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The synthetic estrogen 17-a-ethynylestradiol (EE2), a component of birth control and hormone replace-
ment therapy, is discharged into the environment via wastewater treatment plant (WWTP) effluents. The
present study employed radiolabeled EE2 to examine impacts of temperature and salinity on EE2 uptake
in male killifish (Fundulus heteroclitus). Fish were exposed to a nominal concentration of 100 ng/L EE2 for
2 h. The rate of EE2 uptake was constant over the 2 h period. Oxygen consumption rates (MO, ), whole

;(a;llworlds:t diol body uptake rates, and tissue-specific EE2 distribution were determined. In killifish acclimated to 18°C
Km?;s{]es radio at 16 ppt (50% sea water), MO, and EE2 uptake were both lower after 24 h exposure to 10°C and 4°C, and
Oxygen consumption increased after 24 h exposure to 26 °C. Transfer to fresh water (FW) for 24 h lowered EE2 uptake rate, and
Salinity long-term acclimation to fresh water reduced it by 70%. Both long-term acclimation to 100% sea water
Temperature (32 ppt) and a 24 h transfer to 100% sea water also reduced EE2 uptake rate by 50% relative to 16 ppt.

Tissue-specific accumulation of EE2 was highest (40-60% of the total) in the liver plus gall bladder across
all exposures, and the vast majority of this was in the bile at 2 h, regardless of temperature or salinity.
The carcass was the next highest accumulator (30-40%), followed by the gut (10-20%) with only small
amounts in gill and spleen. Killifish chronically exposed (15 days) to 100 ng/L EE2 displayed no difference
in EE2 uptake rate or tissue-specific distribution. Drinking rate, measured with radiolabeled polyethylene
glycol-4000, was about 25 times greater in 16 ppt-acclimated killifish relative to FW-acclimated animals.
However, drinking accounted for less than 30% of gut accumulation, and therefore a negligible percent-
age of whole body EE2 uptake rates. In general, there were strong positive relationships between EE2
uptake rates and MO,, suggesting similar uptake pathways of these lipophilic molecules across the gills.
These data will be useful in developing a predictive model of how key environmental parameter varia-
tions (salinity, temperature, dissolved oxygen) affect EE2 uptake in estuarine fish, to determine optimal
timing and location of WWTP discharges

