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ABSTRACT

Zebrafish are a powerful model system to assess the molecular and cellular effects of exposure to toxic chemicals during
embryonic development. To study the effects of environmental endocrine disruptors, embryos and larvae are commonly
exposed to supraphysiologic concentrations of these compounds in the water, but their bioavailability in zebrafish is largely
unknown. One hypothesis is that supraphysiologic concentrations of estrogens in the water are required to achieve
physiologic levels in vivo; however, this has not been directly tested. To test this hypothesis, we developed an assay using
radiolabeled estradiol ([*H]E2) to measure uptake from water at multiple concentrations and exposure durations in
developing zebrafish from 0 to 5 days postfertilization (dpf). We found that [°H]E2 uptake increased with increasing
concentration, duration, and developmental stage. Percent uptake from the total volume of treatment solution increased
with increasing exposure duration and developmental stage, but remained constant with increasing concentration. We also
found that the chorion, an acellular envelope surrounding embryos through 3 dpf, did not substantially affect [*H]JE2 uptake.
Finally, we found that at 1 dpf, E2 was preferentially taken up by the yolk at multiple exposure durations, while at 2 dpf E2
was preferentially taken up into the embryonic body. Our results support the hypothesis that exposing zebrafish embryos
and larvae to supraphysiologic concentrations of estrogens is required to achieve physiologically relevant doses in vivo. The

isotopic assay reported here will provide a foundation for determining the uptake of other compounds for teratogenicity,

toxicology and drug discovery studies.
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Exposure to environmental endocrine disruptors (EEDs), small
molecules that mimic endogenous hormones, can cause delete-
rious effects in humans and aquatic animals (Diamanti-
Kandarakis et al.,, 2009). The ubiquity of EEDs that influence
estrogen receptor activity, such as the naturally occurring
chemicals estradiol (E2) and genistein, pharmaceuticals such as
ethinyl estradiol (EE2), and synthetic industrial compounds
such as bisphenol A (BPA), is a particular cause for concern
(Adeel et al., 2017; Lambert et al., 2015).

To study the effects of estrogen-like EEDs on development,
zebrafish embryos are commonly used to screen for toxicity and
to study the effects of estrogens on organ formation and func-
tion (Bouwmeester et al., 2016; Carroll et al., 2014; Gorelick and
Halpern, 2011; Gorelick et al., 2014; Hao et al., 2013; Kinch et al.,
2015; Namdaran et al., 2012; Padilla et al., 2012; Romano and

Gorelick, 2014; Sun et al., 2010; Tal et al., 2016; Truong et al.,
2014). Embryos are often exposed to micromolar concentrations
of E2 in fish water, despite the fact that the ECso of E2 for the
zebrafish estrogen receptors alpha, beta 1 and beta 2 (ERa, ERf1,
ERP2) is 77, 39, and 118 pM, respectively (Pinto et al., 2014). Such
high concentrations in fish water are used under the assump-
tion that only a small percentage of estrogens in the water are
absorbed by the embryo; however, this assumption has not
been tested directly.

E2 uptake is further complicated by the presence of the cho-
rion, an acellular membrane surrounding embryos prior to
hatching that may block chemical uptake (Bonsignorio et al.,
1996; Rawson et al., 2000). Additionally, the lipid-rich yolk that
provides embryos with nutrients prior to initiation of feeding
(Kunz, 2004) may preferentially absorb small molecules and
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delay their reaching the embryonic body. How these structures
affect E2 and estrogen-like EED uptake is not well understood.

Using radiolabeled estradiol ([*HJE2), we developed an assay
to measure E2 uptake into zebrafish embryos during multiple
stages of development. We found that less than 1% of E2 is ab-
sorbed following 1 h exposure, and <4% of E2 is absorbed follow-
ing exposures 24h or longer. Additionally, we found that the
embryo chorion has little effect on E2 uptake, while the yolk ab-
sorbs a significant proportion of E2. Our results support the hy-
pothesis that exposing zebrafish embryos and larvae to
supraphysiologic concentrations of estrogens is required to
achieve physiologically relevant doses in vivo.

MATERIALS AND METHODS

Zebrafish. Adult zebrafish were raised at 28.5°C on a 14-h light,
10-h dark cycle in the UAB Zebrafish Research Facility in an
Aquaneering recirculating water system (Aquaneering, Inc., San
Diego, California). All zebrafish used for experiments were wild-
type, AB strain (Westerfield, 2000). All procedures were approved
by the UAB Institutional Animal Care and Use Committee.

Embryo collection. Adult zebrafish were allowed to spawn natu-
rally in groups. Embryos were collected in intervals of 10min to
ensure precise developmental timing, placed in 60cm? Petri
dishes at a density of no more than 100 per dish in E3B media
(60x E3B: 17.2g NaCl, 0.76g KCI, 2.9g CaCl,-2H,0, 2.39g MgS0,
dissolved in 1L Milli-Q water; diluted to 1x in 9L Milli-Q water
plus 100 pl 0.02% methylene blue), and then stored in an incuba-
tor at 28.5°C on a 14-h light, 10-h dark cycle until treatment.

Embryo treatments. Embryos were treated in tritiated E2
(16,7-*H(N)]-17-E2, 1mCi/ml, Perkin Elmer NET013250UC,
Waltham, Massachusetts) or vehicle (0.1% ethanol) diluted to
final concentration in E3B at the time of treatment.

