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ATP-binding cassette (ABC) transporter proteins include efflux pumps that
confer multixenobiotic resistance to zebrafish embryos, a valuable toxico/
pharmacological model. Here, we established an automated microscopy-based
rhodamine B dye accumulation assay in which enhanced dye accumulation in
live zebrafish embryos indicates inhibition of multixenobiotic efflux trans-
porter activity. Twenty structurally divergent known substrates and/or inhibi-
tors of human ABC transporters and environmentally relevant compounds
were examined using this assay and the ATPase activity of recombinant zeb-
rafish Abcb4 as readouts. These two assays confirmed that Abcb4 functions
as an efflux transporter in zebrafish, whereas they gave discordant results for
some of the tested substances. The dye accumulation assay in zebrafish
embryos could be useful to screen environmental pollutants and other chemi-
cals for efflux transporter interaction in a medium-throughput fashion.
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Aquatic species control the transition of chemicals
from the water into the tissue through environment-tis-
sue barriers, of which cellular transporter proteins are
a component [l1]. Members of the ATP-binding cas-
sette (ABC) transporter protein family are highly
important cellular efflux pumps that, concerning their
substrates, are multispecific and confer so-called multi-
xenobiotic resistance (MXR) that is equivalent to mul-
tidrug resistance (MDR) of cancer cells in
chemotherapy [2-4]. Various ABC transporter ortho-
logs conferring MXR were found to be expressed and
active in fish [5,6]. Two P-glycoproteins were identified

Abbreviations

in the zebrafish genome, which first were designated
abcbla and abcb1b. Conversely, abcb4 and abceb5 were
considered absent [7]. Later, synteny analyses revealed
that abcbla and abcblb are indeed abch5 and abcb4
orthologs, respectively, and that there is no abchl
ortholog in zebrafish [8,9]. Zebrafish Abcb4 is func-
tionally homologous to human ABCBI and acts as
MXR efflux transporter [8,9]. Evidence of this has
been obtained through different experimental
approaches: (a) Morpholino knockdown of Abcb4
resulted in enhanced uptake of toxic or fluorescent
human ABCBI1 substrates (e.g., vinblastine and

ABC, ATP-binding cassette; ATP, Adenosine triphosphate; bA, basal transporter ATPase activity; CAS, Chemical Abstracts Service; DMSO,
dimethyl sulfoxide; hpf, hours post fertilization; KNIME, Konstanz Information Miner; Log P, octanol/water partition coefficient; LP sampler,
large particle sampler;, MS-222, ethyl 3-aminobenzoate methanesulfonic acid; MXR, multixenobiotic resistance; gqRT-PCR, quantitative
reverse transcription polymerase chain reaction; sA, stimulated transporter ATPase activity; VAST, vertebrate automated screening technol-
ogy.
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ABC efflux transporter in zebrafish embryos

rhodamine B) by zebrafish embryos from the water;
(b) upon exposure of zebrafish embryos to specific
inhibitors of human ABCBI, such as PSC833, the
uptake of ABCBI substrates was enhanced, indicating
inhibition of Abcb4-mediated efflux; and (c) human
ABCBI1 substrates and inhibitors readily interacted
with zebrafish Abcb4 as corroborated by their stimula-
tion or inhibition of the ATPase activity of recombi-
nant Abcb4 protein [8]. This study provided also
evidence for the localization of zebrafish Abcb4 in the
epidermis, where it could mediate the efflux of chemi-
cals from the embryo [8]. There is indication that iono-
cytes in the epidermis, which attain particularly high
efflux transporter activity, may serve as gateways for
the expulsion of chemicals from zebrafish embryos
[10]. Although knockdown of zebrafish Abcb5 expres-
sion in the embryos did not indicate that this trans-
porter mediates efflux of ABCBI substrates from the
embryo [8], high expression and activity of Abcb5 in
ionocytes suggest that Abcb5 allows efflux of certain
chemicals across the epidermis [10]. Fluorescent dyes
acting as transporter substrates that are taken up from
the water by aquatic animals can be used to visualize
the action of MXR efflux transporters: Fluorescence
of the tissue is low when the transporters are active,
whereas it increases when the transporter function is
reduced (e.g., ref. [3]). In the tissue of zebrafish
embryos, the fluorescent dye rhodamine B increasingly
accumulates when the MXR efflux transporter func-
tion is disrupted [8,11].

Compounds inhibiting the action of cellular efflux
transporters and thereby enhancing the cellular sensitiv-
ity to toxic compounds are termed chemosensitizers
[12,13]. By acting as chemosensitizers, a range of anthro-
pogenic environmental compounds is assumed to have
the potential to cause adverse ecotoxicological effects
[14-16]. Fluorescent dyes that are efflux transporter sub-
strates, such as rhodamine B, enable to determine the
chemosensitizing potential of chemicals in native, live
tissues of aquatic organisms; the chemosensitizing action
of a test compound is indicated by increased dye accu-
mulation in the tissue of interest [3,17].

In the study presented here, we developed a standard-
ized assay for the quantitative measurement of the fluo-
rescence of accumulated rhodamine B in the yolk sac of
live zebrafish embryos. It thus is possible to determine
the effects of chemical compounds on ABC efflux trans-
porter activity in native tissue, thus eliminating both dye
extraction steps for fluorometric measurements as in ear-
lier protocols [8,11,18] and manual positioning of the
embryo under the microscope [10]. This new protocol
was first validated with cyclosporin A, verapamil, and
MKS571, which are standard efflux transporter inhibitors
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[6,19,20] that also interact with zebrafish Abcb4 (Fig. 2
F.L.S; [8]). Next, it was exploited to examine a range of
chemicals, some with potential environmental relevance.
Tested compounds comprised twelve drugs including
known interactors of human ABCBI, five pesticides,
two industrial compounds, and one fragrance com-
pound. To explore the potential of this assay in full, the
selected organic compounds were structurally diverse
and covered a wide range of physicochemical properties
(Table 1).

Dye accumulation data were correlated with data on
the interaction of each compound with the zebrafish
efflux transporter Abcb4. Compound-transporter
interaction was determined by measuring the ATPase
assays of recombinant zebrafish Abcb4 [21]. As the
translocation of ABC transporter substrates is coupled
to ATP hydrolysis [22,23], the ATPase activity pro-
vides an indication of chemical-transporter protein
interaction [24].

