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Environmental factors affecting nutrient availability during development can cause predisposition to
diseases later in life. To identify chemicals in the environment capable of altering nutrient mobilization,
we analyzed yolk malabsorption in the zebrafish embryo, which relies on maternally-derived yolk for
nutrition during its first week of life. Embryos of the transgenic zebrafish line HGn50D, which fluoresce in
the yolk syncytial layer, were exposed from two to five days post fertilization to different chemicals. We
developed a software package to automatically and accurately segment and quantify the area of the fluo-
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Zebrafish rescing yolk in images captured at the end of the treatment period. Based on this quantification, we found
Yolk that prochloraz decreased yolk absorption, while butralin, tetrabromobisphenol A, tetrachlorobisphenol
A and tributyltin increased yolk absorption. Given the number and variety of industrial chemicals in com-
merce today, development of automated image processing to perform high-speed quantitative analysis
of biological effects is an important step for enabling high throughput screening to identify chemicals
altering nutrient absorption.
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1. Introduction

Availability of nutrients is one of the major factors determining
embryonic growth and development. Optimal nutrition is essential
for embryo survival and organogenesis (reviewed in [1]). Insuffi-
cient or excess nutrition during intrauterine development is known
to cause permanent endocrine and metabolic changes: these per-
turbations leave “imprints”, which can manifest later in life as
diseases, such as obesity, diabetes, or hypertension (reviewed in
[2]).

Environmental factors (e.g., exposure to industrial chemicals)
affecting the nutritional status of the developing embryo can alter
its homeostatic processes and induce disease. Studies investigat-
ing the role of nutrient-toxicant interactions in disease etiology
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have often focused on the effect of nutrition in modulating chemical
toxicity (reviewed in [3-5]). Studying the effects of environmental
chemicals on nutrient availability and mobilization may be equally
important to improving our understanding of nutrient-toxicant
interplay, particularly during development.

Zebrafish (Danio rerio) is a suitable model for studies of nutri-
ent mobilization during development. Like other oviparous species,
the zebrafish embryo carries its own yolk to provide energy and
nutrients during the early developmental phase. The teleost yolk
is composed predominantly of phospholipids and triacylglycerols
packed into lipoprotein particles (reviewed in [6]). From zygote
formation to about 5 days post fertilization (dpf), the develop-
ing zebrafish embryo (larva, after hatching at 2-3dpf) derives
its energy from endogenous yolk metabolism. This marks the
endotrophic stage of development. By 5dpf, a functional gut has
formed [7] and the larvae can begin ingesting food while still deriv-
ing energy from the yolk. Once the yolk is completely depleted, the
larva enters an exotrophic nutrition mode, relying on exogenous,
ingested food for energy [8]. In the embryo, the yolk is surrounded
by the yolk syncytial layer, an extra-embryonic tissue formed dur-
ing the blastula stage (reviewed in [9]). One of the yolk syncytial
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layer’s functions throughout early embryonic development is to
hydrolyze yolk materials and transport them from the yolk to the
embryonic cells and larval tissues. In addition, it plays important
roles during development including controlling embryo pattern-
ing and morphogenesis (reviewed in [9]). The yolk syncytial layer
is a syncytium containing many yolk syncytial nuclei, which have
high transcriptional activity of genes involved in early metabolism,
such as steroidogenesis, iron transport, and lipid metabolism
[10-12].

Lack of nutrients during development may lead to embryonic
malabsorption syndrome in zebrafish characterized by small body
size and large yolk. For example, knock-down of the microsomal
triglyceride transfer protein (Mtp), a protein involved in lipid trans-
port and normally expressed in the yolk syncytial layer of the
zebrafish embryo, results in decreased yolk consumption and loss
of lipid staining of the embryo in other locations than of the yolk
[13]. In addition, the Mtp knock-down embryos are small and die
by 6dpf with pronounced edema. Exposure to certain drugs or
environmental chemicals has also been shown to induce malab-
sorption. For example, both cholesterol lowering drugs and the
pesticide prochloraz decrease yolk absorption [14,15]. Potentially,
many more chemicals could induce embryonic malabsorption syn-
drome, but due to the lack of high throughput assays for yolk
absorption, few chemicals have been investigated for this effect.
In the present study, we describe the development of a screening
model to examine nine chemicals’ effect on zebrafish yolk uptake.
The model is based on the transgenic zebrafish (HGn50D) express-
ing the Green Fluorescent Protein (GFP) in the yolk syncytial layer.
We developed a software package named ZebRA to automatically
and accurately segment and quantify the yolk in HGn50D embryos
imaged by fluorescent microscopy. Given the number and variety
of industrial chemicals in commerce today, the development of
an automated software package for the segmentation and quan-
tification of biological effects is an important step for enabling
high throughput screening to identify adversely acting chemicals
because: (i) it will allow fast performance, (ii) it will allow accurate
quantification of biological effects and (iii) it will enhance reli-
ability and reproducibility of the experiments. Using our software
package, the yolk size was examined in embryos that had been
exposed to chemicals from 2 dpf, when morphogenesis of organ
rudiments is almost complete [16], to 5 dpf, when the endotrophic
period ends. Our method of automated image analysis will allow
for future high throughput screening for developmental toxicants
causing yolk malabsorption.