Uptake assay. For uptake experiments using tritiated compounds,
zebrafish between 6 and 96 hpf were exposed in 24-well plates to
2ml of treatment solution in pools of 10 embryos or larvae per
well. For experiments performed between 6 and 48 hpf, embryos
were manually dechorionated unless otherwise specified. All
treatments were diluted to specified concentrations in E3B
embryo media, such that vehicle concentration never exceeded
0.25%. After the addition of treatment solution, 10 ul aliquots of
treatment water were collected in duplicate from each well to
measure initial radioactivity. During the exposure period,
embryos were kept at 28.5°C on a 14-h light, 10-h dark cycle. At
the end of the exposure period, treatment water was aspirated
from each well with a fine-tip pipette and fresh E3B was added.
In embryos above 72 hpf at the time of measurement, 0.01 mg/ml
tricaine was added to immobilize embryos for transfer. Embryos
were next pipetted individually into a new well of a separate 24-
well plate filled with fresh E3B using a 10 pl pipette tip with the
narrow end cut with a razor blade to prevent damage to the
embryo, and then immediately transferred with a new pipette
tip into a 7 ml liquid scintillation vial (High Density Polyethylene
MiniVial, Research Products International No. 125500, Mount
Prospect, Illinois) containing 400l Biosol tissue solubilizer
(National Diagnostics LS-310, Atlanta, Georgia). A single well was
used for the individual wash step of each embryo, and washes
were counted to ensure no radioactivity from the water was
being transferred with the embryos into the scintillation vials.
Vials were then heated in a water bath at 55°C for 2-3h and
allowed to cool to room temperature prior to the addition of 4 ml

Bioscint scintillation fluid (National Diagnostics EC-309, Atlanta,
Georgia). Radioactivity of samples was measured on an LS 6500
Multi-purpose Scintillation Counter (Beckman, Indianapolis,
Indiana). Picomole (pmol) absorption was quantified from the
standard curve (Supplementary Figure 1). Percent uptake was
determined by dividing the radioactivity (counts-per-minute
[CPM]) detected in individual embryos by the radioactivity of
the treatment solution prior to exposure. For experiments requir-
ing yolk removal, at the end of the exposure period, the 24-well
plate was placed on ice and 0.01 mg/ml tricaine was added to each
well. In the individual wash step (see above), 10l pipette tips
were used to separate the body of the embryo from the yolk by
pipetting directly over the yolk 2-3 times until separation
occurred, keeping the embryonic body intact. Background radio-
activity from vehicle-treated embryos and their treatment solu-
tion was sufficiently low (<10 CPM) to be excluded from graphs
and analysis of E2-treated groups.

Experimental design and data analysis. Experiments were per-
formed on 10 embryos from a single clutch per treatment group
or vehicle control group. Experiments were performed at least 3
times (n > 3) using embryos from different clutches. Mean pmol
uptake and mean percent uptake from each group were used
for comparing treatment groups between experiments. A 2-
tailed, unpaired Student’s t test was used when testing for stat-
istical significance between 2 groups, and 1-way ANOVA with
Tukey’s test for multiple comparisons was used when compar-
ing more than 2 groups. Statistical significance was set at p <
.05. GraphPad Prism 7.0a software was used for all statistical
analyses and for producing graphs.

RESULTS

Assay Development
We measured [*H]JE2 levels in fish water and in zebrafish using
a scintillation counter, detecting CPM [*H]E2. To convert CPM
into picomoles [*H]E2 (pmol), we created a standard curve using
increasing concentrations of [*H]E2 (0.01nM to 1uM in incre-
ments of 10x). 10l of each concentration of [*HJE2 in embryo
water was measured in triplicate to obtain CPM values for each
concentration. This experiment was repeated 2 more times (n =
3 experiments) to obtain a mean CPM value that was then used
for curve-fitting analysis. The best fit was achieved by plotting
log Y versus log X, where X = pmol [PHJE2 and Y = CPM
(Suppleentary Figure 1; r* = 0.9992, unweighted, best-fit linear
regression line). The equation Y = 1.073'X + 4.459 was used in
subsequent experiments to convert CPM to pmol [*H]E2. We
determined the limit of detection of our assay to be 0.01pmol,
as this is the smallest measured amount that was reliably dis-
tinguished from background.

To maximize throughput, we initially attempted to measure
E2 uptake using zebrafish embryos in 100-200 pl of treatment
solution in 96-well plates. Results using this technique were
highly variable within the same experiment, even when con-
centration, exposure duration, and developmental stage
remained constant (coefficient of variability (CV) = 27-37%). We
found that the radioactivity of treatment wells with no embryo
present was also highly variable (data not shown), likely due to
variable levels of evaporation between wells during treatment.
To overcome intra-experimental variability due to evaporation,
we exposed zebrafish in larger volumes. We combined embryos
in pools of 25 per 60-mm diameter Petri dish in 7 mL treatment
solution, or in pools of 10 embryos per well in 24-well plates in
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Figure 1. E2 uptake is concentration- and duration-dependent, but percent uptake is not concentration-dependent. A, Graphic demonstration of the assay developed
to measure [°H]E2 uptake. White circles represent molecules of [*H]JE2. Embryos at 48 hpf were exposed to 4 different concentrations of [*HJE2 for 1h (B) or 24h (C).
Radioactivity was measured using a scintillation counter and used to calculate pmol [*H]E2 per embryo (black circles) and percent [*H]JE2 uptake per embryo (white
circles). At both exposure durations, pmol [*H]E2 uptake increased in a concentration-dependent manner (blue lines connecting black circles), whereas percent [*H]E2
uptake remained constant (gray lines connecting white circles). Each circle represents the mean uptake from a single experiment (n=3) assaying 10 embryos per
experiment. Horizontal dotted line represents the limit of detection (0.01 pmol). D, Both pmol and percent [°H]E2 uptake increased approximately 10-fold following
24-h exposure compared with 1-h exposure. Horizontal lines represent the mean fold change in pmol (blue) or percent uptake (gray). Color image is available online,

and text accurately reflects both black and white and color formats.