The comparison between the chemical-efflux trans-
porter protein interaction data obtained in vivo and in
vitro allowed assessing Abcb4’s contribution to the
overall MXR transporter efflux activity in zebrafish
embryos. By means of this new approach, we could
gain insight into whether the effects of the tested com-
pounds on Abcb4’s ATPase assay are indicative of
effects on efflux activity in whole embryos and to
which degree an effect in the dye accumulation assay
can be related to a chemical effect on Abcb4.

Materials and methods

Chemicals

Amprenavir, azinphos-methyl, bisphenol A, cyclosporin A,
dipyridamole, ethyl 3-aminobenzoate methanesulfonic acid
(MS-222), etoposide, ivermectin, metazachlor, phenan-
threne, phenytoin, rhodamine B, thiacloprid, verapamil
hydrochloride, and vinblastine sulfate were obtained from
Sigma-Aldrich (Taufkirchen, Germany). Carbamazepine
was purchased from Acros Organics/Thermo Fisher Scien-
tific (Waltham, MA, USA), colchicine from Merck (Darm-
stadt, Germany), dexamethasone from AppliChem
(Darmstadt, Germany), MK571 from Enzo Life Sciences
Gmbh (Lorrach, Germany), tonalide from Bush Boake
Allen Inc. (Montvale, NJ, USA), terbuthylazine from Rie-
del-de Haén (Seelze, Germany), and trospium from Sel-
leckchem (Houston, TX, USA). For an overview with
Chemical Abstracts Service (CAS) numbers, molecular
weights, octanol/water partition coefficients (Log P), pre-
dicted water solubilities, and usages, refer to Table 1. For
the experiments, stock solutions of the chemicals were set
up in dimethyl sulfoxide (DMSO; 0.1% and 2% DMSO in
the experimental solutions for the rhodamine B assays and
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Table 1. Names, CAS numbers, molecular weights, log P, water solubilities (water sol.), and usage of the tested chemicals. LogP
(KOWWIN v1.68 estimate) and water solubilities (WSKOW v1.42) were obtained with the EPI Suite software [54]. The SMILES codes of
the compounds required for EPI Suite were retrieved from https://pubchem.ncbi.nlm.nih.gov/.

Chemical CAS MW LogP Water sol. (um) Usage

Amprenavir 161814-49-9 505.6 2.25 15.5 Protease inhibitor
Azinphos-methy! 86-50-0 317.3 2.75 65.9 Organophosphate insecticide
Bisphenol A 80-05-7 228.3 3.32 525.6 Industrial chemical
Carbamazepine 298-46-4 236.3 2.45 474.0 Anticonvulsant
Colchicine 64-86-8 399.5 1.30 1.1 x 10° Natural product
Cyclosporin A 59865-13-3 1202.6 1.00 0.002 Immunosuppressant
Dexamethasone 50-02-2 3925 1.94 226.8 Glucocorticoid
Dipyridamole 58-32-2 504.7 2.74 6.1 Antiplatelet drug
Etoposide 33419-42-0 588.6 0.60 99.7 Topoisomerase inhibitor
Ivermectin 70288-86-7 875.1 4.61 3.1 %107 Macrocyclic lactone
Metazachlor 67129-08-2 277.8 2.13 1.5 x 10° Herbicide

MK571 115104-28-4 515.1 5.68 0.02 ABCC inhibitor, LTD4 antagonist
Phenanthrene 85-01-8 178.2 4.46 6.5 Industrial chemical
Phenytoin 57-41-0 252.3 2.47 126.8 Anticonvulsant
Terbuthylazine 5915-41-3 229.7 3.21 241.0 Herbicide

Thiacloprid 111988-49-9 252.7 2.33 917.6 Neonicotinoid insecticide
Tonalide (AHTN) 21145-77-7 258.4 5.70 4.8 Fragrance

Trospium chloride 10405-02-4 428 0.78 1036.0 Muscarinic antagonist
Verapamil hydrochloride 1652-11-4 489.1 5.05 0.5 Calcium channel blocker
Vinblastine sulfate 143-67-9 907.1 2.52 0.11 Vinca alkaloid

the ATPase assays, respectively). Predicted water solubili-
ties (Table 1) were used as orientation to set up the concen-
trations for the experiments. Higher experimental
concentrations than predicted solubilities were used when
no precipitation was visible in the solution. Rhodamine B
stock solutions at 100 um were prepared in Milli-Q water.

Maintenance of zebrafish and egg production

Zebrafish were maintained and bred according to standard
protocols [25]. Collection of eggs and cultivation of
embryos were performed as described elsewhere [26,27]. In
short, fertilized eggs were separated from unfertilized eggs
and incubated at 28 °C £ 1 in reconstituted water
(294.0 mg-.L~! CaCl, 2H,0; 123.3 mg-L™' MgSO, 7H,O:
63.0 mg-L™' NaHCO5; 5.5 mg-L™! KCI [27]). Prior to use,
this embryo culture water was aerated to reach oxygen sat-
uration. All procedures followed the guidelines on the pro-
tection of experimental animals by the European Directive
2010-63-EU. Facilities for breeding and the production of
embryos were licensed by the local government (Landesdi-
rektion Leipzig, Aktenzeichen 75-9185.64).