2. Materials and methods
2.1. Zebrafish maintenance

Transgenic fish HGn50D were obtained from Dr. Kawakami, the
National BioResource Project from the Ministry of Education, Cul-
ture, Sports, Science and Technology of Japan [17,18]. HGN50D and
wildtype TAB14 zebrafish were housed and used according to the
maintenance and experimental protocols approved by the Institu-
tional Animal Care and Use Committee at University of Houston.
Adult zebrafish were maintained in 3.5 L tanks in a Tecniplast sys-
tem (Tecniplast USA Inc., West Chester, PA) supplied continuously
with circulating filtered water at 28.5°C on a 14h/10h light/dark
cycle.

2.2. Chemicals

Prochloraz (purity 99.1%, CAS 67747-09-5), tributyltin (TBT)
chloride (96%, CAS 1461-22-9), tetrabromobisphenol A (TBBPA, 2,2-
bis(3,5-dibromo-4-hydroxyphenyl)propane) (97%, CAS 79-94-7),

perfluorooctanoic acid (PFOA) (96%, CAS 335-67-1), imazalil (99.7%,
CAS 35554-44-0), butralin (99.8%, CAS 33629-47-9), clofibrate (CAS
637-07-0), and gemfibrozil (CAS 25812-30-0) were obtained from
Sigma-Aldrich (St. Louis, MO). Tetrachlorobisphenol A (TCBPA,
2,2-bis(3,5-dichloro-4-hydroxyphenyl)propane) (95%, CAS 79-95-
8) was purchased from TCI America (Portland, OR). All chemicals
were dissolved and diluted in DMSO to make 1000X stock solu-
tions.

2.3. Oil Red O Staining

Embryos were harvested after spawning and housed in a 28.5°C
incubator with 14h/10h light/dark cycle in embryo media E3
(5mM Nadcl, 0.17mM KCl, 0.33 mM CacCl,, and 0.33 mM MgSOy).
At 2 and 5dpf, larvae were euthanized in tricaine methylsul-
fonate (MS-222, Sigma-Aldrich), and fixed in 4% paraformaldehyde
overnight at 4°C. Fixed larvae were then washed with 0.1%
Tween-20 in PBS (PBT), and stained with a 0.3% Oil Red O (ORO)
solution for 3h at room temperature. Staining was followed
by PBT washes. Stained larvae were then stored in 90% glyc-
erol.

2.4. Embryo treatment and imaging

HGn50D embryos were harvested after spawning and allowed
to develop in a Petri dish at 28.5°C with 14 h/10h light/dark cycle
in E3 media. At 2 dpf, a clutch of 20 embryos were transferred into
each well of a 6-well plate containing 4 mL E3. The embryos were
exposed to compounds dissolved in dimethylsulfoxide (DMSO) or
to DMSO alone (vehicle-control). At 5dpf, the larvae were trans-
ferred to 96-well plates (1 embryo/well in approximately 100 L
E3), manually imaged on an Olympus IX51 inverted fluorescence
microscope using a 4x objective, and images captured using an
Olympus XM10 camera with CellSens Dimension v1.9 software
(Olympus). Exposures were not performed directly in 96 well
plates because the small volume could result in motility restric-
tion, thereby causing decreased yolk absorption. The larvae were
not anaesthetized, and thus swam in an upright position, facili-
tating image capture of the ventral side of the larvae. Chemical
exposure experiments for all concentrations were repeated 2-4
times, with 1-2 sets of 20 embryos per experiment. Images of ORO
stained zebrafish were acquired using a Nikon AZ100 M micro-
scope with a color camera DS Fi1 (Nikon) and the NIS-Elements AR
analyzing program. For confocal imaging, embryos were imaged
at 72 hpf using an Olympus FluoView 1000 confocal microscope
with an 800 x 800 aspect ratio at 4 j.s/pixel using the default eGFP
filter setting. Images were processed by Olympus Fluoview soft-
ware.

To determine LCsg values and morphological malformations, a
clutch of 20 TAB 14 embryos were exposed to a dose range of the
compounds at 2 dpf, and lethality and morphology were scored at
5dpf.

Dissolved oxygen measurements were made using a Milwaukee
AQ600 Portable Oxygen Meter. E3 from three wells was pooled to
yield 12 mL of sample for the measurements.