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Exposure to elevated levels of natural and synthetic estrogens
can cause altered endocrine function and decreased reproduc-
tive success in fish (Leblanc et al., 1997; Munkittrick et al., 1991;
Munkittrick et al.,, 1994). Many of these natural and xenoe-
strogens are discharged into freshwater and estuarine systems
through wastewater treatment plants (WWTP) and industrial
effluents (Langston et al., 2005). Xenoestrogens are known to
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mimic endogenous hormones, thereby disrupting their synthesis,
degradation and metabolism (Langston et al., 2005; Thorpe et al.,
2003). Examples include feminization and induction of female-
specific hormones in male fish exposed to synthetic estrogens
(Jobling et al., 1998; Tyler et al., 1998). One such endocrine dis-
rupting compound is the synthetic estrogen 17-a-ethynylestradiol
(EE2), which mimics the effects of the natural hormone 17-
[3-estradiol (E2). EE2 is most commonly used in the female
oral contraceptive pill and in hormone replacement therapy in
menopausal women (Peters et al., 2007; Ternes et al., 1999; Thorpe
et al., 2003). While EE2 surface water concentrations are markedly
lower than that of E2 in the aquatic environment, EE2 has a
10-50-fold higher potency when compared to endogenous estro-
gens in vivo (Segner et al., 2003). EE2 also has a greater ability
to be bioavailable in aquatic ecosystems due to its longer half life
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(Langston et al., 2005; Tyler et al., 1998). Indeed, in laboratory and
field studies, EE2 can cause estrogenic effects when present in the
range of <1-5ng/L (Linge et al., 2001; Parrott and Blunt, 2005).
However, higher levels have been documented in Canadian sewage
outflows (Ternes et al., 1999) and once discharged from WWTP,
they may come in contact with aquatic life (Larsson et al., 1999).
On the eastern coast of North America, many WWTP facilities
discharge into estuaries and inshore regions subject to tidal and
seasonal fluctuations in temperature, salinity, and dissolved oxy-
gen. The Kkillifish or mummichog (Fundulus heteroclitus) is a small,
strongly euryhaline fish native to these regions where it plays an
important role in the trophic dynamics of the ecosystem (Abraham,
1985; Kneib and Steven, 1978; Kneib, 1986; Valiela et al., 1977).
Endocrine disrupting effects of EE2 exposure on this species are
already well-documented (Hogan et al., 2010; MacLatchy et al.,
2003; MacLlatchy et al., 2005; Peters et al.,, 2007, 2009). Killi-
fish move diurnally to and from tidal margin shallows, where
salinity, temperature and dissolved oxygen are constantly varying
(Burnettetal.,2007).Increased understanding of its ionoregulatory,
reproductive and developmental physiology, together with rapid
progress on sequencing its genome, has made Fundulus heteroclitus
an ideal model estuarine teleost (Burnett et al., 2007) for under-
standing adaptations to fluctuating environmental conditions.
While there has been a vast amount of research on the mech-
anisms and consequences of endocrine disruption in fish by EE2
and other xenoestrogens, most of it has been performed in vitro
under standardized conditions (Tyler et al., 1998). The rates and
mechanisms of EE2 uptake, and the influence of environmental
parameters on these processes, have received scant attention. In
the present study, we focus exclusively on these latter issues, par-
ticularly the influences of temperature and salinity, because of
their environmental relevance. EE2 is a very lipophilic compound,
displaying an octanol-water partition coefficient (log Kow) of 4.12
(Yamamoto et al., 2003). This high lipophilicity suggests that the
most likely mechanism and site for EE2 uptake would be diffu-
sion through the lipid-rich gills that account for the majority of the
body surface area of the fish and are directly exposed to potentially
contaminated waters. Gills are only a few cells thick, making the
branchial epithelium ideal for both gas exchange and the uptake of
lipophilic toxicants (Brauner et al., 1994; Yang et al., 2000).
Changes in oxygen uptake require changes in gill ventilation,
perfusion and functional surface area. Thus, we hypothesized that
those environmental influences that affect oxygen transfer across
the gills (oxygen consumption) also affect the uptake and bioaccu-
mulation of EE2. Temperature is one such variable, so we assessed
the impact of four temperatures (4,10, 18,and 26 °C) representative
of northern east coast Atlantic inshore regions on EE2 uptake, using
radiolabeled EE2 for greatest sensitivity. Salinity may be another
very important variable. Not only does it alter metabolic rate but it
has also been documented to fundamentally change the surface
structure of the gills in killifish (Copeland, 1950; Laurent et al.,
2006; Scott et al., 2004), as well as to dramatically alter gill ion
flux rates (Wood and Marshall, 1994; Wood and Laurent, 2003)
and electrical properties (Wood and Grosell, 2008). Therefore, we
assessed the influence of representative salinities for the estuarine
environment (fresh water, 50% sea water, and 100% sea water) on
the uptake rate of radiolabeled EE2 in Fundulus heteroclitus. Fur-
thermore, drinking rate is many-fold higher in saltwater-than in
freshwater-acclimated killifish (Scott et al., 2006, 2008). The possi-
bility exists that the gut could also play arole in EE2 uptake. Indeed,
there is emerging evidence that since seawater teleosts drink the
medium for osmoregulatory purposes, the gut actually accounts for
40% or more of metal uptake in marine teleosts (Grosell and Wood,
2001; Wood et al.,2004; Zhang and Wang, 2007). Therefore, we also
assessed the potential involvement of drinking in uptake. A bene-
fit of the use of the radiolabeled compound was that it allowed

us to assess the short-term tissue-specific disposition of EE2 after
uptake.