Quantitative reverse transcription polymerase
chain reaction (qQRT-PCR)

Thirty zebrafish embryos at 72 h postfertilization (hpf)
from three egg batches were added to Eppendorf tubes with
0.5 mL TRIzol Reagent (Invitrogen/Thermo Fisher Scien-
tific, Waltham, MA, USA), homogenized, and total RNA

was extracted according to the manufacturer. The extracts
were treated with DNase I (Roche, Grenzach, Germany) to
remove genomic DNA contamination. RNA integrity was
verified using a NanoDrop Spectrophotometer (PEQLAB/
VWR International GmbH, Darmstadt, Germany) and
agarose gel electrophoresis. RNA concentrations in extracts
were 1.1-1.2 uguL™" cDNA, A260/A280 ratios were
around 2, and A260/A230 ratios were 1.9-2.1. cDNA was
synthesized from total RNA using RevertAid Reverse
Transcriptase (200 U-uL™'; Fermentas/Thermo Fisher Sci-
entific, Waltham, MA, USA) and random hexamer primers.
Quantitative PCR was performed on a StepOnePlus PCR
device (Applied Biosystems/Thermo Fisher Scientific, Wal-
tham, MA, USA) using the SensiMix" SYBR® Hi-ROX
Kit (BioCat GmbH, Heidelberg, Germany). For qPCR pri-
mer sequences for zebrafish abch4 and abcb5 and the
housekeeping gene f-actin and qPCR conditions, refer to
Table S1. For qPCR data analysis, the amplification effi-
ciency for target and housekeeping genes was set to 100%.
Analysis of qPCR data was performed using the QGENE
corE MODULE (http://www.qgene.org/) [28,29].

Dye accumulation assay

The fluorescent dye rhodamine B, a substrate that first was
found to be suitable as an indicator of human ABCBI
activity in dye accumulation assays [30], was used as a
probe to measure the efflux transporter activity in the zeb-
rafish embryo tissue. The compound increasingly accumu-
lates in the embryo tissue when compounds inhibiting
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Abcb4 activity are also present. The rhodamine B fluores-
cence levels in zebrafish embryos can thus serve as indirect
measure of the Abcb4-mediated efflux transporter activity
[8] although it needs to be considered that other cellular
transporters can also mediate rhodamine B efflux. Dye
accumulation assays were performed with hatched embryos
at 72 hpf. This stage was selected, since the embryos were
found to constitutively express abcb4 transcript (refer to
section "Expression of abcb4 and abceb5 transcripts in zeb-
rafish embryos at 72 hpf" in the Results) and show efflux
transporter activity (refer to Fig. 2) and manual dechorion-
ation of the embryos is not necessary. Preparatory experi-
ments test the experimental settings and
parameters enabling to obtain clear rhodamine B fluores-
cence signals from tissue from control and inhibitor-treated
embryos. Two sets of experiments were performed: Rho-
damine B fluorescence levels were measured in the tissue of
zebrafish embryos that were exposed (a) to 0.1, 0.5, or
1 pm  rhodamine B without or with cyclosporin A
(0.5-40 um), a potent Abcb4 inhibitor ([8]; Fig. 3F), for 2 h
(Fig. S2); (b) to 0.1 or 1 um rhodamine B without or with
cyclosporin A (10 um) for 30 min to 4 h (Fig. S3). The
results were evaluated for (a) a clear rhodamine B fluores-
cence signal and (b) a clear difference in rhodamine B fluo-
rescence between inhibitor-treated and untreated embryos.
Based on the results, dye accumulation assays with zebra-
fish embryos were performed in the following way: per con-
trol/treatment eight embryos were incubated for 2 h in a
glass vial with 4 mL ISO water (28 °C, light-protected)
with 1 um rhodamine B either together with just the solvent
(0.1% DMSO; negative control) or with 40 um cyclosporin
A (positive control) or in treatments with a test chemical at
different concentrations. The maximum concentration of
each test chemical was set according to its maximum water
solubility (refer to Table 1). Treatments without rhodamine
B and with test chemical only served to determine whether
a fluorescence signal came from the chemical accumulated
in the embryo tissue. The embryos were rinsed twice with
ISO water upon incubations in the experimental solutions
and transferred to the wells of a 96-well microplate (1
embryo per well) containing 200 uL ISO water with MS-
222 (6 g¢-L™!) for anesthetization (refer to [31]). Per test
chemical, dye accumulation assays were repeated at least
once on separate days with embryos from different batches.
For determining the amount of rhodamine B accumulated
in the embryo tissue, each embryo was imaged at 535/
590 nm (excitation/emission) and at bright field with a fluo-
rescence microscope connected to the vertebrate automated
screening technology (VAST) system in an automated way
(see below). The time span from when the exposures were
terminated to the onset of the fluorescence measurements
in the VAST system was approximately 10 min. Per con-
trol/treatment eight embryos were imaged. Prior to imag-
ing, each embryo was inspected for showing heartbeat and
for being morphologically intact.

served to
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Fluorescence and bright-field imaging of fish
embryos

The VAST Biolmager platform (Union Biometrica, Geel,
Belgium) in combination with the large particle sampler
(LP sampler; Union Biometrica) and a Leica fluorescence
microscope (Leica DM6B equipped with a Leica Digital
Camera DFC 365FX; Leica Microsystems, Wetzlar, Ger-
many) with a 5x objective was used to take fluorescence
and bright-field images of the live, anesthetized embryos
upon exposures to test chemicals and rhodamine B (Fig. 1).
The setup was designed to automatically load a single
embryo from a microplate into a glass capillary located in
front of a microscope lens, position the embryo, take
images of the embryo with predetermined parameters (mag-
nification and region of the embryo that is imaged, fluores-
cence and/or bright-field images, exposure time, brightness
of the illumination), and expulsion of the embryo from the
glass capillary into a beaker. For imaging, each embryo
was automatically positioned in a lateral orientation. Imag-
ing was performed at maximum excitation light intensity.
Fluorescence images of the predetermined embryo region
were obtained with 50, 100, 200, and 400 ms of exposure to
confirm that the increase in the fluorescence signal was lin-
ear with longer exposure times. The exposure time of 50 ms
proved to be sufficiently sensitive to capture the fluores-
cence signal, which was in the range of linear increase in
the fluorescence signal with exposure time (see below).
Therefore, from the experiments with the test compounds
only the images obtained with 50 ms exposure time were
analyzed.

The duration of the procedure comprising loading, posi-
tioning, imaging, and expulsion of each embryo from the
capillary was around 90 s per embryo. Depending on the
number of embryos, the time period between the capture of
the images of the first and the last embryo on a microplate
was around 150 min. Hence, each embryo remained for a
different time span in the plate prior to the measurement.
The plate layout was arranged to avoid a potential plate
position bias on the fluorescence quantification. However,
it was not observed that the fluorescence tissue levels in the
embryos decreased over the time that they were kept in the
multiwell plate prior to imaging. In a pre-experiment, fluo-
rescence was measured in embryos that were kept in con-
trol medium for different periods of time after exposure to
rhodamine B and cyclosporin A. Fluorescence levels in the
embryo tissue were not significantly changed after 3 h but
reached almost 0 after 18 h, indicating slow clearance of
the embryo tissue from rhodamine B (refer to Fig. S4).