Most of the chemicals in this study have previously been
shown to be stable in aquatic solutions. The reported half-
lives of the compounds are 22.6 days for prochloraz [19],
between 6 days and 35 weeks for tributyltin (search term “trib-
utyltin” at https://pubchem.ncbi.nlm.nih.gov), at least 8 weeks for
imazalil [20], 21-52 days for butralin (search term “butralin” at
https://pubchem.ncbi.nlm.nih.gov), and years rather than days for
PFOA [21]. However, the experimental setups for these measure-
ments may differ from the experimental conditions used here,
and, thus, there might be factors, such as chemical binding to
plastic surfaces, which could alter the actual chemical exposure
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concentrations used here. We have previously shown under simi-
lar experimental conditions as used here that TBBPA and TCBPA are
rapidly taken up and metabolized by zebrafish larvae [22]. A linear
range uptake following exposure to increasing doses of clofibrate
and gemfibrozil in zebrafish has been reported [23], however the
stability of these two compounds in fish are not known.

2.5. Software package ZebRA

A novel software package, named ZebRA, for automatically and
accurately segmenting and quantifying the fluorescing yolk in
images captured at the end of the treatment period was devel-
oped and can be downloaded from http://cbl.uh.edu/ZEBRAFISH/
research/software/. The image processing algorithm of the soft-
ware program was implemented in MATLAB 2012a with the Image
Processing Toolbox. It consists of several steps, which are described
in detail in the Supplementary Methods Text S1. The accuracy of
the image processing algorithm was evaluated by computing the
Dice similarity coefficient [24] between the segmented regions pro-
vided by the automated image processing algorithm of the software
package and those provided by manual annotations. The Dice sim-
ilarity coefficient is a spatial overlap measure, defined as:

AN B

DSC(A,B)=2———
45 IAl+ IB|

(1)

where A and B denote two regions, |A| and |B| denote the corre-
sponding areas, and |ANB| denotes the area of the shared region.
A value of the Dice similarity coefficient=0 indicates no overlap
between A and B regions while a value of 1 indicates total overlap.
The manual annotations were performed by two authors who used
amanual annotation tool (also developed in MATLAB 2012a), which
is included in the software package. A detailed description of the
evaluation is provided in the Supplementary Methods Text S2. The
graphical user interface of the software program was developed
in C++/Qt. As a result, the software program can be executed on
computers running recent versions of Microsoft Windows. Further-
more, it has been designed to run the image processing algorithm
on large sets of images at once. This allows quantitative results
within hours of taking the images. The graphical user interface is
described in the Supplementary Methods Text S3.

2.6. Statistical analyses

After image analysis, y, ratios were computed using Microsoft
Excel from Microsoft Office Professional Plus 2010. We define the
yq ratio as the ratio of the area of the yolk of the treated larva (mea-
sured in number of pixels) to the average yolk area of the respective
control group of vehicle treated-larvae. One-way ANOVA with post-
hoc Dunnett’s test was performed using GraphPad Prism version
5.00 for Windows (GraphPad Software, San Diego, California USA).
All treatment groups were compared to the DMSO-treated control
group for Dunnett’s analyses for statistical significance. GraphPad
Prism version 5.00 was also used to prepare graphical representa-
tions. Vertical box and whiskers plots represent the distribution of
yq ratios across doses. The box extends from the 25th to 75th per-
centile, with the median (the line within the box) and the mean
(+) represented. The whiskers run from 10th to 90th percentile
of data points. For a given chemical, the stacked column graphs
are representations of the same data values as those used to plot
the box and whiskers graphs. GraphPad Prism version 5.00 was
also used to plot zebrafish lethality dose curves and calculate LCsg
values.
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Fig. 1. Zebrafish as a model to investigate yolk malabsorption. (A) Images from con-
focal microscopy depicting a3 dpf HGn50D larva expressing GFP in the yolk syncytial
layer, the heart and the eye lens, as viewed using different channels (bright field or
GFP). Left panel: Z projection of 46 slices (5 pum/slice) shows GFP expression in the
aforementioned tissues/organs. Right panel: Z projection over 26 slices (5 pm/slice)
shows that GFP expression is restricted to the yolk syncytial layer surrounding the
yolk mass. Scale bar on the top right panel indicates 90 wm in length. (B) Oil Red O
stained and GFP-fluorescent larvae at 2 and 5 dpf. For each time point, the top panel
depicts the lateral view, and the bottom panel depicts the ventral view. The yolk
(indicated by arrows) is rapidly used up between 2 and 5 dpf. These time points,
2 and 5dpf, are depicted to represent the larvae at the beginning and end of the
treatment period, respectively.
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3. Results

3.1. GFPis expressed in the zebrafish yolk syncytial layer in the
transgenic HGn50D line

To investigate yolk utilization in zebrafish embryos, we utilized
the transgenic zebrafish line HGn50D. This transgenic line was gen-
erated by Tol2-mediated transposition and random insertion of the
GFP expressing construct [17,18]. HGn50D embryos express GFP in
the yolk, the eye lens, and the heart. The GFP of the yolk is expressed
in the yolk syncytial layer as shown by confocal microscopy scan-
ning through the yolk (Fig. 1A). The size of the yolk determined
by GFP expression of live embryos can be correlated to that deter-
mined by Oil Red O staining of fixed fish at the same time points
when imaged either ventrally or laterally (Fig. 1B).