2. Materials and methods
2.1. Fish husbandry

2.1.1. Killifish

Adult killifish, Fundulus heteroclitus (1-5g), were obtained by
seining from a presumed uncontaminated site (Boudreau et al.,
2005), at Horton’s Creek near Miramichi, New Brunswick, Canada,
(47°02'N, 65°15’W), and in June of 2009 near Shediac, Bay of Fundy,
NB (46°20'N, 64°40'W) in August of 2010. Fish were then trans-
ferred to McMaster University (Hamilton, Ontario (ON), Canada)
and held in 400L aquaria. Only male killifish were used in the
exposures; they were sexed by observing the presence of large
blue stripes down the ventral axis while females have large white
“bellies” and brown colouration. Killifish were acclimated to either
50% sea water (16 ppt, the reference condition), fresh water (FW;
0% seawater) or 100% sea water (32 ppt) at 18°C for at least 3
weeks prior to experimentation. Fresh water was dechlorinated
city of Hamilton tap water (moderately hard: [Na*] = 0.6 mequiv/L,
[CI-]=0.8 mequiv/L, [Ca?*]=1.8 mequiv/L, [MgZ*]=0.3 mequiv/L,
[K*]=0.05 mequiv/L; titration alkalinity 2.1 mequiv/L; pH~ 8.0;
hardness ~ 140 mg/L as CaCOs3). Saline waters were made by the
addition of Instant Ocean salt (Big Al's Aquarium Supercenter,
Woodbridge, ON) to fresh water. All aquaria were set up with
re-circulating pumps that flowed water through charcoal filters.
Aquarium water was changed every 2 to 3 days. Fish were fed
to satiation once daily with Big Al's commercial nutrient flakes
(Big Al's Aquarium Supercenter) and frozen brine shrimp (San
Francisco Brand, Newark, CA, USA) and were subjected to a 12h
light:12 h dark daily photoperiod. All procedures were approved by
the McMaster University Animal Research Ethics board and are in
accordance with the Guidelines of the Canadian Council on Animal
Care.

2.2. Oxygen consumption and EE2 uptake experiments

During exposures killifish were held in individual custom-made,
shielded respirometers, filled initially with (i) reference condition
water (16 ppt at 18°C) for most experiments or (ii) fresh water
(FW) at 18°C for FW-acclimated fish, or (iii) for salinity transfer
experiments only, killifish were taken from the reference condi-
tion acclimation tank and placed in FW or in 32 ppt for 24 h prior
to experimentation. An additional exposure was also performed
where fish acclimated to 16 ppt at 18 °C were terminally eutha-
nized with a lethal dose of NaOH-neutralized MS-222 30 min prior
to experimentation. Euthanized fish were then placed in individual
respirometers (16 ppt, 18 °C), and used as zero respiration controls
to account for any non-specific binding or passive diffusion. In this
experiment only, continuous aeration was provided throughout the
EE2 exposure period to ensure thorough mixing. Each individual
respirometer held a volume of 516 mL of water. Once fish were
placed in the respirometers, the units were moved to a constant-
temperature water bath at the intended experimental temperature.
The temperature was controlled by a recirculating system, such
that the bath holding the respirometers was connected to a con-
stant temperature reservoir. Therefore, the water was gradually
equilibrated over a 24 h period from 18 °C to the intended experi-
mental temperature that ranged from 4°C to 26 °C. The water was
vigorously aerated throughout this adjustment period. Fish were
also fasted during this 24 h period to avoid any influence of specific
dynamic action (i.e. the stimulatory effect of feeding) on metabolic
rate.
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After 24h, the water was gently replaced (i.e. with minimal
disturbance to the fish) with water at the experimental temper-
ature, and the aeration stone was removed. The water was then
dosed with radiolabeled [3H]-17-a- ethynylestradiol, obtained
from American Radiolabeled Chemicals (St. Louis, MO, USA) and
used at a specific radioactivity of 7488800 Bq/.g EE2 and a nom-
inal exposure concentration of 100ng EE2/L for each individual
respirometer. This was achieved by adding an appropriate amount
of non-radiolabeled EE2 in 100% ethanol (Sigma Aldrich, 98%
HPLC grade, St. Louis, MO) to the radiolabeled stock. In the tradi-
tional manner for radiotracer flux experiments, the uptake of total
EE2 (radiolabeled plus non-radiolabeled) was calculated from the
known specific activity. The respirometers were then closed to pro-
duce an air-tight seal. The exposure lasted for 2 h, during which
1 mL water samples were taken at 0, 60 and 120 min for radioactiv-
ity measurements, and 5 mL samples were taken at 0 and 120 min
for the measurement of the partial pressure of oxygen (PO, ). In pre-
liminary experiments with more frequent sampling, it was found
that the decline in PO, was linear over this time period. At the end
of each exposure, killifish were placed in 500 mL containers with
non-radiolabeled EE2 (Sigma Aldrich, 98% HPLC grade) at a concen-
tration of 10 pg/L for 5min (i.e. 100x the radiolabeled exposure
concentration) to displace any radiolabeled EE2 that was loosely
adsorbed to the body surface. After 5min, fish were euthanized
with a lethal dose of NaOH-neutralized MS-222 (Syndel Labora-
tories Ltd., Vancouver, BC, Canada) and the following tissues were
quickly harvested and weighed, prior to radioactivity analyses: car-
cass, gut, gill, liver, gall bladder and spleen. In some experiments,
liver and gall bladder were harvested and analyzed together as a
single organ.