Quantification of fluorescence intensity

The fluorescence intensity as a proxy of the rhodamine B
amount accumulated in the zebrafish embryo tissue was
determined by quantifying the brightness of a predefined
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Fig. 1. Fluorescence (A, C) and bright-field
(B, D) images of live zebrafish embryos
upon exposure to rhodamine B at 1 um for
2 h. For imaging, the embryos were
automatically positioned in lateral
orientation in glass capillaries using the
VAST system. (A, B) Solvent control (0.1%
DMSO); (C, D) cyclosporin A (40 uwm)
treatment.

area (220 x 100 pixels, corresponding to 1.3 x 0.59 mm?)
in the yolk region (Fig. S1). The process of automatically
selecting the predefined area and of determining its bright-
ness was operated with the Konstanz Information Miner
(KNIME) analytical platform (Version 3.5.3. [32]). The
KNIME workflow is provided in the Supporting Informa-
tion.

Zebrafish Abcb4 ATPase assays

The ATPase assays with recombinant zebrafish Abcb4 were
performed as described in Refs [8,21]. Briefly, recombinant
Abcb4 protein was generated using the baculovirus expres-
sion system. The ATPase assays were performed in 96-well
plates enabling simultaneous incubations of treatments with
various concentrations of the test compounds and controls.
The test compounds were dissolved in DMSO, and the
stocks were diluted 1: 50 (2% DMSO in the experimental
solutions and in the controls). In parallel, negative controls
(‘basal transporter ATPase activity’, bA) and positive con-
trols with 40 or 50 um verapamil were run. The effects of
both 40 and 50 um verapamil were in the upper plateau
range of the sigmoidal regression curve (Fig. 3S), indicating
maximum stimulation of the transporter ATPase activity
by verapamil at these concentrations (‘stimulated trans-
porter ATPase activity’, sA).

Analyses of transporter activity data

All data obtained with the dye accumulation (arbitrary flu-
orescence units) and the ATPase assays (enzyme activity as
nmol P;x min~' x mg membrane protein~!) were trans-
formed into percentage values. The data from the negative

ABC efflux transporter in zebrafish embryos

controls (only solvent; 0.1% or 2% DMSO) run in parallel
in an experiment were set to 100%. For analysis of the
data from the test on inhibition of the stimulated Abcb4
ATPase, data were also related to respective stimulated
ATPase activities (sA) that were set to 100%. Concentra-
tion-response relationships of the data were described with
the nonlinear four-parameter HILL model:

(max — min)

R(¢;) = min + -
14 (EE0y

(D

where R(c,) is the fluorescence or P; levels relative to
controls (in %) in treatments at a certain concentration of
the test compound (c,); min is the fluorescence level of the
controls in the dye accumulation assay, bA in the ATPase
test for stimulation and estimated in the ATPase test for
inhibition; max is the maximum fluorescence level in the
dye accumulation assay (estimated) and the maximum
ATPase activity in the test for ATPase stimulation (esti-
mated) and for ATPase inhibition (set to sA); ¢, is the con-
centration of test compound (¢); p is the HILL number;
and ECS50 is the parameter value describing the concentra-
tion of inhibitor causing 50% of the maximal effect.

If a regression could not be fitted to the data with the
HILL model, linear regression was used.

If the HILL model could be fitted, this was taken as
indication for clear effects of the test compound in the
respective test. If linear regression was used to model the
data from the rhodamine B accumulation assay and the
slope was positive, this was interpreted as indication for
slight effects by the test compound.

For correlation analyses of the effect levels of the differ-
ent assays, Pearson’s correlation coefficients were
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calculated. For each tested compound, the maximum exper-
imentally determined effect levels in each test were deter-
mined. All analyses were computed with GraphPad Prism 8§
for macOS (GraphPad Software, San Diego, CA, USA).

Results

Expression of abcb4 and abcb5 transcripts in
zebrafish embryos at 72 hpf

We initially sought to determine the expression levels
of abch4 and abch5 transcripts in zebrafish embryos at
72 hpf. Mean (£SD) relative constitutive expression
levels normalized to f-actin  were 3.2 x 107
(£0.2 x 107%) for abch4 and 12.5 x 107 (£0.2 x 107
for abcb5 transcripts in zebrafish embryos at 72 hpf
(refer to Table S1 for the respective cycle threshold
(Cy values in the qPCR).

Method evaluation—rhodamine B accumulation
in zebrafish embryos

Fluorescence images of zebrafish embryos exposed to
rhodamine B showed a bright signal in the yolk sac
(Fig. 1A,C), indicating that the dye taken up from the
water is mainly accumulated in the yolk. In embryos
exposed to a combination of rhodamine B and cyclos-
porin A, the fluorescence signal was clearly brighter,
indicating enhanced accumulation of rhodamine B in
the yolk (Fig. 1C). In pilot experiments, rhodamine B
concentration and exposure times were evaluated to
obtain robust and clear fluorescence signals above the
background with a linear increase in signal intensity
(Figs S2 and S3). Arbitrary fluorescence levels ranged
approximately from 1 to 8 at 0.1 pm rhodamine B,
from 5 to 40 at 0.5 um rhodamine B, and from 8 to 50
at 1 pM rhodamine B (Fig. S2). The fluorescence levels
in control and in cyclosporin A co-treated embryos
increased linearly with the exposure time; the differ-
ences between control and treated embryos were simi-
lar at the different time points (Fig. S3). To obtain
robust fluorescence signals, we decided to employ 1 um
rhodamine B in all subsequent experiments and to
expose the embryos in the experimental solutions for
2 h prior to imaging.