3.2. Automated quantification of yolk size using ZebRA software
package

To develop a high throughput screening method capturing the
dynamics of yolk utilization of live fish, we utilized the HGn50D
transgenic line. We imaged live fish at 5 dpf from the ventral side
by fluorescence microscopy, which was minimally invasive for the
fish and did not require any mounting of the fish as lateral imaging
would have. The acquired images depicted the fish’s yolk, heart,
and eyes with higher fluorescent intensity than the rest of the fish.

To facilitate quantification of chemicals’ effects on yolk absorp-
tion, we developed an automated image processing algorithm for
the segmentation and quantification of the yolk (Supplementary
Methods Text S1). First, the image was rotated so that the fish was
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Fig. 2. Automatic segmentation and quantification of yolk area. Left panel: Images of 2 and 5 dpf larvae obtained on an Olympus IX51 inverted fluorescence microscope were
cropped and oriented using the algorithm developed. Right panel: The processed images were automatically segmented. Representative output images depict the yolk in
green, the heart in purple, and the eyes in pink and blue. Values indicate the number of pixels in the annotated yolk, as quantified by the algorithm. (For interpretation of the
references to color in figure legend, the reader is referred to the web version of the article.)

depicted in horizontal orientation and was cropped so that only
the fish and its immediate vicinity remained in a small rectangu-
lar image. Once the fish was depicted horizontally in the image, an
iterative procedure was performed as follows: first, the brightness
of the image was increased based on an intensity transformation.
Subsequently, the image was segmented based on a thresholding
technique and the connected components corresponding to the
yolk, eyes and heart were identified. During the iterations the inten-
sity transformation was changing. The iterations continued until
the size of the connected component corresponding to the yolk area
remained constant. Ultimately, the algorithm produced an image
of the fish with each anatomical feature highlighted, along with the
area (in pixels) of each feature (Fig. 2).

The accuracy of the image analysis algorithm was evaluated by
computing the Dice similarity coefficient between the segmented
regions provided by the automated image processing algorithm of
the software package and the manual annotations. A manual anno-
tation tool was developed in MATLAB to help validate the accuracy
of the automated segmentation algorithm (Supplemental Methods
Text S2). Using this tool, the user could open an image which was
displaying a horizontally oriented fish as described above, and click
on points around the edges of each yolk, heart, and eyes. Then, a
curve was interpolated using those points and was filled in to show
the shapes of each region. As a result, the anatomical regions of
the yolk, heart and eyes were segmented and depicted with differ-
ent colors. A reference set of images was selected that contained
images with a variety of distinguishing qualitative characteristics
(e.g., yolks with low intensity fluorescence, narrow-shaped yolks,
small eyes, etc). Two of the authors used the manual annotation tool
on the reference set, and their annotations were compared to the
segmentation results of the automated algorithm. The similarity
between the manual annotations and the automated segmenta-
tions was quantified by Dice’s similarity coefficient [25]. Of the 320
images annotated manually, 309 (96.6%) were successfully seg-
mented by the automated algorithm. The average Dice similarity
coefficient was 0.932, with a standard deviation of 0.0476.

3.3. Screening of chemicals for effects on yolk utilization

After establishment of the quantitative assay for screening of
chemicals affecting yolk utilization, we exposed zebrafish larvae
from 2 to 5dpf to a set of chemicals. Prochloraz, a chemical pre-
viously shown to cause yolk malabsorption, was selected as a
positive control. We then tested two pharmaceuticals, clofibrate
and gemfibrozil, two flame retardants, tetrabromobisphenol-A
(TBBPA) and tetrachlorobisphenol-A (TCBPA), the biocide trib-
utyltin (TBT), the surfactant perfluorooctanoic acid (PFOA), and two
pesticides, imazalil and butralin. The embryos were treated in 6-
well plates, allowing for unrestricted embryo motility. At the end
of the treatment period, larvae were transferred into 96-well plates
(1larva/well) for imaging. Images were fed into the segmentation
algorithm for processing and analysis. Next, the computed yolk area
for each larva was used to calculate a “y, ratio”, defined as the ratio
of the area of the yolk of the treated larva (measured in number

of pixels) to the average yolk area of the control group of vehicle
treated-larvae.