2.3. Chronic killifish exposure experiment

Killifish were taken from reference condition water (i) and
placed into two separate 38 L tanks. Fish were allowed to acclimate
in the tanks over a 24 h period prior to experimentation to allow
adjustment to new surroundings. The first tank was dosed with an
appropriate volume of 100% ethanol vehicle (Sigma Aldrich, 98%
HPLC grade) and the second tank was dosed with non-radiolabeled
EE2 in ethanol (Sigma Aldrich, 98% HPLC grade). Each tank housed
9 fish and exposures ran for 15 days; both tanks were aerated
throughout the exposure, and 80% of the water was replaced daily.
At the end of the 15 day exposure, fish were placed in the individual
respirometers and a 2 h acute exposure with radiolabeled EE2 and
oxygen consumption experimentation was performed as described
above.

2.4. Time trial exposure experiments

To verify that EE2 uptake over the 2 h exposure period was linear
with time, a serial sampling experiment was performed usinga38 L
aquarium filled with reference condition water (i). The water had
been dosed with 100 ng/L radiolabeled EE2 and continually aerated
for 24 h. At the end of this time period, 24 killifish were placed in
the aquarium, and 6 fish were removed, sacrificed, and sampled
(as described in Section 2.2) at each of 30, 60, 90, and 120 min of
exposure.

2.5. Drinking rate experiments

In separate experiments, killifish from two of the acclimation
conditions (16 ppt and FW) were placed in static aerated 200 mL
plastic containers (shielded) at 18°C for 8 h in the previously-
mentioned water bath system. After a 2 h settling period, a dose
of 8 wCi radiolabeled [3H]-polyethylene glycol, M.W. 4000 (PEG-
4000; Perkin Elmer Life and Analytical Sciences, Boston, MA, USA)

with a specific activity of 47360000 Bq/g was added, and the expo-
sure continued for 6 h. Water samples (5mL) were taken at 0, 3
and 6 h, following which fish were euthanized with a lethal dose
of NaOH-neutralized MS-222. The gastrointestinal tract was then
exposed via a mid-ventral incision, and the gut was tied at both the
anterior and posterior ends with Ethicon™ braided silk 2.0 (3.0
metric; North Ryde, NSW, Australia) to prevent any loss of con-
tents. The entire gut was then removed, weighed and processed for
radioactivity analysis, as was the carcass.

2.6. Tissue analyses

The same methods were used for both radiolabeled [3H]-EE2
and radiolabeled [3H]-PEG-4000. Each organ was weighed; the car-
cass was placed in a 50 mL Corning™ centrifuge tube while all
other organs were placed in 2 mL bullet tubes. Carcass, gill, liver,
gall bladder and spleen tissues were then digested with 1N trace
metal grade nitric acid (Sigma-Aldrich) at volumes of 3-5 times
(exact volume recorded) the weight of the organ, except for the
gut which was digested in 2N trace metal grade nitric acid. The
sealed vials were placed in an incubator at 65 °C for 48 h, with vigor-
ous vortexing at 24 h. The digested samples were then centrifuged
for 5min at 3500 rpm at 18 °C. The following supernatant volumes
were taken for analysis: carcass 2 mL, gut 0.7 mL and the remaining
tissues 0.6 mL, and were added to either 10 mL (for gut and car-
cass) or 5mL (for other tissues) of scintillation fluid (Ultima Gold,
Perkin Elmer, Waltham, MA). The tissue samples were counted on a
Tri-Carb 2900TR Liquid Scintillation Analyzer (Perkin Elmer), using
the external standard ratio method for quench correction. Sam-
ples were standardized to a common counting efficiency (the same
as that of water samples) using a quench curve constructed from
various amounts of tissue digest.