Effects of test compounds on rhodamine B
accumulation in zebrafish embryos

Clear increases in rhodamine B fluorescence in zebra-
fish embryos were seen for ten of the 20 tested com-
pounds, which were azinphos-methyl, carbamazepine,
cyclosporin A, dipyridamole, ivermectin, metazachlor,
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MKS571, terbuthylazine, tonalide, and verapamil. For
all of those compounds, the concentration-dependent
changes in fluorescence could be described with the
HILL model (Eqn 1; Fig. 2B,D,F,H,J,K,L,0,Q.S;
Table 2). The maximum fluorescence changes were 1.6-
fold (carbamazepine, Fig. 2D) to 3.5-fold (cyclosporin
A, Fig. 2F). Slight fluorescence increases were found
for phenanthrene (Fig. 2M) and vinblastine (Fig. 2T;
positive slopes, Table 2); slight fluorescence decreases
occurred with bisphenol A (Fig. 2C) and phenytoin
(Fig. 2N; negative slopes, Table 2). The rest of the
compounds showed no effect on rhodamine B fluores-
cence in the embryos (Fig. 2). The fluorescence levels
in relation to the concentrations of the compounds
causing slight or no effects were described with linear
regression (Fig. 2A,C,E,G,[,LM,N,P,R,T).

Effects of test compounds on Abcbh4 ATPase
activity in vitro

Zebrafish Abcb4 ATPase activity was maximally stim-
ulated up to almost fourfold by amprenavir (Fig. 3A),
followed by verapamil with 3.3-fold stimulation at
maximum (Fig. 3S).

Maximum Abcb4 ATPase stimulation was > twofold
by five compounds in the order amprenavir > vera-
pamil > cyclosporin A > azinphos-methyl > dipyri-
damole. Concentration-dependent Abcb4 ATPase
stimulation by these compounds could be described with
the nonlinear HILL regression (Eqn 1; Fig. 3A,B,F.,H,
S). In addition, the concentration-dependent stimula-
tions by dexamethasone (1.7-fold maximum stimula-
tion; Fig. 3G) and vinblastine (1.3-fold maximum
stimulation; Fig. 3T) followed the HILL model. Iver-
mectin and MKS571 had a concentration-dependent
inhibiting effect on the basal Abcb4 ATPase activity
that also followed the HILL model (Fig. 3J,L). For all
other compounds, linear regression was applied. Com-
pounds causing slight stimulation of the basal ATPase
activity were etoposide, metazachlor, terbuthylazine,
thiacloprid, and trospium (Fig. 3[LK,O,P,R). Slight
inhibitions of the basal ATPase activity were seen with
bisphenol A (Fig. 3C), carbamazepine (Fig. 3D), colchi-
cine (Fig. 3E), phenanthrene (Fig. 3M), and tonalide
(Fig. 3Q; for regression parameters, refer also to
Table 2).

Most of the tested compounds had inhibitory effects
on the stimulated Abcb4 ATPase (Fig. 3). Bisphenol A
and ivermectin had the most pronounced effects,
resulting in 35% and 39% of the respective basal
ATPase activities, respectively (Fig. 3C,J). When the
ATPase activities in the bisphenol A and ivermectin
treatments causing the highest effects were related to
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Table 2. Parameters of nonlinear HILL (Egn 1) or linear regressions performed with the concentration—effect data retrieved with the dye
accumulation and zebrafish Abcb4 ATPase assays.

Dye accumulation assay

ATPase assay

Linear Linear
regression Nonlinear regression regression Nonlinear regression
Chemical Slope Hill slope  EC50 (um) 7 ATPase - Slope 7 Hill slope EC50 (um) P
Amprenavir 0.08 3E-05 Inhibition
Stimulation 0.575 ~ 6118 0.94
Azinphos-methy! 2.58 21.9 0.68 Inhibition 19.01 0.08
Stimulation 0.9292 160.5 0.69
Bisphenol A -5.14 0.34 Inhibition 24 %10 ~0.014 -0.12
Stimulation -9.12  0.13
Carbamazepine 2.88 184.7 0.57 Inhibition -2.22  0.01
Stimulation -2.90 0.01
Colchicine -2.87 0.03 Inhibition -1.125 27.47 0.65
Stimulation -5.19 0.07
Cyclosporin A 1.00 3.32 0.75 Inhibition -0.15 ~47%x10" 052
Stimulation 0.60 0.04 0.29
Dexamethasone 2.62 0.01 Inhibition -0.19 609.9 0.21
Stimulation 0.51 17.22 0.29
Dipyridamole 1.25 6.4 0.33 Inhibition
Stimulation 0.71 0.27 0.21
Etoposide 0.99 0.00 Inhibition 2226 0.19
Stimulation 3.03 0.20
Ivermectin (mainly b1A) 1.54 0.65 0.72  Inhibition -0.33 618 0.30
Stimulation -0.61 91.44 0.01
Metazachlor 1.08 60.34 0.87 Inhibition 0.18 0.06
Stimulation  10.35 0.16
MK571 1.52 ~ 3432 0.90 Inhibition -0.61 53.17 0.1
Stimulation -1.26 4.48 0.15
Phenanthrene 11.24 0.19 Inhibition -2.31 0.07 0.07
Stimulation -6.23 0.12
Phenytoin -7.45 0.16 Inhibition -0.31 120.4 0.11
Stimulation 441 0.25
Terbuthylazine 0.67 90.18 0.98 Inhibition 4.09 0.02
Stimulation  15.65 0.45
Thiacloprid 5.66 0.108 Inhibition -0.52 1118 0.58
Stimulation  20.06 0.23
Tonalide (AHTN) ~16.78 ~5.42 0.75 Inhibition -1.09 51.74 0.37
Stimulation  -11.32  0.12
Trospium chloride -0.59 0.002 Inhibition -0.62
0.03 0.17
Stimulation 0.11  0.20
Verapamil hydrochloride 1.41 39.81 0.93 Inhibition
Stimulation 0.91 3.12 0.54
Vinblastine sulfate 4.77 0.043 Inhibition -0.53 14.54 0.60
Stimulation 1.18 0.85 0.09

the respective stimulated ATPase activities, the effects
were 90% and 88% inhibition, respectively. Strong
inhibiting effects of the ATPase activity were also seen