Prochloraz treatment from fertilization to 5dpf has been
shown previously to cause yolk malabsorption at 1.2 mg/L (approx.
3.18 wM) [14]. To validate our model and assay, we treated the
HGn50D transgenic fish with different concentrations of prochlo-
raz. In line with the previous study, treatment with prochloraz
resulted in a significant delay in yolk absorption (Fig. 3A). Larvae
treated with 100nM, 1 wM and 10 uM of the prochloraz displayed
significantly larger yolk sizes than those of the vehicle-treated con-
trol group. Larvae treated with 10 wM prochloraz suffered a severe
malabsorption phenotype, causing most of the larvae to remain
on their lateral sides, making imaging difficult. We also analyzed
the proportion of larvae that exhibited a larger yolk size than the
control group, and found that even at the lowest concentration
tested (10 nM), slower yolk uptake was observed for around 60%
of the embryos (Fig. 3B). We measured the dissolved oxygen levels
in the E3 of untreated and prochloraz treated larvae at the end of
the exposure period, and in E3 incubated without larvae. The lev-
els of dissolved oxygen in the different samples ranged between
6.9 and 7.3 mg/L, which is well above the required oxygen levels
for zebrafish maintenance (6 mg/L) [26]. These results indicate that
the reduction in yolk absorption induced by prochloraz treatment
is not caused by reduced oxygen levels in E3.

In zebrafish, the blood lipid lowering pharmaceuticals clofi-
brate and gemfibrozil have been shown to cause an embryonic
malabsorption syndrome. Larvae treated with 0.5 and 0.75 mg/L
(approx. 2 uM and 3 puM) clofibrate, and 5 mg/L (approx. 20 uM)
gemfibrozil during early development display larger yolk sizes than
vehicle-treated larvae [15]. While our experiments showed that
there were no significant changes in yolk sizes after exposure to
gemfibrozil (Fig. 3E) at 1nM, 10nM and 100 nM concentrations,
clofibrate-treated larvae exhibited smaller yolk sizes compared to
vehicle-treated larvae at 100 nM (Fig. 3C and D).

TBT, an antifouling agent used in paints in the shipping indus-
try, and the flame retardants TBBPA and TCBPA have been shown to
act as obesogens in the zebrafish [22,27]. We investigated whether
these environmental obesogens, which induce lipid accumulation
in 11 dpfzebrafish at 1 wM concentration for TBBPA and TCBPA and
1 nM for TBT, could cause abnormal mobilization of the lipid-rich
yolk. In our assay, TBBPA and TCBPA, and TBT at 1 nM induced faster
uptake of the yolk, with treated 5 dpf-larvae possessing smaller
yq ratios than those in the vehicle-treated control group (Fig. 4).
Exposure to 10 and 100 pM TBT resulted in decreased yolk absorp-
tion.

We also treated the larvae with PFOA, a persistent organic pol-
lutant with many industrial applications. In zebrafish, PFOA toxicity
has been suggested to be mediated by mitochondrial dysfunc-
tion, causing an “energy drain” [28]. When treated with PFOA at
10nM, 100nM or 1 pM, there was no significant effect on the y,
ratio (Fig. 5A). However, approximately 60% of the larvae treated
with 1 wM PFOA exhibited y, ratios less than 1 (data not shown),
indicating that a stronger effect could be possibly seen at higher
doses.



24 S.M. Kalasekar et al. / Reproductive Toxicology 55 (2015) 20-29

A 2.5 B 100

2.0+ . 80

[ % Larvae with

60 ¥4 Ratio >1

B % Larvae with
¥4 Ratio <1

¥a Ratio

40

displaying the effect (%)

Proportion of treated larvae

0.04— r r T T 0
° ® A ® o
N N N N
Concentration (M) Prochloraz Concentration (M) Prochloraz
C 25 D 100,
2.04 g 804
2R
sz
" Fekdke -g 8
o 57 5 [ % Larvae with
E § 2 ¥ Ratio >1
2 = L c2
104 L+ | ] T $ ) B % Larvae with
J_ I J_ + §_ g ¥, Ratio <1
05 - L L .
0.0 r r r r
O
Concentration (M) Clofibrate Concentration (M) Clofibrate
E 254
2.04
154 ‘|— .
o
g T T L
=
1.0 | —= + 4
+
L = |
05 ¢ _L
0.0 r r T T
N

Concentration (M) Gemfibrozil

Fig. 3. Effect of prochloraz, clofibrate and gemfibrozil on yolk resorption. (A) Boxplot of the y, ratios of prochloraz-treated larvae. (B) Stacked-column representation of the
proportion of larvae within each prochloraz treatment group with y, ratios less than or greater than 1. (C) Boxplot of y, ratios of clofibrate-treated larvae. (D) Stacked-column
representation of the proportion of larvae within each clofibrate treatment group with y, ratios less than or greater than 1. (E) Boxplot of the mean of y, ratios of gemfibrozil-
treated larvae. Statistical evaluation was performed using one-way ANOVA. Asterisks indicate p values from a post-hoc Dunnett’'s Multiple Comparison test between each
dose and the vehicle-treated group, with * indicating p <0.05, and *** indicating p <0.001.



