster intake of food overall. In addition, the distribution
of ingested food is supported [20], thus nutrients could be absorbed easier [21]. The organism could
therefore rely on better energy support which could be distributed between growth and maintenance [22].
Figure 5 gives an overview of possible associations between pumping and growth and lifespan, respectively.
Green connections thereby represent influences that have been observed under laboratory conditions,
whereas red connections represent influences that may increase the toxicity under natural conditions
(such as decreased detection of food and stressors by decreased chemical perception) but should not do
so under artificial conditions and feeding ad libitum.

In the present study, an increased pumping frequency was found after incubation with 0.1 uM
TBBP-A, 50 uM DBAA and the mixture of both. This mainly correlates with the increase in growth
previously determined by Saul et al. [7]. Because of the eutelie in C. elegans [23], growth cannot
be achieved by an increased cell-number. Thus the increase in body length was caused by increased
cell-size [24] which is caused, among other things, by increased storage of transcription- and
translation-products [25,26]. This hypothesis is supported by the fact that 50 uM DBAA increases the
biosynthesis [7]. The increase of body length therefore is most likely caused by the intensified uptake
of food.
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In the present study the increased pumping frequency mainly correlates with the prior detected
delayed senescence, an effect that has been reported before by Wilson ef al. [27] and Liu et al. [28].
Because of the stimulating effect of 50 uM DBAA on biosynthesis and metabolism [7], an
energy-saving mode, as required for calorie restriction [29,30], is probably not the reason for the
life-extension. According to the life-history theory [31], the increased amount of energy by enhanced
pumping could not only be used for growth but also for maintenance. Thus, damage occurring for
example on the DNA can be repaired much more efficiently, which may lead to a delayed senescence.

The inverse conclusion is also possible: the increased pumping frequency does not cause the

life-extension but is caused by it. Pumping frequency decreases with increasing age and therefore is a
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measure of individual fitness [32]. Substances delaying senescence also cause individuals to be
“younger” after the same time has passed. Thus these nematodes would have higher pumping frequencies
than untreated worms.

Pumping frequency is modulated by the MC (L&R) and M3 (L&R) neurons [33,34], which use
acetylcholine and glutamate, respectively [35] (Figure 6). Transcription of eat-4, a glutamate transporter,
and unc-17, an acetylcholine transporter, were significantly increased after incubation with the mixture
of 50 uM of both organobromines. Both are vesicular transporters that reflect the amount of transmitter
stored in the presynaptic neuron. The increased amount of both neurotransmitters might be the reason
for the increased pumping frequency. However, pumping was also increased after exposure to 0.1 pM
TBBP-A, 50 uM DBAA and the mixture of both, while transcription of both genes was not stimulated.
Therefore, we did not get a unitary picture about how pumping is modulated by the organobromines.

anterior bulb

ace-1

unc-17 () eat-4

serotonin
tph-1

Figure 6. Regulation of pumping-mechanism, graph based on [36]; MC (red) and
M3 (green) are pharyngeal motor neurons, pm4 are muscle cells in the metacorpus.

3.2. Reduced Defecation Interval Correlates with Short Lifespan

With a shorter defecation interval the food spends less time in the intestine and the nutrients can be
taken up less effectively. The resulting energy deficit may lead, as explained in Section 3.1, to a reduced
body size and lifespan (Figure 5). With exception of the low concentrated TBBP-A, all substances caused a
significant decrease after 24 h of incubation. After 72 h, all toxic chemicals still reduced the interval,
while the mixture of the stimulating substances provoked an increase. A decreased interval may be the
reason for the examined life-reduction after incubation with 50 uM TBBP-A and the mixture of the high
concentrated organobromines [7].

The faster defecation after 24 h could be a protective reaction against potential toxic chemical
stressors, as many studies show interconnections between enhanced defecation and stress [37,38]. This
assumption is supported by the fact, that after 72 h, all neuro-stimulating substances no longer decrease the
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time between two defecations, but the neuro-toxic substances still do so; 0.1 uM TBBP-A could be too low
concentrated to initiate the protective reaction.

Muscle contraction (intestinal muscles, anal-sphinkter and anal-depressor) on the expulsion step is
mediated through the GABAergic neurons AVL and DVB [39,40] (Figure 7). Expression of the vesicular
GABA transporter UNC-47, which is required to load GABA into synaptic vesicles in the presynaptic
neuron, was increased after incubation with 50 uM TBBP-A and both mixtures. The resulting faster
muscle contraction speed may be the reason for the shortening of the defecation interval. As the molecular
methods are much more sensitive than the phenotypical observations, the minor repression of unc-47 by
50 uM DBAA may indicate the counter-reaction to the prior stress-induced reaction. This is supported
by the fact that after 72 h phenotypical an increased defecation was no longer detectable.

unc-47

intestine

f

unc-47

Figure 7. Regulation of the expulsion step of the defecation cycle, created on information
from [41] and [42]; IM: intestinal muscle, AS: anal sphinter, AD: anal depressor,
DVB (green) and AVL (red): polymodale interneurons/motor neurons; It is unclear, whether
AVL acts directly on the muscles or via DVB, therefore dotted lines are used to show the
connections.

3.3. Reduced Chemical and Thermal Perception Reduces Net-Energy

The main reason for ingestion is to maximize the net-energy-uptake, the difference between energy
gained from food and energy upset to receive it. [43]. The chemo-sensorial system of C. elegans is quite
firmly set and is used for detection and evaluation of food sources [44,45]. Reduced chemical perception
thereby may negatively affect the energy balance (Figure 5) and may also decrease the ability to avoid
infective bacteria and fungi [46].