2.7. Water analyses

Water PO, was measured using a Clarke-type oxygen electrode
(Cameron Instruments, Port Aransas, TX, USA) connected to an AM
Systems Polarographic Amplifier (Model 1900, Carlsberg, WA, USA)
digital dissolved oxygen meter. The electrode was maintained and
calibrated at the chosen experimental temperature. Water radioac-
tivities of either [3H]-EE2 or [3H]-PEG-4000 were measured by
adding 1 mL water samples to 3mL of scintillation fluid (Opti-
phase, Perkin Elmer), and counting on the Tri-Carb 2900TR Liquid
Scintillation Analyzer, with all values quench-corrected to a com-
mon counting efficiency.

2.8. Calculations

Oxygen consumption (MO, ) was calculated using the equation
below where change in water PO, per unit time was multiplied by
the O, solubility coefficient (Boutilier et al., 1984), then factored by
respirometer volume and normalized to a 5 g fish.

_ [PO3]; — [PO2 ]k
B At

where [PO,]; and [PO,]r are the initial and final partial pres-
sures of oxygen (mmHg), At represents the time period (h),
V is the volume of the respirometer (L), Sc is the solubility
coefficient (pmol/L/mmHg), and Sc represents the mass scaling
coefficient taken from Clarke (1999) which was calculated as
100-791og (5/weight(g)) Thus MO, was normalized in each trial to rep-
resent a 5 g fish, and expressed as pmol/5g-fish/h, so as to remove
the allometric effect of body mass on metabolic rate.

EE2 uptake rates were calculated from the counts per minute
of the individual organs (CPM), mean specific activity (SA), fish
weight and experimental time, and expressed in ng/g wet wt/h. In

MO, x V x S¢ x Sc (1)
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Fig. 1. Mean EE2 concentrations in ng/L, calculated from water radioactivity in the
various treatments, over the course of the 2 h exposures. The original addition of
radiolabeled EE2 was sufficient to create a nominal concentration of 100 ng/L, so
there was a large initial loss prior to the 0 min sample. Means +S.E.M (N=4-6 per
treatment, except for 32 ppt, where N=10).

practice, because EE2 is notoriously “sticky” to the walls of contain-
ers (Walker and Watson, 2010), the absolute measured exposure
levels were less than the nominal value of 100 ng/L and declined
with time, with some variability between trials (see Fig. 1). To
correct for this, all rates were adjusted to an EE2 exposure con-
centration of 100 ng/L, the original concentration added to each
exposure tank, by the following equation:

CPM;qta) 11
TSA CWar”
Where CPM,,) is total counts per minute of EE2 in the whole body
of the fish, W is the weight of the fish (g), SA is the specific activ-
ity of the radioactive stock (in cpm/ng), At is the total time of
the exposure, and Z is the ratio of 100 ng/L to the mean measured
EE2 exposure concentration averaged over the 2 h period for each
individual fish.

Similar to MO, these EE2 uptake rates were also normalized to a
5 g fish using the same scaling coefficient for consistency, resulting
in units of ng/5g-fish/h as follows:

EE2 Uptake = Z (2)

EE2 Absolute Uptake = EE2 Uptake x Sc 3)

Q19 values for MO, or EE2 uptake were calculated as:
(R )10/“2* ty)
(Rz)

where Ry, and R, are rates of oxygen consumption or EE2 uptake at
temperatures of t; and t,, respectively (Schmidt-Nielsen, 1997).

Drinking rate (DR, in mL/kg/h) was calculated by taking into
account the average PEG-4000 radioactivity measured in the expo-
sure water and the total radioactivity measured in the digestive
tract of individual killifish at the end of the 6 h period:

DR = CPM(total gut) % L « l (5)
CPM(water)

Qio = (4)

At W

where CPMota gur) 1S the total amount of counts per min present
in the gut, At is the flux time, CPMya¢er) is the average counts per
min per mL of water and W is the weight of the fish in kg.