2ml treatment solution per well. With both methods, we were
able to measure uptake in single embryos with lower variability
between embryos than was demonstrated in the 96-well plate
method at the same exposure conditions (CV = 12-23% with
60-mm dish method, CV = 17-29% with 24-well plate method).
The variability among experimental means was also lower for
the 24-well plate method (96-well: CV = 27%, 24-well: CV =
12%). As the 24-well plate method was more time and cost effec-
tive, we chose this method as the basis of our assay. A graphical
method of the methods for our assay is shown in Figure 1A,
details are described in Materials and Methods Section.

E2 Uptake Is Concentration- and Duration-Dependent
We first tested the effect of concentration on [*H]E2 uptake in 48h
postfertilization (hpf) dechorionated zebrafish embryos. Embryos
were exposed to 4 different concentrations of [°HJE2, from 1 to
36.7 nM, for 1h. We found that the amount of [*H]E2 absorbed per
embryo increased 8-fold between 5 and 36.7 nM exposure (Figure
1B, Supplementary Figure 2A, Supplementary Table 1; 1nM treat-
ment = 0.0054 * 0.0016 pmol (mean *= SD), 5nM = 0.036 =
0.0065pmol, 10nM = 0.075 * 0.010pmol, 36.7nM = 0.30 =*
0.017 pmol). Note that at the 1nM concentration, the measured
pmol values were below the limit of detection (LOD) (0.01 pmol).
To determine how exposure duration influences E2 uptake,
we exposed 48 hpf dechorionated embryos to the same 4 con-
centrations of [°H]E2 for 24 h, and compared absorption for each
concentration following 1- and 24-h exposure. Following 24-h
exposure, absorption was concentration-dependent, with an
average 51-fold increase between 1 and 36.7nM exposure

(FigurelC; 1nM treatment = 0.057 + 0.022pmol (mean = SD),
5nM = 0.35 = 0.057 pmol, 10nM = 0.83 * 0.11pmol, 36.7nM =
2.93 + 0.35pmol). For a given concentration, absorption follow-
ing 24- versus 1-h exposure increased by an average of 10.22- +
0.96-fold (Figure 1D, Supplementary Figure 3), demonstrating
that [*H]E2 uptake is dependent on duration of exposure.

Using these results, we also calculated the percent uptake of
[PH]E2 per embryo. For a given concentration, percent uptake
increased 10- to 13-fold between 1- and 24-h exposures (Figure
1D, Supplementary Figure 3). In contrast, percent uptake
remained constant following the same exposure duration at dif-
ferent concentrations of [*H]E2 (Figs. 1B and C, Supplementary
Figure 2B, Supplementary Table 2; 1-h treatment: 1nM = 0.29%
+ 0.01% (mean * SD); 5nM = 0.38% *+ 0.068%, 10nM = 0.29% *
0.055%, 36.7 nM = 0.30% *+ 0.025%; 24-h treatment: 1nM = 3.17%
+ 0.80%, 5nM = 3.82% = 0.54%, 10nM = 3.81% *+ 0.41%, 36.7 nM
= 3.40% * 0.68%). Thus, percent uptake of [*HJE2 is dependent
on duration of exposure, but not on concentration.

For subsequent experiments testing variables other than
concentration, the 5nM concentration was chosen, as this was
the lowest concentration we tested that was reliably above the
LOD at both exposure durations. As percent uptake does not
change with increasing exposure concentration, values
observed with this concentration should be applicable to higher
exposure concentrations.

E2 Uptake Increases With Developmental Stage
Studies of the effects of endocrine disrupting compounds on
development and organ function frequently require exposure of
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Figure 2. E2 uptake is age-dependent. Embryos were exposed to 5nM [*H]E2 for 1h (A) or 24 h (B) starting at five different developmental stages between 6 and 96 hpf.
Lines denote percent uptake comparisons that are not statistically significant, all other comparisons are significant (p < .05). Radioactivity was measured using a scintil-
lation counter and used to calculate pmol [*H]E2 per embryo (black circles) and percent [°H]E2 uptake per embryo (white circles). Both pmol (blue lines connecting black
circles) and percent (gray lines connecting white circles) [*H]E2 uptake increased with age except for 24-h exposure at 96 hpf, where there was a partial reduction in
uptake that could represent efflux. One-way ANOVA with Tukey’s multiple comparisons test shows significant increase in pmol uptake when comparing 1-h treatment
(A) at 6 versus 24 hpf (p = .0064), 24 versus 72 hpf (p = .0002), 48 versus 72 hpf (p = .0001), and 72 versus 96 hpf (p < .0001); significant changes in percent uptake were
found with 6 versus 48 hpf (p = .0005), 48 versus 72 hpf (p < .0001) and 72 versus 96 hpf (p = .0005). A significant increase in pmol was present when comparing 24-h
treatments (B) at 6 versus 48 hpf (p = .0005), 24 versus 48 hpf (p = .0407) and 48 versus 72 hpf (p < .0001), while a significant decrease was found when comparing 72 ver-
sus 96 hpf (p = .0003); percent uptake was significantly increased when comparing 6 versus 48 hpf (p = .0023), 24 versus 72 hpf (p < .0001), and 48 versus 72 hpf (p =
.0013). C, Static exposure to 5nM [°HJE2 from 6 to 120 hpf (114 h total). Starting exposure at 6 versus 96 hpf has little effect on [*H]E2 uptake at 120 hpf (p = .8206). Data
from the 96 hpf exposure group are the same as that shown in (B). Each circle represents the mean uptake from a single experiment (n = 3-5) assaying 10 embryos per
experiment. Horizontal dotted line represents the limit of detection (0.01 pmol). Lines connect the mean for each group. Color image is available online, and text accu-