The high concentrated TBBP-A and the mixture of the 50 uM organobromines decreased the
chemical perception. This may cause a decreased detection and evaluation of food, resulting in a lower
amount of energy by the consumed food. The energy upset to receive the food would rise at the same
time, because fast and targeted searching is affected. As explained in Section 3.1, this loss of energy can
cause decreased body length, reproduction, and perhaps faster senescence. In natura with limited food
available, the toxic effect of the substances could be enhanced by this feature. Under the artificial
circumstances in the laboratory and feeding ad libitum, however, reduced chemo-perception most likely
does not display a negative effect and can probably be ruled out as reason for the observed reduction of
lifespan and offspring [7].
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Thermal perception allows C. elegans to seek out the temperature where enzymes have optimal
functionality. Disturbance of the thermo-sensory system can lead to developmental delays and sterility [47]
and therefore may also affect lifespan [48]. All substances had only a poor impairment on isothermal
behavior. As a consequence, no indication on disrupted thermotaxis as a reason for shortened lifespan
could be found.

Perception of sodium and chloride and thermal perception is mediated by the glutamatergic neurons
ASE, ASH, and AWC [49,50] (Figure 8). Transcription of 4en-1, which is needed for different types of
learning, including salt- and thermotaxis [51], was decreased by the combination of the high concentrated
substances and may be the reason for the reduced chemotaxis. Neither eat-4 [52] and casy-1 [53], nor
che-12 [54] or srab-6 [55] seem to influence chemical and thermal perception. For detailed information
about the gene function please refer to Table 2.

NaCl

AT
che-l\i / \ che-12
srab-6 l che-12 _ e
N rd : nen g A

o)
Glu

Hx-3— ACh
upE=l7="" i
ACh Glu
unc-17-"7"
ACh
ace-1

\

N

dorsal and ventral muscles for movement

Figure 8. Regulation of chemical and thermal sensory, created on information from
Biron et al. [56], Kimata et al. [57] and [49]. ASE, AFD and AWC: sensorial neurons, ALY,
RIA and AIZ: interneurons, red: chemical sensory, green: thermal sensory, Glu: glutamate,
ACh: acetylcholine, ?: unknown mechanism, ==e: excitatory, == : inhibitory, A7¢: deviation
from cultivating temperature 7.
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3.4. Reduction of Mechanical Sensory and Locomotive Behavior Decrease Chances of
Survival in Nature

Besides chemosensory, C. elegans detects food sources also by mechanical stimuli and decreases its
movement speed and increases pumping after detection [58,59]. A disturbed mechanical sensory thus
leads to decreased intake (Figure 5) and may result, as explained in Section 3.1, in reduced body size
and lifespan. A mixture of highly concentrated organobromines caused decreased mechanical sensory,
lifespan and offspring. Contrary to expectations, pumping frequency was significantly increased (see
Section 2.1.2). Therefore reduced food uptake and thus decreased energy cannot be the reason for the
decreased lifespan. Perception of chemical and osmotic stress is mediated by the same neurons that also
detect mechanical stress; and C. elegans reacts on immediate change of moving direction [60,61].
Disturbed perception, as caused by the mixture of both high concentrations, therefore may cause a
decreased detection of harmful substances and animal and fungal predators [62,63]. Under natural
conditions this may affect vitality functions in a negative way, but under controlled laboratory
circumstances it can be excluded as reason for shorter lifespan. However, the lack of significant influence
with the other test approaches may indicate pleiotropic toxicity such as chemical habituation or even
neurodegeneration. Future studies, using strains, where all glutamatergic neurons are tagged, to evaluate
the impact of the substances to neuronal survival, could help to gain a deeper insight into the processes.

After 24 h, only 50 uM DBAA impacted the relative move length. After 72 h, the speed was
significantly decreased by 50 uM TBBP-A and by both mixtures. These substances also caused a
decreased lifespan [7]. In the protected laboratory environment with feeding ad libitum, food limitation,
due to reduced mobility, can be excluded as a reason for the shorter lifespan, but may apply in natura
and therefore amplify the toxicity of a substance. After 24 h, 0.1 uM TBBP-A, 50 uM DBAA and
mixture of both significantly increased the number of body bends, after longer exposure the mixture
caused a decrease. An increased number of body bends may allow a faster reaction to mechanical,
chemical and thermal stressors and therefore increase the survival in nature. Under laboratory conditions,
this issue should not have any influence.

Mechanical and chemical stimuli are perceived by the ASH neurons [64] and information is forwarded
via Glutamate as shown in Figure 9. The mixture of both 50 pM organobromines significantly decreased
transcription of the sodium channel mec-10 and of hen-1, involved in the integration of sensory stimuli.
Both could be a reason for the phenotypical detected reduction of mechanical sensitivity. Neither the
glutamate transporter eat-4 nor che-12 [54,64] seem to have an influence.

Reduced reaction could be caused by habituation [65], as impairment of neuronal signal transmission
by glutamate and dopamine leads to faster short-time habituation [66]. None of the genes involves in
glutamate- and dopamine-pathway, respectively were decreased by the mixture of the high concentrated
organobromines. Therefore habituation can be excluded as a reason for decreased mechano-sensitivity.
Transcription and translation of unc-17, a vesicular acetylcholine transporter, involved in presynaptic
storage of acetylcholine, were significantly increased by 0.1 pM TBBP-A and by the mixture containing
0.1 uM TBBP-A. This may lead to an increased number of body bends, since information is forwarded
to the muscles via acetylcholine (Figure 9) [67,68]. The amount of UNC-17 was also increased by
50 uM TBBP-A and by the mixture of the high concentrations, but only in combination with an increased
transcription of the acetylcholinesterase ACE-1. Increased supply by UNC-17 and degradation of



Mar. Drugs 2015, 13 2802

acetylcholine by ACE-1 may balance each other out and, therefore, no change in the number of body
bends may be observed. Relaxation is mediated via GABA distribution [69], however a connection between
modified transcription of the GABA receptor ggb-/ and the GABA transporter unc-47 and changes in
body bend frequency could not be determined.

forward movement ’ ? backward movement dorsal muscles

anterior Unc< QI:e-] sl posterior
-~ / =
mec-10 ear-4
H H- N
hen-1 Bhe I
/ ace-1 \

unc-17 unc-17

forward movement ‘ ‘ backward movement ventral muscles

Figure 9. Overview of neurons and genes involved in movement and mechanotaxis, created
on information from [70], Riddle ez al. [71] and [50]; DB, DA, VB, VA: motor neurons,
AVB, PVC, AVA, AVD: interneurons, ASH: sensory neuron, ==e: chemical synapses, ==m:
electrical synapses, red: forward movement, green: backward movement.