An estimate of the theoretical uptake rate of EE2 by drinking
alone was made using the following equation:

1
< ©

where DR is the actual drinking rate that was measured (calcu-
lated for a 5-g fish in 16 ppt), CPMyater) is expressed as the mean

Theoretical uptake rate by drinking = DR x CPMyater) x

Table 1
EE2 uptake rate (ng/5g-fish/h) in recently deceased killifish (Fundulus heteroclitus)
at 18°C and 16 ppt. Means £ S.E.M (N=5).

Organ EE2 uptake rate
(ng/5g-fish/h) in dead fish
Carcass 0.046 + 0.010
Gut 0.005 + 0.001
Gill 0.002 + 0.0006
Liver +gall bladder 0.004 + 0.020
Spleen 0.0005 + 0.0001
Total 0.058 + 0.010

radioactivity of EE2 in the exposure water in cpm/mL. SA is the spe-
cific activity of EE2 measured from the radioactivity of the stock
solution.

2.9. Statistics

All statistical tests were performed with SigmaPlot 10.0 for lin-
ear and non-linear curve fitting and Sigma Stat 3.5 for comparisons
of means. Data have been expressed as means 41 SEM (N =number
of fish). For all experimental treatments, N =5 was used, unless oth-
erwise stated. Simple comparisons of two means were made by
Student’s unpaired two-tailed t-test. Comparisons among multi-
ple experimental means have been made using a One-Way ANOVA
followed by a Tukey’s post hoc test, in the case of failed normality,
a log transformation was used which was successful in achieving
normality. In Figures, values sharing the same letter were not sig-
nificantly different from one another (P> 0.05), whereas values not
sharing the same letter were determined to be significantly differ-
ent (P<0.05). Figure legends denote the specific test performed for
each trial.

3. Results
3.1. EE2 exposure levels

Mean exposure levels during the various trials are shown in
Fig. 1. In different series, mean concentrations ranged from about
43 to 65ng/L, and tended to decline slightly over time. Thus, all
EE2 uptake rates were adjusted to an exposure concentration of
100 ng/L as outlined in Section 2.

3.2. EE2 uptake rates of dead fish

Experiments with recently deceased Kkillifish under reference
conditions (18 °C, 16 ppt) revealed negligible EE2 uptake rates rel-
ative to those of live fish, thereby eliminating the possibility that
uptake in live fish was by surface adsorption alone. Whole uptake
body rates averaged only 0.05ng/5 g fish/h in dead fish (Table 1),
less than 4% of the rate measured in live killifish under the same
conditions (Fig. 3A).

3.3. Linearity of uptake experiment

Fish were sampled at 30 min intervals over the course of 2h.
The absolute uptake of EE2 by the whole body increased linearly
with time, reflected in a significant positive correlation (12 =0.98,
P=0.0006, Fig. 2A). Therefore flux rates of EE2 were identical when
calculated over 30, 60, 90, and 120 min periods (Fig. 2B). With
respect to the tissue-specific pattern of EE2 uptake, the carcass
accumulated the highest amount of EE2 across all time points
ranging from 0.07 ng/5-g fish after 30 min to 0.21 ng/5-g fish after
120 min. Furthermore, the gall bladder was the next highest accu-
mulator, followed by the liver, and gut respectively (Fig. 2C).
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Fig. 2. (A) Absolute uptake of EE2 at specific time points (30, 60, 90, 120 min) nor-
malized to a 5-g fish (ng/5-g fish), in killifish (Fundulus heteroclitus) acclimated to
18°C at a salinity of 16 ppt. Values are means+S.E.M. (N=6 per treatment). (B)
Uptake rates of EE2 in Killifish (Fundulus heteroclitus) calculated over specific time
periods (30, 60, 90 and 120 min), normalized to a 5-g fish (ng/5-g fish/h), in animals
acclimated to 18 °C at a salinity of 16 ppt. Values are means + S.E.M. (N =6 per treat-
ment). (C) Absolute uptake of EE2 in specific organs at specific time points (30, 60,
90, 120 min), normalized to a 5-g fish (ng/5-g fish), in killifish (Fundulus heterocli-
tus) acclimated to 18°C at a salinity of 16 ppt. Values are means +S.E.M. (N=6 per
treatment). GB = gall bladder.