A 25-

2.0+

1.5+

Y2 Ratio

1.04

0.5+

0.0

S.M. Kalasekar et al. / Reproductive Toxicology 55 (2015) 20-29

Concentration (M) TBT

2.04
o 1.5+ - bl
3 T
>‘.‘ . |—_L| I
101 —— 4
.
‘ L f T
0.54 . .
0.0 T T T T
Q ® A o
N NI N

2.0+

1.54

¥a Ratio

1.0+

0.5+

0.0

T —

Concentration (M) TBBPA

’o’&
Io»
%o

Concentration (M) TCBPA

B

Proportion of treated larvae

O

Proportion of treated larvae

Proportion of treated larvae

displaying the effect (%) displaying the effect (%)

displaying the effect (%)

1004

80+

60+

40

20

100,

80+

60

40

20+

e N N ® $
KRR N

T ——

Concentration (M) TBT

100

80+

60

401

il

A
N

% ®
N Ny N

Concentration (M) TBBPA

A
K

T —

Concentration (M) TCBPA

Q

2%
0%

O % Larvae with
¥4 Ratio >1

B % Larvae with
¥4 Ratio <1

[ % Larvae with
¥4 Ratio >1

B % Larvae with
¥4 Ratio <1

O % Larvae with
¥4 Ratio >1

B % Larvae with
¥4 Ratio <1

25

Fig. 4. Effects of obesogens on yolk resorption. Box plots of y, ratios against different concentrations of TBT (A), TBBPA (C) and TCBPA (E). Stacked-column representation of
the proportion of larvae within each treatment group with y, ratios less than or greater than 1 for TBT (B), TBBPA (D) and TCBPA (E) respectively. Statistical evaluation was
performed using one-way ANOVA. Asterisks indicate p values from a post-hoc Dunnett’s Multiple Comparison test between each dose and the vehicle-treated group, with *
indicating p <0.05, ** indicating p<0.01 and *** indicating p <0.001.



26
A 25- B
2.0+
2™ L 1 T 2
s s
g [T g
<v + + I =
> 104 -
+
05 ¢ .
0.0 T T T T
Q D A o
NI N NI
Concentration (M) PFOA
2.5+
2.0+ . * * * ©
© -
. . e X
: : s
. - ©
1~ . R
o 151 . %%
= X : . Lo
e B - s
. . : 5
= 1.0 ! T ! g E’
- — _ g3
! -~ . ’ ]
5 : . . o
0.54 ' . .
0.0 T T T T T T
O ® 2 » A& &
RO S\ AT\ A

Concentration (M) Butralin

S.M. Kalasekar et al. / Reproductive Toxicology 55 (2015) 20-29

2.5+

2.0+

1.54

e
T £
: L
054 ° :
0.0 T r T T
® A o
S N N
Concentration (M) Imazalil
1009— — —

[ % Larvae with
¥4 Ratio >1

B % Larvae with
¥4 Ratio <1

Q

® o
NN

0

o kg
K N

- 44

Concentration (M) Butralin

Fig. 5. Effect of endocrine disruptor PFOA and pesticides on yolk resorption. Box plots of y, ratios against treatment concentration for PFOA (A), imazalil (B) and butralin (C).
(D) Stacked-column representation of the proportion of larvae within each treatment group with y, ratios less than or greater than 1 for butralin. Statistical evaluation was
performed using one-way ANOVA. Asterisks indicate p values from a post-hoc Dunnett’s Multiple Comparison test between each dose and the vehicle-treated group, with *

indicating p <0.05.

Finally, we exposed the embryos to the pesticides imazalil (a
fungicide) and butralin (a herbicide). No significant effects were
observed with imazalil (Fig. 5B). Larvae treated with 10 nM, 100 nM
and 1 uM butralin displayed significantly smaller y, ratios, imply-
ing faster consumption of the yolk than larvae in the control group
(Fig. 5C). More than 70% of larvae treated with 10 nM, 100 nM or
1 wM butralin displayed a reduced yolk area compared to controls
(Fig. 5D).

We also determined the LC50 of the chemicals, and their
capacity to induce morphological malformations. Table 1 sum-
marizes the chemicals’ effects on yolk absorption measured as
Lowest Observed Effect Concentration (LOEC) and the concentra-
tion required to cause 50% lethality (LCsq). An effect ratio was
calculated by dividing the LC50 with the LOEC. By the LOEC the
compound ranking from largest to lowest effect on yolk absorp-
tion is TBT > butralin > prochloraz, clofibrate >TBBPA, TCBPA. No

significant morphological malformations other than altered yolk
sizes were observed at the concentrations tested.