3.5. Neuro-Ontogenesis

In nature, xenobiotics rarely occur for a short time interval and animals often do not have the opportunity
to evade. They are therefore exposed for a long period of time and mostly in different developmental
stages [72]. In addition to acute exposure on organobromines after short-term exposure (24 h and 72 h
on L4- to A3-stages), gene-transcription in different stages of development and after different times of
exposure have been determined to get hints of the chronical effect of the substances. Large fluctuations
in transcription were observed. L1-stages often showed strong induction or repression of genes, decreasing
with increasing age and exposure-period. Simultaneously, strong oscillations were observed between the
different stages.

Induction of stress related genes occurs immediately after appearance of the stressor and is typically
time-limited and followed by counter-regulations and negative feedback-loops [73]. Most likely, this holds
also true for the examined genes, as all are involved in neuronal information forwarding. Wu et al. [74]
obtained similar results when determining the stress response to aluminum nano-particles. Sahara et al. [75]
showed, that yeast cells respond to cold temperatures with oscillating gene transcription and translation.
The reason could be the high energy consumed on maintaining the initial stress response over a long
time [76]. The reaction to chemical stress also is obviously stage-specific. Therefore a breadboard
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construction determining gene transcription in different stages but after identical exposure times could
give interesting results.

Overall, the results of our ontogenetic experiment showed that both, exposure time and developmental
stage have a great influence on the molecular reactions. Therefore these factors must be critically looked
at when comparing qRT-PCRs or genome-wide DNA microarrays.

4. Material and Methods
4.1. Strains

C. elegans strains L X929 (vsIs48[unc-17::GFP]), DA1240 (adls1240[lin-15(+)eat-4::sGFP]X), EG1285
(oxIs12[unc-47::GFP+lin-15(+)]), GR1366 (mgls42[tph-1::GFP+pRF4(rol-6(sul006))]) and BZ555
(egls1[dat-1p::GFP]) were used for the fluorescence microscope observations. Details on the function of
marked genes can be found in Table 2. The remaining tests were performed using the wild-type
C. elegans strain N2 (Bristol). All strains were obtained from the Caenorhabditis Genetics Center (CGC)
(Minneapolis, MN, USA). Nematodes were maintained on 96 mm nematode growth medium (NGM)
plates seeded with Escherichia coli strain OP50 at 20 °C [77]. The starting exposure stages were L4
larvae for acute exposure and egg stage for chronically exposure.

4.2. Organobromines and Exposure

The organobromines TBBP-A (TCI Europe N.V., Belgian; purity >97%) and DBAA (Fluka
Analytical, Sigma-Aldrich, St. Louis, MO, USA; purity >98%) were added in concentrations of
0.1 uM and 50 uM TBBP-A, or 50 uM DBAA to the NGM agar and bacteria. DBAA (0.1 uM) was not
tested, because it showed hardly any effect in the previously performed bioassay and microarray
study [7]. In addition to the single substances, mixtures containing 0.1 pM TBBP-A and 50 uM DBAA
and 50 uM of both substances were tested. Dimethyl sulfoxide (final concentration of 0.3% [v/v]) was
used in all experiments as solvent and control.

Acute exposure included incubation for 24 h and 72 h at 20 °C to prior synchronised L4 larvae
according to Ju et al. [6]. Chronically exposure included incubation of eggs until grown to desired
examination stage (L1, L2/L.3, L4 or Al). Prior to all experiments nematodes were synchronized [77,78].

4.3. Neurophysiologic Experiments

Synchronised L4 larvae were exposed for 24 h and 72 h, respectively at 20 °C to the organobromines.
Methods used in this study followed the previously developed protocols for neurotoxic evaluation to
C. elegans [6] and are briefly described below. Each assay was repeated independently at least three
times and, unless otherwise stated, 10 nematodes per treatment and assay were used. An earlier, less
comprehensive set of the data of the 50 uM concentrations of both compounds has been published
before [79]. For sake of comparison, we included these data in the graphs and maintained the same
conditions and units for the neurobehavior experiments.

The complete data set serves as a basis for the biomolecular and the chronic experiments, as well as
for the comparison between the effect of single substances and mixtures.
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4.3.1. Autonomic Behavior

Body bend frequency and relative move length were determined to analyze the locomotive
behavior [80]. A single body bend was determined as two complete changes of direction of the anterior
part of the nematode during the sinusoidal movement. Movelength was ascertained by measuring the
crawler lanes produced after transfer to fresh plates for 20 s using a VHX-600 digital microscope
(Keyence, Osaka, Japan) and Image-Pro Plus software. The mean body size of every group was used for
normalization. Pharyngeal pumping was quantified using a VHX-600 digital microscope by counting up
and down movement of the grinder over 60 s. Defecation was assayed as described by Hart [80]. The
interval between two posterior body-wall contractions was measured using a stereo microscope.