rately reflects both black and white and color formats.

zebrafish embryos and larvae during multiple stages of develop-
ment. To determine whether developmental stage influences E2
uptake, we exposed embryos beginning at five different develop-
mental stages, between 6 and 96 hpf, to a single concentration of
[*HJE2 (5nM) for 1h. Mean pmol [*HJE2 uptake increased 7-fold
between 6 and 96 hpf (Figure 2A; 6 hpf treatment = 0.018 =+
0.004 pmol (mean = SD), 24 hpf = 0.037 + 0.003 pmol, 48 hpf =
0.036 * 0.007 pmol, 72 hpf = 0.070 = 0.003 pmol, 96 hpf = 0.13 =
0.010 pmol). Mean pmol [*H]E2 uptake was not statistically signifi-
cantly different when starting treatment at 24 versus 48 hpf
(ANOVA with Tukey’s multiple comparisons test, p = .9994), but
mean pmol uptake was significantly increased when comparing
younger versus older developmental stages for all other groups
(Supplementary Table 3).

Similarly, percent uptake increased 9-fold between 6 and 96
hpf (Figure 2A; 6 hpf treatment = 0.10% * 0.025% uptake (mean
+ SD), 24 hpf = 0.24% = 0.029% uptake, 48 hpf = 0.38% =+ 0.068%
uptake, 72 hpf = 0.60% = 0.083% uptake, 96 hpf = 0.90% =
0.078% uptake). Mean percent uptake was not statistically sig-
nificant when starting treatment at 6 versus 24 hpf (ANOVA
with Tukey’s test for multiple comparisons, p = .0620) or 24
versus 48 hpf (p = .0880), but was significantly increased when
comparing younger versus older developmental stages for all
other groups (Supplementary Table 3).

At exposure duration of 24h, 72 hpf embryos absorbed the
most [*H]E2 of all stages tested, with a 6.5-fold increase between

6 and 72 hpf (Figure 2B; 6 hpf treatment = 0.13 * 0.013 pmol (mean
+ SD), 24 hpf = 0.22 + 0.015pmol, 48 hpf = 0.35 = 0.057 pmol, 72
hpf = 0.85 + 0.071 pmol, 96 hpf = 0.61 + 0.090 pmol). There was
not a statistically significant difference in mean pmol uptake
when starting treatment at 6 versus 24 hpf (ANOVA with Tukey’s
multiple comparisons test, p = .1682 for pmol), but mean differ-
ence when comparing other developmental stage groups was stat-
istically significant (Supplementary Table 4).

Mean percent uptake increased 9-fold between 6 and 72 hpf,
(Figure 2B; 6 hpf treatment = 0.83% =+ 0.10% uptake, 24 hpf =
1.86% = 0.16% uptake, 48 hpf = 3.82% = 0.54% uptake, 72 hpf =
7.38% = 1.37% uptake, 96 hpf = 5.46% * 1.39% uptake) with sig-
nificantly different percent uptake between all groups except 6
versus 24 hpf (ANOVA with Tukey’s multiple comparisons test,
p = .4151), 24 versus 48 hpf (p = .0627), 48 versus 96 hpf (p =
.1450), and 72 versus 96 hpf embryos (p = .0694) (Supplementary
Table 4). Together, these results suggest that older embryos
absorb more E2 than younger embryos.

To monitor developmental toxicity, a frequently used assay
calls for continuously exposing zebrafish to a compound from
the first hours of development (0-8 hpf) until larvae are freely
swimming and organogenesis is largely complete (96-120 hpf)
(Gustafson et al., 2012; McCollum et al., 2011). We tested [*H]E2
uptake under these conditions by continuously exposing
embryos to 5nM [°H]JE2 from 6 until 120 hpf. We found that per-
cent uptake was 5.69% = 1.08% per embryo (mean * SD),
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Figure 3. E2 uptake is modestly affected by chorion removal at 1-h, but not 24-h, exposures. Embryos at 6 or 24 hpf were exposed to 5nM [*H]E2 for 1h (A) or 24h (B).
Radioactivity was measured using a scintillation counter and used to calculate pmol [*H]E2 per embryo (black circles) and percent [*H]JE2 uptake per embryo (white
circles). Chorion-intact versus dechorionated embryos are indicated by images aligned with each treatment group. At 1-h exposure, both pmol [PHJE2 and percent
uptake were not significantly decreased in 6 hpf dechorionated embryos (Student’s unpaired t-test, p = .31 for pmol, p = .096 for percent uptake), but were significantly
increased in 24 hpf dechorionated embryos (*Student’s unpaired t-test, p = .0044 for pmol, p = .034 for percent uptake). At 24-h exposure, uptake was not statistically
different when the chorion was present (Student’s unpaired t-test, 6 hpf: p = .39 for pmol, p = .12 for percent uptake; 24 hpf: p = .12 for pmol, p = .32 for percent uptake).
Each circle represents the mean uptake from a single experiment (n = 3-5 per group) assaying 10 embryos per experiment. Lines represent the mean pmol (blue lines)
or percent uptake (gray lines) of all experiments. Horizontal dotted line represents the limit of detection (0.01 pmol). Color image is available online, and text accurately

reflects both black and white and color formats.