4. Discussion

In this study, we have designed and optimized a high-
throughput zebrafish-based screening assay for yolk malab-
sorption. Environmental chemicals that alter the availability of
nutrients to embryos during their development, across different
species, can have important consequences for organogenesis, and
also affect long-term risk of disease onset (reviewed in [29]). Given
the number and variety of industrial chemicals in commerce today,
the need for developing large-scale screening models to identify
such chemicals is evident.

We used the transgenic line HGn50D, which fluoresces in the
yolk syncytial layer, heart, and eye lens. HGn50D was generated
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Table 1
LC50, LEL, and effect and y, ratio for test chemicals.

Chemical LC50 (M) LEL (M) Effect ratio Median y, ratio
(LC50/LEL) at the LEL

Prochloraz 3.6x107° 1x1077 360 1.11
Clofibrate 3.1x1077 None NA NA
Gemfibrozil 3.4x10°6 None NA NA

TBT 34x107 1x10 1 34,400 1.13
TBBPA 3.6x10° 1x10°6 3.6 0.89
TCBPA 36x10°%  1x10°° 3.6 0.85
PFOA 3.8x10* None NA NA
Imazalil 6.6 x 107> None NA NA
Butralin 9.5x 1075 1x10-8 9500 0.84

by Tol2-mediated transposition and random insertion of the GFP
expressing construct [17,18], and the promoter driving the expres-
sion of GFP in the transgenic line is not known. Therefore, we have
not considered the intensity of the fluorescence in yolk syncy-
tial layer, and have only quantified the area within boundaries of
the fluorescing yolk syncytial layer after chemical exposures. The
effects of the chemicals on the other fluorescing tissues (heart and
eyes) have not been assessed here.

MATLAB was used for development of the automated image
processing algorithm. The existence and widespread use of the
Image Processing Toolbox for MATLAB simplified the implementa-
tion of the complex algebra required to process the images. Several
generalized algorithms for image processing have been developed,
but the need to identify specific regions of zebrafish in images with
a variety of artifacts, and containing fish exhibiting highly diverse
yolk morphology led to the need for an ad hoc algorithm to annotate
and quantify the yolk.

There were several complications in developing the image
processing algorithm of the ZebRA software package. As the lar-
vae were imaged live and free-swimming, they were localized at
an arbitrary orientation and position in the image. This initially
required manually rotating the image to orient the fish correctly
using Image], followed by cropping to shrink the image to con-
tain only the fish. The manual orientation process was accelerated
through the automated rotation and cropping of the image. Other
issues included artifacts of the walls of the plate used to contain the
fish during microscopy appearing on the image, which was resolved
by removing large features on the edges of the images. The fact that
some fish had pigmentation within the yolk exterior occasionally
caused the fluorescence of the yolk to appear split into two or more
distinct regions; this issue was resolved by vertically connecting
these separated regions and assuming that all pixels between the
two or more regions were also part of the yolk. The algorithm was
developed to quantify the yolk size of fluorescent zebrafish imaged
ventrally and pixels were used to measure yolk size. As a result
magnification and image resolution were required to be held con-
stant across all images that were compared with each other. Should
these parameters be changed, two images could still be compared
by extrapolating the yolk sizes, providing the magnifications and
resolutions are known.

Chemical exposures in our studies were restricted to 2-5 dpf.
We chose the 2 dpf time point because this is after most organ
rudiments have developed. An earlier exposure window might
lead to developmental perturbations that could indirectly affect
yolk absorption. We tested a dose range of exposures for all
the chemicals. The low doses tested allowed for identification
of yolk malabsorption in larvae that otherwise appeared normal
morphologically, suggesting that chemicals, which impacted yolk
absorption in our studies, can have effects at low doses even if there
are no other observable gross morphological abnormalities. These
results, therefore, underline the need for toxicological testing to
assess less obvious endpoints at low doses.

Using our novel method, we first confirmed that prochloraz
induces yolk malabsorption. Prochloraz is an imidazole fungicide
used widely in Europe, Australia, Asia and South America, in both
agricultural and gardening practices. It acts as an endocrine dis-
ruptor via multiple modes of action. In vitro, it antagonizes the
androgen and estrogen receptors, inhibits aromatase and activates
the aryl hydrocarbon receptor [30-33]. In vivo, prochloraz acts as
an anti-androgen in adult and developmental stages in rodents
[34,35]. In zebrafish, prochloraz exposure causes metabolic alter-
ations in exposed zebrafish larvae [14], which is in line with our
results, and in adults [36]. Spine malformation, pericardial edema
and yolk malabsorption are observed when embryos/larvae are
treated from O to 3 or O to 4dpf, at concentrations of 1.2 mg/L
(approx. 3.18 uM) or higher [14]. However, in our studies, we
observed a significant yolk malabsorption effect at lower concen-
trations (as low as 100 nM), possibly reflecting the high sensitivity
of our quantification method.