3.4. EE2 and MO, at different temperatures

When temperature was decreased from the reference acclima-
tion condition (18°C, 16 ppt) to either 10°C or 4°C over a 24h
period, the whole body uptake rates of EE2 fell markedly from 0.56
to 0.27 and 0.11 ng/5-g fish/h, respectively (Fig. 3A). Uptake rates,
however, increased to 1.20ng/5-g fish/h when temperature was
increased to 26°C (Fig. 3A). A similar pattern was seen in MO,
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Fig. 3. (A) Whole body EE2 uptake rates (ng/5-g fish/h) in killifish (Fundulus het-
eroclitus) acclimated to 18°C at a salinity of 16 ppt, then exposed for 24h to
temperatures of 4, 10, 18, and 26°C at the same salinity. The Qo values for the
various temperature intervals are shown. Values are means & S.E.M. (N=5 per treat-
ment, except the 18°C treatment where N=6 and 4°C where N=4). Means with
different letters are significantly different (P<0.05) as determined by a One-Way
ANOVA on ranks followed by Tukey’s post hoc test. (B) Simultaneous rates of O,
consumption (MO, wmol/5-g fish/h) measured in the same treatments as panel A.
The Q1 values for the various temperature intervals are shown. Means with different
letters are significantly different (P<0.05) as determined by a One-Way ANOVA fol-
lowed by Tukey’s post hoc test. (C) The overall relationship between whole body EE2
uptake rate and MO; (12 =0.94, P<0.05) at different temperatures in the treatments
of panels A and B.
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Table 2

Acute (2 h) radiolabeled EE2 uptake expressed as a percentage of total whole body
uptake rates in the organs of killifish (Fundulus heteroclitus) after 15 day exposure
to non-radiolabeled EE2 (chronic) and ethanol (control) at conditions of 18°C at
salinity of 16 ppt. Means + S.EIM (N=9).

Organ Control Chronic
(ethanol exposed) (non-radiolabeled exposed)

Carcass 30.8 +£5.0 28.6 + 2.6
Gut 239 +22 223 +£29
Gill 41+03 32+0.6
Liver 22.0 £2.7 257 £2.2
Gall bladder 183 +£3.9 19.6 + 3.7
Spleen 1.0+ 02 09 +03

with significantly lower rates at both 4°C and 10°C and interme-
diate rates at 18°C and highest rates occurring at 26 °C (Fig. 3B).
Q;o values for EE2 uptake were similar in both the 10-18 °C ranges
and 18-26°C ranges (2.52, 2.54) with the highest in the 4-10°C
range (3.93), whereas Q;¢ values for MO, were high (4.42) only in
the 10-18 °Crange. For both EE2 uptake and MO,, Q¢ values were
>1.0 in the 4-10 and 18-26°C range. Overall, there was a strong
positive linear relationship between EE2 uptake and MO, (r? =0.94,
P<0.05; Fig. 3C).

3.5. Salinity studies

Changes in salinity had a marked effect on EE2 uptake in killifish.
Killifish that had been acclimated to the reference condition (18 °C,
16 ppt) accumulated EE2 at a 3-fold greater rate than freshwater-
acclimated killifish, approximately 2-fold greater than both 100%
seawater-acclimated animals (32 ppt), and killifish transferred to
32 ppt for 24 h prior. Furthermore, there was nearly 1.5-fold greater
uptake rate in the reference condition killifish comparatively to
those that had been transferred to fresh water for 24 h prior to expo-
sure (Fig. 4A). Unlike the temperature series (Fig. 3C), there was not
a significant positive correlation (2 =0.53, P=0.165) between EE2
uptake and MO, in this series (Fig. 4C).

3.6. Tissue-specific accumulation of EE2 in killifish

Following a 2 h exposure to 100 ng/L of radiolabeled EE2, the
tissue-specific pattern of EE2 accumulation was consistent across
all temperature and salinity treatments in killifish, and is illustrated
by the temperature series in Fig. 5A and B. Highest accumulation
always occurred in the liver and gall bladder (sampled together
in some of the series). This compartment accounted for at least
40-60% of the total accumulation in all series. When the liver and
gall bladder were sampled separately, as illustrated for the killifish
in the reference condition (18°C, 16 ppt), the gall bladder usually
accounted for about 35% of the total, while the liver accounted
for 25% of the radiolabeled EE2 (Fig. 5B). The carcass accumulated
approximately 20-30% of the total burden while the gut usually
accounted for 10-20% of the total accumulation. The spleen and
gills accounted for <10% of the total.