4.3.2. Mechanical Sensory Stimulus

Mechanical sensory perception was determined on bacteria-free plates using the nose touch assay
previously described by Liedtke ez al. [81] and a stereo microscope. The anterior part of a forward moving
nematode was touched with a fine hair ten times, interrupted by short periods of resting. Percentage of
positive responses was calculated.

4.3.3. Chemical Sensory

The assay for chemical sensory was conducted following Ward [82]. A 96 mm bacteria-lacking assay
plate (5 mM potassium phosphate, pH 6.0, I mM CaClz, 1 mM MgSOa4, 20 g/L agar) was prepared and
stetted: The starting point (“S”), equidistant (3 cm) to this a NaCl-spot (“N”’) and a control-spot (“C”).
A sodium chloride gradient was established for 24 h at “N” using an agar plug excised from a NaCl plate
(prepared as above but with the addition of 100 mM NaCl). Immediately prior to the assay the agar plug
was removed and 1 pL 0.5 uM sodium azide was spotted on both, “N” and “C”. Thirty previously
exposed worms per plate were transferred to “S” and incubated for 1 h at 20 °C. The number of animals
around “N” and “C” was determined using a stereo microscope. The chemical index (Ci) was calculated
using Equation (1), with nn as number of animals counted within an area of 1.5 cm of the center of
“N”and nc number of animals counted around “C”.

nN —nc
G="3 (1)

The assay was repeated four times and because of large deviations between the controls the values
were normalized.

4.4. Neuromolecular Experiments

In order to verify neuromolecular changes after acute exposure to the substances, untreated, synchronized
L4 larvae were transferred to the exposure plates and incubated for another 24 h at 20 °C. The young
adults were harvested by rinsing off with cold M9 buffer, washed several times, shock frozen in liquid
nitrogen and stored at —80 °C. Per treatment five repeats with two 96 mm plates, each containing about
8000 worms, were carried out.
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To ascertain changes after chronical exposure, synchronized eggs were transferred directly to plates
containing the test substances. After grown to the desired stage at 20 °C the nematodes were harvested
as described above. Due to less organic material, four 96 mm plates with about 8700 nematodes were
used for stages L1 and L2/L3 and two plates for stages L4 and Al. For each condition, samples were
cultivated in triplicate.

4.4.1. Selected Genes

Altogether 17 genes were selected to be examined via qRT-PCR for transcriptional changes after
exposure to the substances. Genes where selected after analysis of a microarray [7] or because of possible
involvement in the examined neurobehavior. Table 2 gives an overview on the function of the genes.

4.4.2. RNA Preparation

RNA was isolated using the innuSPEED Tissue RNA Kit (Analytik Jena, Jena, Germany), but using
lysis tube C instead of lysis tube P, and samples were homogenized with a SpeedMill Plus (Analytik
Jena, Jena, Germany). The RNA was eluted using 50 uL RNase-free water. Quality and quantity of RNA
was analyzed by gel electrophoresis and a spectrophotometer (NanoDrop 2000, Thermo Scientific,
Waltham, MA, USA) and stored at —80 °C.

4.4.3.qRT-PCR

To denaturize the secondary structure 0.8 uL oligodT were added to 10 uL RNA and incubated at
70 °C for 5 min. After chilling for a few moments 3.0 uL 5x RT buffer, 0.8 pL 10 mM dNTPs and
0.4 uL M-MLYV (Moloney Murine Leukemia Virus) reverse transcriptase (Promega, Madison, WI, USA)
were added and incubated for 90 min at 42 °C. The synthesized cDNA was diluted 1:20 using
5 mM TRIS/HCI buffer pH 8.0.

Primers for the genes (Table S6) were designed using Clone Manager Suite 7, manufactured by
Invitrogen and set to 50 nmol/L with bidest. water. Efficiency was determined using a series of dilution
(1:10; 1:50; 1:250 and 1:500) and BIORAD MyiQ™ iCyclers (BIORAD, Munich, Germany) and the
1Q™S5 Optical System Software.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR) was performed with the BIORAD
MyiQ iCycler and the qRT-PCR Green Core Kit (Jena Bioscience, Jena, Germany). Annealing
temperatures were adjusted recoding to supplement Table S6. The quality of QRT-PCR products was
determined via gel electrophoresis.

All expression levels were normalized to qRT-PCR values of reference genes act-1 and cdc-42.
Up- and down-regulation in relation to control was defined as a fold change by a factor of at least 1.5
for acute exposure and, due to less repeats, of 2 for chronical exposure.

4.5. Specific Gene Expression in Neurons

To evaluate neuronal changes five C. elegans stains were chosen with different types of neurons all
tagged with GFP. Exposed nematodes were anaesthetized with 25 mM tetramizol and stimulated by A47s
using an Eclipse E200 fluorescence microscope. The signal of the whole animal was recorded with a
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digital microscope (digital amplification: 6 dB, edge enhancements: +4.1, exposure time: BZ555: 1 s,
LX929: 0.2 s, DA1240: 1.5 s; EG1285: 1 s and GR1366: 2 s) intensity was measured using Image J
software and the CTCF (corrected total cell fluorescence) was calculated with CTCF = Integrated
Density — (Area of selected cell x Mean fluorescence of background). For acute exposure a 10x objective
was used for all pictures. For chronical exposure only strain LX929 provided a sufficient signal to detect
the early development stages. Stages L1 to L4 were recorded using a 20x objective, Al stages with a
10x lens. The exposure times were adjusted as follows: L1: 1's, L2/L.2: 0.5 s, L4: 0.2 s and Al: 0.2 s.
In order to examine the effect of organobromines after acute exposure on neuronal survival, the number
of neurons after exposure was counted out for the two strains BZ555 and EG1285. At least 15-20 worms
per treatment were evaluated for every experiment.