compared with 5.46% = 1.39% per embryo when exposing
embryos from 96 to 120 hpf only (Figure 2C). This difference was
not statistically significant (Student’s unpaired t test, p = .8206).
Although this multi-day exposure technique is relevant for
studies testing compound effect throughout multiple develop-
mental stages, it should be noted that this technique does not
lead to enhanced chemical uptake overall compared with treat-
ing embryos for a much shorter time period to the same devel-
opmental end-point (120 hpf).

E2 Uptake Is Modestly Affected by Chorion Removal at 1-h, but Not
24-h, Exposures

Prior to hatching between 48 and 72 hpf, zebrafish embryos are
enveloped in chorions that act as protective barriers during
early development. The chorion is a 3-layered acellular enve-
lope 1.5-2.5 uM wide, composed of multiple proteins with pores
that exclude particles larger than 3-4kDa (Bonsignorio et al.,
1996; Pelka et al., 2017; Rawson et al., 2000). We hypothesized
that E2 uptake would not be affected by chorion removal due to
its small size, well under 3kDa, and its lipophilicity as a steroid
hormone. To test whether the chorion influences E2 uptake, we
exposed embryos at 6 and 24 hpf, with chorions intact and fol-
lowing manual chorion removal, to 5nM [*H]JE2 for either 1 or
24h. At 6 hpf, our results were consistent with the hypothesis
that chorion removal does not affect E2 uptake. We found that
pmol [PH]JE2 uptake was not significantly changed in 6 hpf
dechorionated embryos at either exposure duration compared
with 6 hpf embryos with chorions intact (Figs. 3A and B; 1-h
treatment: chorion = 0.021 *= 0.002 pmol, no chorion = 0.018 *
0.004 pmol, p = .3076 Student’s unpaired t test; 24-h treatment:
chorion = 0.14 + 0.007, no chorion = 0.13 * 0.013pmol, p =
.3863). In 24 hpf dechorionated embryos, pmol [*H]JE2 uptake
was increased approximately 1.4-fold following 1-h exposure
compared with embryos with chorion intact (Figure 3A; chorion
=0.026 + 0.002 pmol, no chorion = 0.037 =+ 0.003 pmol, p = .0044
Student’s unpaired t test). Following 24-h exposure, there was
no significant difference in uptake between dechorionated
embryos and embryos with chorion intact (Figure 3B; chorion =
0.20 * 0.004 pmol; no chorion = 0.22 * 0.015 pmol, p = .1216).

Correspondingly, percent uptake was not significantly
changed in 6 hpf dechorionated embryos following 1- or 24-h
exposure (Figs. 3A, and B; 1-h treatment: chorion = 0.13% =
0.006% uptake, no chorion = 0.10 + 0.025% uptake, p = .0958
Student’s unpaired t test; 24-h treatment: chorion = 0.967% *
0.10% uptake, no chorion = 0.832% = 0.10% uptake, p = .1156).
Percent uptake in 24 hpf dechorionated embryos was also consis-
tent with pmol uptake results, with uptake increased approxi-
mately 1.4-fold at 1-h exposure in dechorionated embryos versus
embryos with chorion intact (Figure 3A; chorion = 0.17% * 0.025%
uptake, no chorion = 0.24% *+ 0.029% uptake, p = .0340 Student’s
unpaired t test). Following 24-h exposure, there was no significant
difference in percent uptake between dechorionated embryos and
embryos with chorion intact (Figure 3B; chorion = 1.69% * 0.28%
uptake; no chorion = 1.86% * 0.16% uptake, p = .3249).

Developmental Stage and Exposure Duration Determine Whether E2
Is Preferentially Absorbed by the Yolk

Zebrafish embryos are lecithotrophic organisms that obtain
nutrient supply and maternally deposited transcripts from their
yolks throughout the first 4-5 days of development (Kunz, 2004).
The lipid-rich yolk initially comprises a sizeable proportion of
the embryonic mass. As the embryo matures, the ratio of yolk
to embryo mass decreases until the yolk is fully absorbed by 7-
10 days postfertilization (dpf).