by cyclosporin A, vinblastine, MKS571, etoposide,
tonalide, and phenanthrene (Fig. 3F,[,LL.M,Q,T).
When the ATPase activities in the respective treat-
ments with these compounds were related to the

respective stimulated ATPase activities, the resulting
effects equaled 60-76% inhibition. The other com-
pounds showed between 20% and 56% inhibition or,

for azinphos-methyl, metazachlor, and terbuthylazine,
slight increases in the activated ATPase activities
(Fig. 3B,K,O; refer also to Table 2). The concentra-
tion—effect relationships for bisphenol A, cyclosporin
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Fig. 2. (A-T) Fluorescence levels in zebrafish embryos upon incubation to 1 um rhodamine B along with chemicals at different
concentrations for 2 h. The percentage fluorescence relative to the respective control (0.1% DMSO) was plotted vs. chemical
concentration. Symbols and bars represent means + SE. Data points are from 2 to 6 replicates; each replicate is the mean fluorescence
measured in eight embryos exposed and measured on the same day. Cyclosporin A (40 um) was tested in each experimental series as
positive control; exposures with rhodamine B along with 0.1% DMSO served as negative controls. Data were fitted with linear or nonlinear
regression (HILL model, Eqn 1). For regression parameters, refer to Table 2.
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Fig. 3. (A-T) ATPase activities of recombinant zebrafish Abcb4 protein in the presence of chemicals at different concentrations. The
percentage ATPase activity relative to the respective control (2% DMSO) was plotted vs. chemical concentration. Symbols and bars
represent means + SE from 1 to 5 replicates. All compounds were tested for stimulation of the basal Abcb4 ATPase activity; most
compounds were also tested for inhibition of the Abcb4 ATPase activity stimulated with 40 or 50 um verapamil. Verapamil (40 or 50 um) was
tested in each experimental series as positive control (stimulated activity; sA); reactions with 2% DMSO served as negative controls (basal
activity; bA). Data were fitted with nonlinear (HILL model, Eqn 1) or linear regression. For regression parameters, refer to Table 2.
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A, dexamethasone, ivermectin, MK 571, phenanthrene,
phenytoin, thiacloprid, tonalide, trospium, and vin-
blastine could be described with the HILL model
(Fig. 3C,F,G,J,LLM,N,P,Q,R,T). For the other com-
pounds, linear regression was applied (Fig. 3, Table 2).

Correlation of the test compounds’ effects on
rhodamine B accumulation and ATPase activity

Correlation analyses of the maximally measured effect
levels were performed to compare the effects of the test
compounds in the different assays (Fig. 4A-C).

To correlate the chemical effects on the basal (bA;
test for ATPase stimulation) and the stimulated Abcb4
ATPase activities (sA; test for ATPase inhibition),
effect data of the stimulation tests were related to the
bA and of the inhibition tests to the respective sA.
The ATPase stimulation and inhibition effects did not
show a significant correlation (P > 0.05; Fig. 4A). The
data points of more than half of the compounds in the
analysis were outside the 95% confidence intervals of
the linear regression (slope = —0.07; > = 0.04). The
linear regression curve line intersects the 100% level
(i.e., point of no effect) on the ATPase stimulation
axis at the point of 54% (i.e., decrease to 54% of the
stimulated ATPase activity) on the ATPase inhibition
axis (Fig. 4A). This concurs with the finding that stim-
ulation and inhibition effects did not correlate. For
two compounds, cyclosporin A and metazachlor, both
pronounced stimulating and inhibiting effects were
found. The data points of these compounds were close
to the regression line, as were the data points of thia-
cloprid, dexamethasone, terbuthylazine, and phenan-
threne. The data point of phenanthrene, which did not
cause ATPase stimulation but ATPase inhibition, was
next to the intersection point of the linear regression
line with the 100% (i.e., control) level on the stimula-
tion axis. Etoposide, vinblastine, and bisphenol A eli-
cited pronounced ATPase inhibiting but no ATPase-
stimulating effects, similar to phenanthrene. Only azin-
phos-methyl caused pronounced ATPase stimulation
but rather weak inhibition of the stimulated Abcb4
ATPase activity. Both no or weak stimulation and
inhibition of the Abcb4 ATPase were elicited by carba-
mazepine, phenytoin, trospium, and colchicine (Fig. 4
A).

The chemical effects on the accumulation of rho-
damine B in live embryos correlated significantly with
the stimulatory effects of the test compounds on
Abcb4 ATPase activity in vitro (P < 0.05; Fig. 4B).
Although the data points for most of the tested com-
pounds were outside the 95% confidence intervals of
the linear regression analysis (slope = 0.25; r* = 0.27),

F. Bieczynski et al.

most of the data points were relatively close to the
confidence interval limits. The data points obtained
with compounds that caused no or only slight effects
on dye accumulation ranged from a 10% (etoposide)
to 71% (dexamethasone) effect in the ATPase stimula-
tion assay. This, in addition to the data point of
amprenavir, the only compound that caused a strong
Abcb4 ATPase stimulation but only a small effect in
the dye accumulation assay can be seen as a reason
for the regression line intersecting the 100% level (no
effect on dye accumulation) on the rhodamine B fluo-
rescence axis at 145% (i.e., 45% above control) on the
ATPase stimulation axis (Fig. 4B).

Conversely, the chemical effects on rhodamine B flu-
orescence in zebrafish embryos did not significantly
correlate with the inhibitory effects on stimulated
Abcb4 ATPase activity (P > 0.05; Fig. 4C). The data
points of about half of the compounds were outside
the 95% confidence intervals of the linear regression
analysis (slope = —0.09; * = 0.08). The regression line
intercepted the 100% level (no effect on dye accumula-
tion) on the rhodamine B fluorescence axis at 58%
(i.e., 42% effect on ATPase inhibition) on the Abcb4
ATPase inhibition axis (Fig. 4C). The compounds
causing pronounced effects in both tests comprised
cyclosporin A, metazachlor, ivermectin, MKS57, and
terbuthylazine. A range of compounds, including tro-
spium, phenytoin, colchicine, dexamethasone, thiaclo-
prid, phenanthrene, etoposide, vinblastine, and
bisphenol A, caused no or only comparatively weak
effects on rhodamine B accumulation; on the ATPase
inhibition axis, the scatter of these compounds was rel-
atively wide, ranging from 76.7% (23.3% effect) for
trospium to 10.2% (89.8% effect) for bisphenol A.
Carbamazepine and azinphos-methyl caused compara-
tively little decreasing effects on the stimulated Abcb4
ATPase activity but pronounced effects on rhodamine
B accumulation in zebrafish embryos (58% and 84%,
respectively, above control).