4.6. Statistical Significance

All statistical calculations were performed using SigmaStat 3.5 software and One Way ANOVA test
(Holm-Sidak-method) and all data are displayed as mean + SEM (standard error of the mean). Changes
were considered statistically significant if their p-value was less than 0.05 (*) and less than 0.001 (**).

5. Concluding Remarks

During its life, C. elegans faces many challenges in its natural habitat that require behavioral
adaptations. Disorders of neuronal behavior and restrictions in the initiated reactions via electrical and
chemical cascades therefore represent a high risk for individuals and populations. In the present study,
the nematodes were exposed to a distinct stressor to evaluate the reaction and the results showed great
impact on neuronal behavior. In nature most organisms live close to their tolerance limit and therefore
appear to be more vulnerable to additional occurring stresses as caused by xenobiotics than under
laboratory conditions [83]. Substances that did not cause a reaction in the present study, may even affect
the neurophysiology in a negative way under natural conditions. Transcription and behavior of
C. elegans underlie a circadian rhythm [84] and are also modulated by light and temperature [85]. This
means that, although our results reflect only one detail of the potential response of C. elegans to
neuro-active substances, it enhances the scientific knowledge on the effects of organobromines. The
hormetic effect of tetrabromobisphenol-A and the stimulating of dibromoacetic acid found by
Saul et al. [7] could be confirmed on the neurological level. In addition, the effect on some genes,
involved in the neuronal and chemical pathways that underlie autonomic and sensorial behavior were
worked out. Exposure to the mixtures and ontogenetic studies give first hints on how xenobiotics affect
behavior under more natural conditions. Therefore every anthropogenic substance released into an
ecosystem is of potential risk and should be reduced to a minimum. This study also shows the importance
of including neurological examinations into risk assessment and that C. elegans makes an ideal model
organism for this.

Acknowledgments

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) grant STE 673/18 and by
the China Scholarship Council (CSC), and grants from the National Natural Science Foundation of China



Mar. Drugs 2015, 13 2807

(No. 81273123), and the Research and Innovation Project for College Graduates of Jiangsu Province
(CXLX 0156). Furthermore, we thank the Caenorhabditis Genetics Centre, which is funded by the
National Institutes of Health National Centre for Research Resources, for the supply of the Caenorhabditis
elegans strains. We gratefully acknowledge the release of the publication fees by the publisher of this journal.

Author Contributions

Thora Lieke performed all experiments, analyzed and interpreted the data recorded during this study.
Furthermore she composed this paper. Jingjuan Ju introduced and supervised the neurophysiologic
experiments. Nadine Saul and Christian Steinberg contributed extensively to set all data in context of
the current knowledge available.

Conflicts of Interest

The authors declare that there are no conflicts of interest. The founding sponsors had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
and in the decision to publish the results. Furthermore, the experiments were carried out in compliance
with corresponding German laws.

References

1. Asplund, B.; Grimvall, A. Organohalogens in nature. Environ. Sci. Technol. 1991, 25, 1346—-1350.

2. Hiitteroth, A.; Putschew, A.; Jekel, M. Natural production of organic bromine compounds in berlin
lakes. Environ. Sci. Technol. 2007, 41, 3607-3612.

3.  Kiimmerer, K. Drugs in the environment: Emission of drugs, diagnostic aids and disinfectants into
wastewater by hospitals in relation to other sources—A review. Chemosphere 2001, 45, 957-969.

4. Fan, A.; Howd, R.; Davis, B. Risk assessment of environmental chemicals. Annu. Rev.
Pharmacol. Toxicol. 1995, 35, 341-368.

5. Saul, N.; Chakrabarti, S.; Sturzenbaum, S.R.; Menzel, R.; Steinberg, C.E. Neurotoxic action of
microcystin-LR is reflected in the transcriptional stress response of Caenorhabditis elegans.
Chem. Biol. Interact. 2014, 223C, 51-57.

6. Ju,J.;Ruan, Q.; Li, X;; Liu, R.; Li, Y.; Pu, Y.; Yin, L.; Wang, D. Neurotoxicological evaluation of
microcystin-LR exposure at environmental relevant concentrations on nematode Caenorhabditis
elegans. Environ. Sci. Pollut. Res. Int. 2013, 20, 1823—-1830.

7. Saul, N.; Baberschke, N.; Chakrabarti, S.; Sturzenbaum, S.R.; Lieke, T.; Menzel, R.; Jonas, A.;
Steinberg, C.E. Two organobromines trigger lifespan, growth, reproductive and transcriptional changes
in Caenorhabditis elegans. Environ. Sci. Pollut. Res. 2014, 21, 10419-10431.

8. Watanabe, I.; Kashimoto, T. The flame retardant tetrabromobisphenol-A and its metabolite found
in river and marine sediments in Japan. Chemosphere 1983, 12, 1533—1539.

9. Shaw, S.D.; Blum, A.; Weber, R.; Kannan, K.; Rich, D.; Lucas, D.; Koshland, C.P.; Dobraca, D.;
Hanson, S.; Birnbaum, L.S. Halogenated flame retardants: Do the fire safety benefits justify the risks?
Rev. Environ. Health 2010, 25, 261-305.



Mar. Drugs 2015, 13 2808

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Pullen, S.; Boecker, R.; Tiegs, G. The flame retardants tetrabromobisphenol A and tetrabromobisphenol
A-bisallylether suppress the induction of interleukin-2 receptor alpha chain (CD25) in murine
splenocytes. Toxicology 2003, 184, 11-22.

Kibakaya, E.C.; Stephen, K.; Whalen, M.M. Tetrabromobisphenol A has immunosuppressive
effects on human natural killer cells. J. Immunotoxicol. 2009, 6, 285-292.