The pharmaceutical fibrates clofibrate and gemfibrozil have pre-
viously been suggested to induce yolk malabsorption, albeit at
concentrations higher than tested here. For clofibrate, Raldua et al.
[15] showed that yolk malabsorption occurred at 0.75-1.00 mg/L
(approx. 3-4 wM), with affected embryos displaying a larger yolk
than control embryos. However, at the highest concentration we
tested (100 nM), treated larvae have significantly smaller yolk sizes
than vehicle-treated larvae, with more than 75% of the embryos dis-
playing a y, ratio less than 1. This result highlights the importance
of testing low concentrations using sensitive and quantitative end-
points. Raldua et al. [15] also showed that gemfibrozil at 5 mg/L
(approx. 20 wM) caused yolk malabsorption. In our study, how-
ever, we did not observe significant changes in yolk absorption at
low concentrations of gemfibrozil (1 nM, 10nM and 100 nM), and
the larvae did not survive in concentrations of 1 wM or higher. It
is worth noting here, that there were important differences in our
experimental design. We treated the fish only from 2 dpf, and not
from 4 h post fertilization (hpf), and only with lower concentrations
of the chemicals. This might explain why we did not see drastic
effects, as it is possible that these chemicals induce a stronger effect
earlier during development. Mortality at 1 .M concentrations may
be due to the fact that we did not replace the treatment solutions
each day of the treatment. It is possible that accumulation of toxic
metabolites of these chemicals were highly toxic to the larvae.

Using our assay, we observed an increased uptake of the yolk
in larvae treated with the flame retardants TBBPA and TCBPA,
and with TBT, an antifouling agent used in paints in the shipping
industry. These compounds have been suggested to be obesogens,
environmental chemicals that can cause obesity. Given the steep
rise in obesity prevalence in recent years [37,38], the putative
role of chemicals in inducing obesity is an active area of research
(reviewed in [39]). TBT induces adipogenesis in vitro [40,41] and
causes obesity or lipid accumulation in vivo, in mice [42] and in
zebrafish [22,27]. Recent studies by us and others have shown that
TBBPA and TCBPA can act as obesogens in vitro [43] and in vivo
in zebrafish [22]. TBBPA and TCBPA are ligands for the zebrafish
peroxisome proliferator-activated receptor gamma (PPARY) [22].
Whether or not PPARY is involved in yolk absorption, however,
is not known. Larvae treated with PFOA, an endocrine disruptor
[44] and a chemical associated with mitochondrial dysfunction
in zebrafish [28], did not show significant effects on yolk utiliza-
tion in our study (Fig. 5A). However, approximately 60% of 1 uM
treated larvae displayed smaller yolk sizes as compared to con-
trols (data not shown), indicating that perhaps a stronger effect
can be seen at higher doses. As our assay was able to detect the
altered yolk consumption rates of known disruptors of energy/lipid
metabolism, we suggest that our assay may be used to supple-
ment other screening efforts designed to identify chemicals altering
metabolic endpoints.
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We also analyzed the effects of two pesticides from the ToxCast
phase I chemical library, imazalil, and butralin, on yolk absorp-
tion. Imazalil, which is a fungicide and food contaminant, is known
to induce cytochrome P450 isoforms in the mouse intestine [45],
and alter developmental endpoints, including cardiac edema, and
deformations in the notochord and tail in the zebrafish [46]. In our
experiments, we did not see significant effects of imazalil, possi-
bly because of the low concentrations tested. Butralin, on the other
hand, significantly increased yolk uptake, with y, ratios across four
different concentrations being less than the average of the con-
trol group. Butralin, a dinitroaniline compound, is an herbicide
used on agricultural crops, including tobacco. Very little is known
about its potential other biological effects. In a retrospective epi-
demiological study conducted on tobacco farmers, exposure to the
pesticide Tamex, containing butralin, was found to significantly
correlate to low maximal motor nerve conduction velocity, indicat-
ing a possible effect on the nervous system [47]. As little is known
about the chemical’s mechanism of toxicity, it is not possible to
speculate on how butralin causes yolk malabsorption, although its
potential effects on the nervous system could be worth investigat-
ing.

In conclusion, we have established an assay for the quantifi-
cation of the yolk size in zebrafish larvae exposed to different
environmental chemicals and showed that several chemicals alter
yolk absorption. Although elucidation of the mechanisms through
which the chemicals impacting our assay elicit their effect on yolk
absorption is beyond the scope of this study, it would be interesting
to differentiate a chemical’s effect on the chosen endpoint as being
a direct or an indirect effect. It will also be interesting to inves-
tigate long-term effects of the chemicals that disturb nutritional
balance during zebrafish development. Moreover, chemicals caus-
ing alterations in this assay could be tested on other animal models
to ascertain their relevance, perhaps, in a mammalian context.
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