Discussion

We here present a new approach that allows perform-
ing dye accumulation assays in zebrafish embryos and
quantification of the fluorescence as a measure of the
accumulated dye in the live embryos using a fluores-
cence microscope connected to the VAST system for
automatic loading, positioning, and imaging of the
embryo. In this way, the fluorescence can be directly
analyzed in living, intact embryos, avoiding a potential
bias caused by additional steps, such as the extraction
of the dye from the tissue. The automated positioning
of the embryo in front of the microscope lens avoids
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Fig. 4. (A-C) Correlations of the maximum
measured effect levels for each compound
in the different tests: (A) maximum
inhibition of stimulated Abcb4 ATPase
activity vs. the maximum stimulation of
the basal Abcb4 ATPase activity; (B)
maximum stimulation of the basal Abcb4
ATPase activity vs. the maximum
observed increase in fluorescence in the
dye efflux assay; and (C) maximum
inhibition of stimulated Abcb4 ATPase
activity vs. the maximum observed
increase in fluorescence in the dye efflux
assay. Each compound is represented by
a data point. Pearson’s correlation
parameters are shown in the respective
graphs. Linear regressions are with 95%
confidence intervals. APM, azinphos-
methyl; bA, basal ATPase activity; BpA,
bisphenol A; CsA, cyclosporin A; ctrl,
control; PHE, phenanthrene; sA,
stimulated ATPase activity. Equations for
linear regressions are as follows: (a)

y = —0.06692x + 53.66; (b)

y = 0.6272x + 82.25; and (c)

y = 0.09262x + 58.07.
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variability that could arise from the operator. As the
imaging procedure is automated and thus streamlined,
this dye accumulation assay can be performed in a
standardized fashion and with a medium throughput.

Zebrafish embryos are important model systems in
toxicological and pharmacological research [33-35];
knowledge about interaction of test compounds with
efflux transporter activity can be essential for an
understanding of the toxico/pharmacokinetics of test
compounds in the zebrafish embryo. The approach of
using live and intact zebrafish for studying chemical
effects on efflux transporter activity has the advantage
that all processes that are relevant for chemical efflux
activity in the embryos are considered.

The accumulation of rhodamine B in the yolk served
as indicator for efflux transporter activity in the
embryo. The yolk in the zebrafish embryo is the main
site where rhodamine B accumulates. A range of pro-
teins are expressed in the yolk syncytial layer (YSL)
that drive translocation processes of biological mole-
cules [36], and it is conceivable that the activity of
such transporter proteins leads to the accumulation of
rhodamine B in the yolk. Accumulation of rhodamine
B in the yolk is enhanced if efflux transporter activity
is disrupted (Fig. 1). Our qPCR data confirm the pres-
ence of abch4 and abchb5 transcripts in 72 hpf zebrafish
embryos (see above) , which is the developmental stage
used here in the dye accumulation assays. This can be
seen as indication for the expression also of Abcb4
and Abcb5 protein. Relative abcb5 transcript levels
were approximately fourfold higher than those of
abcb4. Although there is indication that zebrafish
Abcb5 mediates efflux of xenobiotics from zebrafish
embryos [10] and the human ABCBS5 ortholog was
shown to act as multidrug transporter [37], Abcb5
action does not visibly modify accumulation of rho-
damine B in zebrafish embryos. Thus, knockdown of
Abcb5 expression does not result in modified accumu-
lation of rhodamine B in the embryo tissue [8]. It
therefore can be excluded that inhibition of zebrafish
Abcb5 by test chemicals has an effect on rhodamine B
accumulation in the embryos.

Further evidence for the presence and function of
Abcb4 in 72 hpf zebrafish embryos comes from experi-
ments showing enhanced rhodamine B accumulation
in the yolk of the embryos when known Abcb4 inhibi-
tors ([8]; see below) were also present. The co-exposure
of 72 hpf embryos to Abcb4 inhibitors led to enhanced
accumulation of rhodamine B in the yolk (Figs 1 and
2), indicating Abcb4-mediated rhodamine B efflux also
in this stage. A function of Abcb4 as efflux transporter
of rhodamine B in zebrafish embryos was shown previ-
ously: Disruption of Abcb4 function by knockdown or

F. Bieczynski et al.

chemical inhibition leads to enhanced rhodamine B
accumulation in the yolk, indicating that Abcb4 pre-
vents the diffusion of this dye into the yolk [8]. In
addition to Abcb4, also other cellular transporter types
may contribute to the overall cellular efflux activity in
zebrafish embryos (see below).