Nakajima, A.; Saigusa, D.; Tetsu, N.; Yamakuni, T.; Tomioka, Y.; Hishinuma, T. Neurobehavioral
effects of tetrabromobisphenol A, a brominated flame retardant, in mice. Toxicol. Lett. 2009, 189,
78-83.

Paul, N.A.; Nys, R.D.; Steinberg, P.D. Chemical defence against bacteria in the red alga
Asparagopsis armata: Linking structure with function. Mar. Ecol. Prog. Ser. 2006, 306, 87—-101.
Richardson, S.D.; Thruston, A.D.; Rav-Acha, C.; Groisman, L.; Popilevsky, 1.; Juraev, O.; Glezer, V.;
McKague, A.B.; Plewa, M.J.; Wagner, E.D. Tribromopyrrole, brominated acids, and other disinfection
byproducts produced by disinfection of drinking water rich in bromide. Environ. Sci. Technol. 2003,
37,3782-3793.

Putschew, A.; Mania, M.; Jekel, M. Occurrence and source of brominated organic compounds in
surface waters. Chemosphere 2003, 52, 399-407.

Melnick, R.L.; Nyska, A.; Foster, P.M.; Roycroft, J.H.; Kissling, G.E. Toxicity and carcinogenicity
of the water disinfection byproduct, dibromoacetic acid, in rats and mice. Toxicology 2007, 230,
126-136.

Moser, V.C.; Phillips, P.M.; Levine, A.B.; McDaniel, K.L.; Sills, R.C.; Jortner, B.S.; Butt, M.T.
Neurotoxicity produced by dibromoacetic acid in drinking water of rats. Toxicol. Sci. 2004, 79,
112-122.

Harris, T.W.; Baran, J.; Bieri, T.; Cabunoc, A.; Chan, J.; Chen, W.J.; Davis, P.; Done, J.; Grove, C.;
Howe, K.; et al. Wormbase 2014: New views of curated biology. Nucleic Acids Res. 2014, 42,
D789-D793.

Liu, D.W.; Thomas, J.H. Regulation of a periodic motor program in C. elegans. J. Neurosci. 1994,
14, 1953-1962.

Doncaster, C.C. Nematode feeding mechanisms. 1. Observations on Rhabditis and Pelodera.
Nematologica 1962, 8, 313-320.

Lehane, M.J. Peritrophic matrix structure and function. Annu. Rev. Entomol. 1997, 42, 525-550.
Lenaerts, I.; Walker, G.A.; van Hoorebeke, L.; Gems, D.; vanfleteren, J.R. Dietary restriction of
Caenorhabditis elegans by axenic culture reflects nutritional requirement for constituents provided
by metabolically active microbes. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2008, 63, 242-252.

Sulston, J.E.; Horvitz, H.R. Post-embryonic cell lineages of the nematode Caenorhabditis elegans.
Dev. Boil 1977, 56, 110-156.

Hirose, T.; Nakano, Y.; Nagamatsu, Y.; Misumi, T.; Ohta, H.; Ohshima, Y. Cyclic GMP-dependent
protein kinase EGL-4 controls body size and lifespan in C. elegans. Development 2003, 130,
1089-1099.

Jorgensen, P.; Nishikawa, J.L.; Breitkreutz, B.J.; Tyers, M. Systematic identification of pathways
that couple cell growth and division in yeast. Science 2002, 297, 395-400.

So, S.; Miyahara, K.; Ohshima, Y. Control of body size in C. elegans dependent on food and
insulin/IGF-1 signal. Genes Cells 2011, 16, 639-651.



Mar. Drugs 2015, 13 2809

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wilson, M.A.; Shukitt-Hale, B.; Kalt, W.; Ingram, D.K.; Joseph, J.A.; Wolkow, C.A. Blueberry
polyphenols increase lifespan and thermotolerance in Caenorhabditis elegans. Aging Cell 2006, 5,
59-68.

Liu, S.; Saul, N.; Pan, B.; Menzel, R.; Steinberg, C.E. The non-target organism Caenorhabditis
elegans withstands the impact of sulfamethoxazole. Chemosphere 2013, 93, 2373-2380.
Anderson, R.M.; Shanmuganayagam, D.; Weindruch, R. Caloric restriction and aging: Studies in
mice and monkeys. Toxicol. Pathol. 2009, 37, 47-51.

Colman, R.J.; Anderson, R.M.; Johnson, S.C.; Kastman, E.K.; Kosmatka, K.J.; Beasley, T.M.;
Allison, D.B.; Cruzen, C.; Simmons, H.A.; Kemnitz, J.W.; et al. Caloric restriction delays disease
onset and mortality in rhesus monkeys. Science 2009, 325, 201-204.

Voland, E. Altern und Lebenslauf—ein Evolutionsbiologischer Aufriss. In Generationen:
Multidisziplindre Perspektiven; Kiinemund, H., Szydlik, M., Eds.; VS Verlag fiir Sozialwissenschaften:
Wiesbaden, Germany, 2009.

Huang, C.; Xiong, C.; Kornfeld, K. Measurements of age-related changes of physiological
processes that predict lifespan of Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 2004, 101,
8084-8089.

Avery, L. Motor neuron m3 controls pharyngeal muscle relaxation timing in Caenorhabditis
elegans. J. Exp. Biol. 1993, 175, 283-297.

Riddle, D.L.; Blumenthal, T.; Meyer, B.J.; Avery, L.; Thomas, J.H. Feeding. In C. elegans II,
2nd ed.; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1997.

Raizen, D.M.; Avery, L. Electrical activity and behavior in the pharynx of Caenorhabditis elegans.
Neuron 1994, 12, 483-495.

Niacaris, T.; Avery, L. Serotonin regulates repolarization of the C. elegans pharyngeal muscle.
J. Exp. Biol. 2003, 206, 223-231.