We hypothesized that embryos at developmental stages with
higher yolk content would absorb more E2 into the yolk versus
into the embryonic body. To test this hypothesis, we exposed 24
and 48 hpf embryos to 5nM [PH]E2 for 1-24h and then separated
the yolk from the embryonic body and assayed [*H]E2 levels in
each (the 6 hpf stage was excluded from this analysis since the
embryonic body is not sufficiently developed to make separation
from the yolk possible). We found that when starting 5nM [*HJE2
exposure at 24 hpf, E2 was preferentially absorbed by the yolk fol-
lowing 1-h exposure (Figure 4A; yolk = 0.023 + 0.002 pmol, embry-
onic body = 0.013 + 0.001 pmol), but was nearly equivalent in the
yolk and embryonic body following 24-h exposure (Figure 4B; yolk
= 0.12 *= 0.006 pmol, embryonic body = 0.11 * 0.014 pmol). When
starting treatment at 48 hpf, E2 was preferentially absorbed into
the embryonic body at both exposure durations (Figs. 4C and D;
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Figure 4. Developmental stage and exposure duration determine whether E2 is preferentially absorbed by the yolk. Embryos at 24 (A, B) or 48 hpf (C, D) were exposed to
5nM [H]E2 for 1h (A, C) or 24h (B, D). Yolk was separated from embryonic body and radioactivity was measured using a scintillation counter and used to calculate
pmol [*H]E2 per yolk and pmol [PH]E2 per embryonic body. E, Uptake into the embryonic body increases with increasing developmental stage. Circles represent percent
[PHJE2 in the embryonic body versus [°HJE2 in the total embryo (embryonic body + yolk). Each circle represents the mean uptake from a single experiment (n=3 per
group) assaying 10 embryos per experiment. Horizontal blue lines are the mean of the 3 experiments. Horizontal gray line at y=50 in (E) represents 50% absorption,
indicating equal uptake into embryonic body and yolk. Color image is available online, and text accurately reflects both black and white and color formats.

1-h: yolk = 0.022 + 0.0002pmol, embryonic body = 0.028 *+
0.0029 pmol; 24-h: yolk = 0.22 = 0.020 pmol, embryonic body =
0.37 + 0.028 pmol).

To compare the percent of E2 taken up by the yolk versus
embryonic body, we divided the pmol taken up per embryonic
body by the pmol taken up by the entire embryo (yolk plus the
embryonic body). In 24 hpf embryos, the majority of [*H|E2 was
taken up by the yolk: the percent [*H]E2 taken up by the embryonic
body was 36.7% =+ 0.78% (mean * SD) following 1h exposure and
47.4% * 2.2% following 24 h exposure (Figure 4E). In contrast, 48 hpf
embryos absorbed the majority of [*HJE2 into the embryonic body:
the percent [PHJE2 taken up by the embryonic body was 55.9% +
2.8% following 1h exposure and 61.8% = 4.4% following 24h
exposure.

DISCUSSION

Comparison to Estrogen Uptake Assays in Other Aquatic Species
Our results support the hypothesis that supraphysiologic con-
centrations of E2 in zebrafish treatment water are required to
obtain physiologic doses in vivo. Similar studies have measured
the levels of exogenous estrogens and estrogen-like EEDs in
multiple aquatic species (Bhandari et al.,, 2015; Miguel-Queralt
and Hammond, 2008; Piferrer and Donaldson, 1994; Schwarz
et al., 2017), but, to our knowledge, exogenous E2 uptake has not
been previously measured in zebrafish embryos or larvae.

One study measured uptake of exogenous [*HJE2 in mussels
(Mytilus spp.) by measuring tissue extracts after 48-h exposure and

reported 18.7% uptake (Schwarz et al., 2017) versus the <4% uptake
we found following 24-h exposure. This discrepancy could be
explained by inherent differences in zebrafish and mussel absorp-
tion capacity, as mussels are much larger organisms and are not
thought to produce endogenous E2. Further, a much lower concen-
tration of [*HJE2 was used than in our study (4pM vs 1-36.7 nM).
Piferrer and Donaldson studied E2 uptake in coho salmon
(Oncorhynchus kisutch) at different developmental stages using
97 pM [PH]E2 and found an uptake of 0.08%-0.33% in individual
eggs after 96-h exposure, and a 0.13%-1.21% uptake in alevins
(hatched eggs prior to feeding) (Piferrer and Donaldson, 1994).
Though this is lower than the percent uptake we calculated in
similarly staged zebrafish embryos at 24-h, this could be due to
species differences. The increase in percent uptake observed at
older developmental stages (alevins) is in agreement with our
results. Another study measured [*H]BPA and [*H]EE2 uptake in
fertilized medaka eggs (Oryzias latipes) at a single concentration for
each chemical (44nM for [*H]BPA and 0.17 nM [*H]EE2), reporting
uptake of 0.125 pmol/mg/egg for [*H|BPA and 4.05 fmol/mg/egg for
[*HJEE2 following 24-h exposure (Bhandari et al., 2015). Although
[*HJBPA uptake appears similar to our [*HJE2 results, [*H]EE2
uptake was 30% of what we reported for [*HJE2 in zebrafish
embryos. However, it is difficult to directly compare these results
because the average mass of a medaka egg was not reported.

An uptake study in adult zebrafish exposed individual fish
to radiolabeled steroids and measured aliquots of treatment
water following exposure (Miguel-Queralt and Hammond, 2008).
By measuring radioactivity in water containing 4nM [*H]EE2
before and after zebrafish exposure, the authors reported 65%
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uptake of EE2 from treatment water after 1-h exposure. These
results suggest that estrogen uptake is higher in adults com-
pared with embryos and larvae, consistent with our findings
that [*HJE2 uptake increases with developmental stage.