A range of structurally diverse chemicals was exam-
ined in this study for their interaction with efflux
transporter activity using live zebrafish embryos and a
recombinant zebrafish efflux transporter protein. The
test compounds comprised known interactors of
human ABCBI, such as amprenavir, colchicine, cyclos-
porin A, dexamethasone, dipyridamole, etoposide,
ivermectin, trospium, verapamil, and vinblastine
[38—42]. Carbamazepine and phenytoin were shown
not to interact with human ABCBI1 [40,43]. Only four
of those ten compounds, cyclosporin A, dipyridamole,
ivermectin, and verapamil, showed clear effects in the
dye accumulation assay in this study, leading to
enhanced rhodamine B accumulation in the tissue used
as indication for the inhibition of rhodamine B efflux
(Fig. 2F,H,J,S). However, in the ATPase assays, all of
those compounds caused stimulation and/or inhibition
of the Abcb4 ATPase (Fig. 3A,E,F,G,H,LLJ,R,S,T),
indicating interaction of those compounds with zebra-
fish Abcb4. On the other hand, carbamazepine, in
agreement with the results with human ABCBI, did
not elicit the effects on the Abcb4 ATPase activity
(Fig. 3D) but enhanced dye accumulation in the
embryos, indicating disrupted dye efflux (Fig. 2D). Of
the 20 compounds tested here, seven—azinphos-
methyl, cyclosporin A, dipyridamole, ivermectin,
MK571, tonalide, and verapamil-—showed clear effects
on both dye accumulation and ATPase activity, that
is, data in both tests could be fitted with the HILL
model. Phenanthrene, thiacloprid, and vinblastine
showed slight effects in the rhodamine B uptake assay
(Fig. 2M,P,T; linear regression slope > 4, Table 2) and
clear (thiacloprid, vinblastine) or slight effects
(phenanthrene) in the ATPase assay. Discrepancies in
the results of the dye accumulation and ATPase assays
for several compounds are mirrored by the correlation
analyses of maximum effect levels in the different
assays: Although a moderate correlation of the results
from the dye accumulation and ATPase stimulation
assays was found, there were clear exceptions that did
not fit to this correlation, such as for amprenavir and
terbuthylazine (Fig. 4B); no significant correlation was
found for the results from the dye accumulation and
ATPase inhibition assays (Fig. 4C). As it was unam-
biguously indicated earlier that zebrafish Abcb4 is an
efflux transporter of rhodamine B in embryos [§8], the
following reasons are conceivable why dye
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accumulation and ATPase stimulation/inhibition assay

results do not coincide in several cases, as found in

this study:

1 Rhodamine B efflux in live zebrafish embryos is, in
addition to Abcb4, also mediated by the activity of
other cellular transporters. So far, indications were
obtained for expression of Abccl, Abcc2, and mul-
tidrug and toxin extrusion (MATE) proteins in zeb-
rafish embryos at 72 hpf [44-47]. This could explain
why certain compounds, such as carbamazepine or
terbuthylazine, exerted clear effects in the dye accu-
mulation assay but no or slight effects in the
ATPase stimulation/inhibition assays.

2 For cases when test compounds caused clear effects
in Abcb4 ATPase stimulation/inhibition assays but
slight or no effects in the dye accumulation assay, it is
conceivable that the test compounds did not compete
with rhodamine B for binding sites in the protein.
Thus, it was earlier proposed that human ABCBI1 has
at least two substrate-binding sites [48-50] and there
is more recent evidence for a large, flexible cavity in
the transmembrane domain of ABCBI, holding sev-
eral sites to which chemicals bind [51,52]. Thus, rho-
damine B efflux by zebrafish Abcb4 may only be
sensitive for certain compounds interacting with the
protein.

3 A further aspect that should be considered is accessi-
bility of the rhodamine B mediating efflux transporter
in zebrafish embryos to test compounds. It is striking
that clear effects in the dye accumulation assay were
seen for compounds with log P > 3, that is, the more
lipophilic compounds. These included ivermectin,
MK571, phenanthrene, terbuthylazine, tonalide, and
verapamil (Fig. 2J,L,M,Q,S; Table 1). In contrast,
many, more hydrophilic compounds (log P < 2), such
as colchicine, dexamethasone, etoposide, and tro-
spium (Fig. 2E,G,I,R; Table 1), elicited no or only
slight effects in the dye accumulation assay. This may
be related to a generally higher concentration of the
more lipophilic compound molecules in cellular mem-
branes and at the transporter proteins. This relation
of lipophilicity and effect in the assay does not apply
for cyclosporin A, a hydrophilic compound causing a
strong effect in the dye accumulation test (Fig. 2F,
Table 1), and for the comparatively lipophilic bisphe-
nol A, causing no increased dye accumulation in the
embryos (Fig. 2C, Table 1). For those compounds,
either comparatively few molecules are sufficient for
pronounced effects, as the compound interacts in
comparison strongly with the efflux transporter pro-
teins (cyclosporin A); contrariwise, there is little inter-
action with the efflux transporters by the test

ABC efflux transporter in zebrafish embryos

compound, so that also high concentrations of the
compound do not cause effects (bisphenol A).

About half of the test compounds with environmen-
tal relevance, comprising—in addition to the known
ABCBI interactors ivermectin and verapamil—azin-
phos-methyl, bisphenol A, metazachlor, phenanthrene,
terbuthylazine, thiacloprid, and tonalide, showed
effects in the dye accumulation or in the ATPase
assays or in both tests (Figs 2 and 3; Table 2). This
confirms the notion that interaction of anthropogenic,
environmentally relevant chemicals with cellular MXR
efflux transporters may be quite common [3], and
indeed, as it was phrased for pharmaceuticals [53], it
may be an exception if no interaction by an environ-
mental chemical with cellular transporters occurs.

Conclusions

Our study was performed with a relatively small number
of test compounds; however, it nevertheless provides
some important insights into the interaction of struc-
turally diverse chemicals with cellular efflux transporter
activity in zebrafish embryos. A comparison of the
results of the two assays indicates that disruption of
zebrafish Abcb4 by interaction with several of the test
compounds leads to reduced efflux activity in the zebra-
fish embryo. However, it appears that the results from
the different assays are only partially related, that is,
results from the Abcb4 ATPase assay cannot be directly
translated to the general efflux transporter activity in
the whole embryo. Conceivable reasons are as follows:
(a) Other transporters than Abcb4 also mediate efflux
of chemicals in the zebrafish embryo; (b) interaction of
a test compound with the efflux transporter protein in
the zebrafish embryo may not always lead to competi-
tive inhibition of efflux of the proxy dye; and (c) the
accessibility of transporter proteins to test compounds
differed in the different test systems. Further research is
necessary to address these aspects: (a) Analyses of
chemicals in the tissues of zebrafish embryos exposed to
test compounds would indicate whether the compounds
are taken up by the tissue and therefore accessible to
transporter proteins; (b) dye accumulation assays could
be performed with other, structurally diverse fluorescent
transporter substrates that bind to other binding sites in
the protein, such as Hoechst 33342; and (c) knockout/
knockdown of Abcb4 and of other, potentially relevant
efflux transporters in zebrafish embryos, such as from
the Abcc subfamily, could elucidate which transporters
play roles for efflux of rhodamine B and other proxy
dyes in the dye accumulation assay.
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