Sanger, G.J.; Yoshida, M.; Yahyah, M.; Kitazumi, K. Increased defecation during stress or after
5-hydroxytryptophan: Selective inhibition by the 5-HT(4) receptor antagonist, SB-207266.
Br. J. Pharmacol. 2000, 130, 706-712.

Martinez, V.; Wang, L.; Rivier, J.; Grigoriadis, D.; Tache, Y. Central CRF, urocortins and stress
increase colonic transit via CRF1 receptors while activation of CRF2 receptors delays gastric transit
in mice. J. Physiol. 2004, 556, 221-234.

Branicky, R.; Hekimi, S. What keeps C. elegans regular: The genetics of defecation. Trends Genet.
2006, 22, 571-579.

Eastman, C.; Horvitz, H.R.; Jin, Y. Coordinated transcriptional regulation of the unc-25 glutamic
acid decarboxylase and the unc-47 GABA vesicular transporter by the Caenorhabditis elegans
UNC-30 homeodomain protein. J. Neurosci. 1999, 19, 6225-6234.

Riddle, D.L.B.T.; Meyer, B.J.; Priess, J.R. Defecation motor program. In C. elegans II, 2nd ed.;
Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1997.

De Bono, M.; Maricq, A.V. Neuronal substrates of complex behaviors in C. elegans.
Annu. Rev. Neurosci. 2005, 28, 451-501.

Wehner, R.; Gehring, W.J. Verhaltensokologie. In Zoologie; Thieme Verlag: Stuttgart,
Germany, 2007.



Mar. Drugs 2015, 13 2810

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Grewal, P.S.; Wright, D.J. Migration of Caenorhabditis elegans larvae towards bacteria and the
nature of the bacterial stimulus. Fund. Appl. Nematol. 1992, 15, 159—166.

Bargmann, C.1.; Hartwieg, E.; Horvitz, H.R. Odorant-selective genes and neurons mediate olfaction
in C. elegans. Cell 1993, 74, 515-527.

Irazoqui, J.E.; Urbach, J.M.; Ausubel, F.M. Evolution of host innate defence: Insights from
Caenorhabditis elegans and primitive invertebrates. Nat. Rev. Immunol. 2010, 10, 47-58.

Felix, M.A.; Braendle, C. The natural history of Caenorhabditis elegans. Curr. Biol. 2010, 20,
R965-R969.

Jeong, D.E.; Artan, M.; Seo, K.; Lee, S.J. Regulation of lifespan by chemosensory and thermosensory
systems: Findings in invertebrates and their implications in mammalian aging. Front. Genet. 2012,
3,218.

Ma, X.; Shen, Y. Structural basis for degeneracy among thermosensory neurons in Caenorhabditis
elegans. J. Neurosci. 2012, 32, 1-3.

Bargmann, C.I. Chemosensation in C. elegans. Available online: http://www.wormbook.org
(accessed on 5 April 2014).

Ishihara, T.; lino, Y.; Mohri, A.; Mori, I.; Gengyo-Ando, K.; Mitani, S.; Katsura, I. HEN-1,
a secretory protein with an LDL receptor motif, regulates sensory integration and learning in
Caenorhabditis elegans. Cell 2002, 109, 639-649.

Ohnishi, N.; Kuhara, A.; Nakamura, F.; Okochi, Y.; Mori, . Bidirectional regulation of thermotaxis
by glutamate transmissions in Caenorhabditis elegans. EMBO J. 2011, 30, 1376—1388.

Hoerndli, F.J.; Walser, M.; Frohli Hoier, E.; de Quervain, D.; Papassotiropoulos, A.; Hajnal, A.
A conserved function of C. elegans CASY-1 calsyntenin in associative learning. PLoS ONE 2009,
4, e4880.

Bacaj, T.; Lu, Y.; Shaham, S. The conserved proteins CHE-12 and DYF-11 are required for sensory
cilium function in Caenorhabditis elegans. Genetics 2008, 178, 989—1002.

Chen, N.; Pai, S.; Zhao, Z.; Mah, A.; Newbury, R.; Johnsen, R.C.; Altun, Z.; Moerman, D.G.;
Baillie, D.L.; Stein, L.D. Identification of a nematode chemosensory gene family. Proc. Natl. Acad.
Sci. USA 2005, 102, 146—151.

Biron, D.; Wasserman, S.; Thomas, J.H.; Samuel, A.D.; Sengupta, P. An olfactory neuron responds
stochastically to temperature and modulates Caenorhabditis elegans thermotactic behavior. Proc.
Natl. Acad. Sci. USA 2008, 105, 11002-11007.

Kimata, T.; Sasakura, H.; Ohnishi, N.; Nishio, N.; Mori, I. Thermotaxis of C. elegans as a model for
temperature perception, neural information processing and neural plasticity. Worm 2012, 1, 31-41.
Chase, D.L.; Pepper, J.S.; Koelle, M.R. Mechanism of extrasynaptic dopamine signaling in
Caenorhabditis elegans. Nat. Neurosci. 2004, 7, 1096—1103.

Sawin, E.R.; Ranganathan, R.; Horvitz, H.R. C. elegans locomotory rate is modulated by the
environment through a dopaminergic pathway and by experience through a serotonergic pathway.
Neuron 2000, 26, 619-631.

Chevalier, S.A.; Durand, S.; Dasgupta, A.; Radonovich, M.; Cimarelli, A.; Brady, J.N.; Mahieux, R;
Pise-Masison, C.A. The transcription profile of TAX-3 is more similar to TAX-1 than TAX-2:
Insights into HTLV-3 potential leukemogenic properties. PLoS ONE 2012, 7, ¢41003.



Mar. Drugs 2015, 13 2811

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

Zane, L.; Jeang, K.T. The importance of ubiquitination and sumoylation on the transforming activity
of HTLV TAX-1 and TAX-2. Retrovirology 2012, 9, 103.