Comparison to HPLC, UPLC, and MS Steroid Measurement

Though chromatographic methods coupled to mass spectrome-
try (MS) could be utilized to assay levels of specific estrogens in
zebrafish embryos (Alharthy et al., 2017), these methods require
access to expensive and specialized equipment. A study of the
uptake and clearance of small hydrophilic molecules like para-
cetamol in zebrafish embryos was developed using ultra per-
formance liquid chromatography with MS (UPLC-MS) (Kantae
et al., 2016); however, this approach is not easily translatable to
E2 measurement due to the difficulty of E2 extraction from bio-
logical matrices and ion suppression effects that require chemi-
cal derivatization for MS analysis. Saili et al. (2012) measured
BPA uptake in zebrafish embryos using high performance liquid
chromatography with MS (HPLC-MS), finding an uptake of
0.02 pg/kg following 1nM exposure for 50h starting at 8 hpf.
However, due to the high limit of detection of this assay (267 vs
1nM for our assay), uptake was not directly measured. Rather,
uptake following nM exposure levels was calculated by extrapo-
lating uptake from embryos exposed to higher concentrations
of BPA (1, 10, and 100 uM). Because BPA is a nonsteroidal estro-
gen, it may be absorbed and excreted differently than E2, and
extraction protocols for BPA and E2 are not interchangeable due
to their distinct chemical structures.

Additionally, separate extraction protocols would be needed
to measure levels of E2 metabolites, such as sulfate and glucur-
onide conjugates and catechol estrogens, using HPLC-MS.
Enzymes involved in E2 metabolism—sulfotransferase 1, UDP-
glucuronosyltransferase 1, and catecholmethyltransferase—are
maternally transferred to embryos and expressed prior to 5 dpf
(Alazizi et al., 2011; Christen and Fent, 2014; Yasuda et al., 2005),
so these metabolites should be considered when measuring E2
uptake and metabolism.

An alternative to chromatographic methods for measuring
E2 uptake is the use of radiolabeled compounds. Though some
radioactive isomers such as *P and *S are avoided due to their
short half-lives and user-associated risk, the tritium isomer (*H)
has a half-life of more than 12 years and a limited risk profile as
a low energy beta emitter. **C is another radioactive beta emit-
ter with a half-life of 5730 years that is safe for human use. E2
and other endogenous steroids (including estrone, estriol, tes-
tosterone, androstenedione, progesterone, cholesterol, and cor-
tisol) and estrogen-like environmental endocrine disrupting
compounds (including BPA, EE2, polychlorinated biphenyl
ethers, and phthalates) are commercially available as *H and/or
14C isomers. Some compounds not commercially available may
be custom synthesized commercially by PerkinElmer and
American Radio Chemicals, Inc. Liquid scintillation counters
used to measure radioactivity are inexpensive and user-friendly
compared with chromatography and spectrometry equipment.

We therefore used tritiated E2 ([*H]E2) to develop an efficient
assay with the ability to quantify uptake in the pmol range. Our
assay can measure whole embryos individually, eliminating the
need for chemical extraction protocols and pooled embryo
measurements required by chromatographic spectrometry
methods. As compound isolation is not required by our method,
the resulting values include E2 and, potentially, its conjugates
and polar metabolites that contain an *H. The treatment water

SOUDER AND GORELICK | 471

can also be easily measured, providing the ability to calculate
percent uptake for each embryo. The minimal sample prepara-
tion makes this method adaptable to any compound soluble in
embryo water and available as a radioisotope.

Variables That Affect E2 Uptake

We found that increasing E2 concentration, duration, or devel-
opmental stage increased absolute uptake from treatment
water. In contrast, percent uptake was the same regardless of
concentration. The increase in uptake we observed with
increasing developmental stage could be due to increased
embryonic mass at higher developmental stages, or the
increased production of steroid-binding proteins such as albu-
min and sex-hormone binding globulin. Since these proteins
bind steroids in the blood, they decrease the levels of free E2,
thus increasing the capacity of an organism to absorb more E2
from their environment (Chrousos, 2015; Miguel-Queralt and
Hammond, 2008; Miguel-Queralt et al., 2004).

We also found that the chorion had minimal effect on E2
uptake, though we did see a modest increase in E2 uptake at 1-h
exposure in 24 hpf embryos with chorion removal. This could
be due to increased E2 metabolism and the subsequent excre-
tion of E2 conjugates that are unable to pass through the cho-
rion, becoming trapped in the perivitelline space between the
chorion and the embryo. Changes in absorption between cho-
rionated and dechorionated embryos are likely not biologically
relevant, however, suggesting that dechorionation is not neces-
sary prior to E2 treatment. These results are in contrast to a
prior study, which found that chorion removal increased chemi-
cal uptake (Panzica-Kelly et al., 2015). This discrepancy could be
explained by the chemical properties of the compounds used in
the Panzica-Kelly study. Several of the compounds tested were
hydrophilic and nonsteroidal—such as sulfasalazine, flucona-
zole, and penicillamine—and may be blocked from diffusing
through the chorion. In contrast, the biophysical properties of
E2 suggest that it can passively diffuse through the chorion, as
it does through plasma membranes. Our results suggest that
chorion removal is not required when treating embryos with E2,
and that higher concentrations of E2 are not required when
treating embryos with their chorions intact. Similarly, chorion
removal should not significantly affect E2 uptake. It is reason-
able to assume that this holds true for structurally similar ste-
roids, such as testosterone and progesterone, although this
should be tested in the future.