Hohnberg, K.; Traunspurger, W. Foraging theory and partial consumption in a tardigrade-nematode
system. Behav. Ecol. 2009, 20, 884—890.

Bento, G.; Ogawa, A.; Sommer, R.J. Co-option of the hormone-signalling module dafachronic
acid-DAF-12 in nematode evolution. Nature 2010, 466, 494-497.

Kaplan, J.M.; Horvitzz, H.R. A dual mechanosensory and chemosensory neuron in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 1993, 90, 2227-2231.

Rankin, C.H.; Broster, B.S. Factors affecting habituation and recovery from habituation in the
nematode Caenorhabditis elegans. Behav. Neurosci. 1992, 106, 239-249.

Sanyal, S.; Wintle, R.F.; Kindt, K.S.; Nuttley, W.M.; Arvan, R.; Fitzmaurice, P.; Bigras, E.;
Merz, D.C.; Hebert, T.E.; van der Kooy, D.; et al. Dopamine modulates the plasticity of
mechanosensory responses in Caenorhabditis elegans. EMBO J. 2004, 23, 473—482.

White, J.G.; Southgate, E.; Thomson, J.N.; Brenner, S. The structure of the nervous system of the
nematode Caenorhabditis elegans. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 1986, 314, 1-340.
Steinberg, P.L.; Merguerian, P.A.; Bihrle, W. III; Seigne, J.D. The cost of learning
robotic-assisted prostatectomy. Urology 2008, 72, 1068—1072.

Mclntire, S.L.; Jorgensen, E.; Kaplan, J.; Horvitz, H.R. The gabaergic nervous system of
Caenorhabditis elegans. Nature 1993, 364, 337-341.

Goodman, M.B. Mechanosensation. Available online: http://www.wormbook.org (accessed on
5 April 2014).

Riddle, D.L.; Blumenthal, T.; Meyer, B.J.; Avery, L; Thomas, J.H. Introduction: The neural circuit
for locomotion. In C. elegans II, 2nd ed.; Cold Spring Harbor Laboratory Press: Cold Spring Harbor,
NY, USA, 1997.

Connon, R.E.; Geist, J.; Werner, 1. Effect-based tools for monitoring and predicting the
ecotoxicological effects of chemicals in the aquatic environment. Sensors 2012, 12, 12741-12771.
De Nadal, E.; Ammerer, G.; Posas, F. Controlling gene expression in response to stress.
Nat. Rev. Genet. 2011, 12, 833—-845.

Wu, S.; Lu, J.; Rui, Q.; Yu, S.; Cai, T.; Wang, D. Aluminum nanoparticle exposure in L1 larvae results
in more severe lethality toxicity than in L4 larvae or young adults by strengthening the formation
of stress response and intestinal lipofuscin accumulation in nematodes. Environ. Toxicol.
Pharmacol. 2011, 31, 179-188.

Sahara, T.; Goda, T.; Ohgiya, S. Comprehensive expression analysis of time-dependent genetic
responses in yeast cells to low temperature. J. Biol. Chem. 2002, 277, 50015-50021.

Kilian, J.; Whitehead, D.; Horak, J.; Wanke, D.; Weinl, S.; Batistic, O.; D’Angelo, C.;
Bornberg-Bauer, E.; Kudla, J.; Harter, K. The atgenexpress global stress expression data set:
Protocols, evaluation and model data analysis of UV-B light, drought and cold stress responses.
Plant J. 2007, 50, 347-363.

Brenner, S. The genetics of Caenorhabditis elegans. Genetics 1974, 77, 71-94.

Lewis, J.A.; Fleming, J.T. Basic culture methods. Methods Cell Biol. 1995, 48, 3-29.



Mar. Drugs 2015, 13 2812

79.

80.

81.

82.

83.

84.

85.

Ju, J.; Lieke, T.; Saul, N.; Pu, Y.; Yin, L.; Kochan, C.; Putschew, A.; Baberschke, N.;
Steinberg, C.E.W. Neurotoxic evaluation of two organobromine model compounds and natural
AOBr-containing surface water samples by a Caenorhabditis elegans test. Ecotoxicol. Environ. Saf.
2014, 104, 194-201.

Hart, A.C. Behavior in WormBook. Available online: http://www.wormbook.org (accessed on
5 April 2014).

Liedtke, W.; Tobin, D.M.; Bargmann, C.I.; Friedman, J.M. Mammalian TRPV4 (VR-OAC) directs
behavioral responses to osmotic and mechanical stimuli in Caenorhabditis elegans. Proc. Natl.
Acad. Sci. USA 2003, 100 (Suppl. 2), 14531-14536.

Ward, S. Chemotaxis by the nematode Caenorhabditis elegans: ldentification of attractants and
analysis of the response by use of mutants. Proc. Natl. Acad. Sci. USA 1973, 70, 817-821.
Heugens, E.H.; Hendriks, A.J.; Dekker, T.; van Straalen, N.M.; Admiraal, W. A review of the effects
of multiple stressors on aquatic organisms and analysis of uncertainty factors for use in risk
assessment. Crit. Rev. Toxicol. 2001, 31, 247-284.

Van der Linden, A.M.; Beverly, M.; Kadener, S.; Rodriguez, J.; Wasserman, S.; Rosbash, M.;
Sengupta, P. Genome-wide analysis of light- and temperature-entrained circadian transcripts in
Caenorhabditis elegans. PLoS Biol. 2010, 8, ¢1000503.

Simonetta, S.H.; Romanowski, A.; Minniti, A.N.; Inestrosa, N.C.; Golombek, D.A. Circadian stress
tolerance in adult Caenorhabditis elegans. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav.
Physiol. 2008, 194, 821-828.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