Last, we found that a major proportion of E2 was absorbed
into the yolk of the embryo when treatment was started before
3 dpf. This result was likely due to the lipid-rich nature of the
yolk and its significant contribution to embryonic mass in early
development. Future studies using E2 for embryo treatment
should take this into consideration. Our results suggest that
prior to 48 hpf, the majority of exogenous E2 is absorbed by the
yolk and presumably not active in the embryonic body. Using
results for percent uptake at multiple concentrations, durations,
and developmental stages, we reviewed previously published
studies testing the effects of E2 in developing zebrafish embryos
and, based on the concentration of E2 in the fish water, we esti-
mated the amount of E2 absorbed by the embryos and larvae
(Table 1). For example, 1.8nM E2 in fish water was used to visu-
alize estrogen receptor activity in transgenic 5XERE:GFP zebra-
fish embryos (Gorelick and Halpern, 2011), though the biological
relevance of this concentration was questioned. Our results
suggest, however, that this concentration in the water


Deleted Text: our
Deleted Text: to 
Deleted Text: s
Deleted Text: m
Deleted Text: ,
Deleted Text: and colleagues 
Deleted Text: ours
Deleted Text: nM 
Deleted Text: ersus
Deleted Text: (Saili <italic>et<?A3B2 show $146#?>al.</italic>, 2012)
Deleted Text: -
Deleted Text: estradiol
Deleted Text:  (SULT1)
Deleted Text:  (UGT1)
Deleted Text:  (COMT)
Deleted Text: -
Deleted Text: bisphenol A
Deleted Text: ethinyl estradiol
Deleted Text:  (PCBs)
Deleted Text:  (ARC).
Deleted Text: to 
Deleted Text: t
Deleted Text: a
Deleted Text: u
Deleted Text:  (SHBG)
Deleted Text: estradiol
Deleted Text: estradiol 
Deleted Text: our
Deleted Text: -
Deleted Text: estradiol 
Deleted Text: estradiol
Deleted Text: estradiol 
Deleted Text: estradiol 
Deleted Text: ly

472 | TOXICOLOGICAL SCIENCES, 2017, Vol. 158, No. 2

Table 1. Estimated Concentration of E2 Taken Up Into Zebrafish Based on Published Studies Reporting Concentration of E2 in Fish Water

E2 Concentration Exposure Developmental Stage Estimated Estimated E2 References

in Fish Water Duration at Exposure Start Percent Uptake in Zebrafish

1.8nM 21h 3 hpf 0.8% 14pM (Kinch et al., 2016)

1.835nM 3 days 6-8 hpf 3.8% 70pM (Gorelick and Halpern, 2011)
1uM 24h 96 hpf 5.5% 55nM (Hoffman et al., 2016)

1uM 4 days 3 hpf 5.7% 57nM (Hao et al., 2013)

10 uM 24h 12 hpf 1.0% 100nM (Carroll et al., 2014)

Percent uptake of E2 was calculated based on percent [*H]E2 uptake found for a similar exposure duration and developmental stage. Estimated concentration in zebra-

fish was calculated by multiplying E2 concentration in fish water by estimated percent uptake for each exposure duration and developmental stage.

corresponds to 70pM in the embryo, assuming 3.8% uptake.
This is consistent with the ECso of E2 for ERa, 77 pM; ERPIL,
39pM; and ERB2, 118 pM (Pinto et al., 2014).

Assay Limitations

Two principle limitations of this assay are the inability to distin-
guish between absorbed E2 and its metabolites, and the need for
isotopic chemicals. The isotopic E2 assay cannot distinguish
between uptake of E2 and conversion of E2 to a metabolite (eg, cat-
echol estrogens). Although knowing the total E2 uptake, regardless
of how the absorbed E2 is metabolized, is useful in translating
exposure concentration to a physiologic dose in vivo, identification
of E2 metabolites and their concentrations would be advanta-
geous. E2 and its metabolites may have different affinities for
estrogen receptors (Zhu et al, 2006), therefore distinguishing
between E2 metabolites is important for understanding how E2
exerts a particular effect. Future studies optimizing HPLC-MS
methods to detect E2 and related molecules from zebrafish
embryos will be necessary. Second, tritiated chemicals are signifi-
cantly more expensive than their nonisotopic counterparts. There
may be some compounds that are chemically unstable in isotopic
form. The use of isotopic chemicals also limits the range of treat-
ment concentrations available, as there are typically only 1 or 2
concentrations of these chemicals produced. This limitation may
be avoided by adding nonlabeled compounds and extrapolating
uptake from the percentage of total compound that is radiola-
beled, though this method is less precise. Note that MS assays
also require the use of internal standards, typically stable isotopes
using ?H or **C, making the limitations of cost of isotopic chemi-
cals also applicable to HPLC-MS assays.

CONCLUSIONS AND FUTURE DIRECTIONS

The [*HJE2 assay provides an efficient, reliable, and sensitive
method for determining E2 uptake into zebrafish embryos and
larvae. This approach can be applied to a wide range of isotopic
compounds and exposure parameters, using zebrafish and
other aquatic species. For example, future studies could opti-
mize our assay for use in 96-well plates to compare uptake
between treatment vessels. Future studies could also utilize this
assay to screen for drugs and/or genes that influence compound
uptake. For example, to determine mechanisms of EE2 efflux,
one could screen for compounds that reduce or promote iso-
topic EE2 uptake. Results could provide insight into how ani-
mals evade toxicity and reveal previously unappreciated small
molecules that modulate steroid transporter activity. Our
results provide a foundation for future studies utilizing fish
embryos as a screening tool for developmental toxicity.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences online.
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