3.7. Chronic exposure

After a chronic exposure of killifish to non-radiolabeled EE2
(15 days), the rates of EE2 uptake (0.63 ng/5-g fish/h, S.E.M. £ 0.09,
N=9) were unchanged relative to those (0.66 ng/5-g fish/h, S.E.M.
+ 0.09, N=9) in simultaneous control animals exposed to clean
water for 15 days. The tissue-specific pattern of uptake also
remained unchanged in the organs of both the control Kkillifish
and those exposed chronically (Table 2). The carcass was the high-
est accumulator in both the control and chronically exposed fish,
at approximately 30% of the total uptake. The liver was the next
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Fig. 4. (A) Whole body EE2 uptake rates (ng/5-g fish/h) of killifish (Fundulus hete-
roclitus) exposed to five different salinity conditions: freshwater acclimation (FW),
16 ppt acclimation (50% sea water), 32 ppt acclimation (100% sea water), 24-h trans-
fer to fresh water after previous acclimation to 16 ppt, or 24-h transfer to 32 ppt
after previous acclimation to 16 ppt, all at 18 °C. Values are means + S.E.M. (N=4 per
treatment, except 32 ppt where N=10 and 32 ppt transfer series where N=6). Val-
ues not sharing the same letter are significantly different (P<0.05) as determined
by an One-Way ANOVA on ranks followed by a Tukey post hoc test. (B). The overall
relationship between the whole body EE2 uptake rates and the simultaneous rates
of 0, consumption (MO;) measured in the various salinity treatments of panels A
and B (12 =0.53, P=0.165) at different temperatures in the treatments of panels A.
Values are means + S.E.M.

highest accumulator in both exposures with the control at 22%
and chronic at 25%, followed by the gall bladder at 18% and 19%
respectively (Table 2).

3.8. Drinking

As the gut tissues accounted for 10-20% of the total EE2 accu-
mulation after 2 h (Fig. 6A and B), and absolute EE2 uptake rates
were much higher at 16 ppt than in fresh water, we investigated the
possibility that drinking accounted for a significant proportion of
uptake. Measured drinking rates were about 10 mL/kg/h in killifish
acclimated to 16 ppt, approximately 25 times higher than the very
low rates (approximately 0.4 mL/kg/h) in freshwater-acclimated
animals (Fig. 6A). When the drinking rate at 16 ppt was used to
predict the EE2 bioaccumulation seen in the gut (see equation 6,
calculation section of Section 2), it accounted for about 30% of the
actual measured value (Fig. 6B), or less than 5% of the whole body
uptake.
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Fig. 5. (A) EE2 uptake rates in specific organs, normalized to a 5-g fish (ng/5-g
fish/h), in Killifish (Fundulus heteroclitus) exposed to temperatures ranging of 4, 10,
18, and 26°C at a salinity of 16 ppt. Values are means + S.E.M. (N=5 per treatment,
except the 18°C and 4°C treatments where N=4). Note that the ‘liver’ contains
both the liver and the gallbladder. GB = gall bladder. (B) EE2 uptake expressed as a
percentage of total whole body uptake rates in the organs of killifish (Fundulus het-
eroclitus) exposed to 18 °C at salinity of 16 ppt. Note that the gall bladder and liver
are measured separately. Means + 1 S.E.M (N=4 per treatment).

3.9. Discussion

As hypothesized, we demonstrated that changes in uptake of
EE2 occurred under differing environmental conditions. Further-
more, there appears to be a significant relationship between oxygen
consumption and EE2 uptake in Killifish. We suggest that this is
likely due to environmental influences and physiological responses
to these influences that affect both oxygen consumption and the
uptake of this xenoestrogen.

3.10. EE2 concentrations

The waterborne concentration of EE2 was initially lower than
the added dose of 100 ng/L (Fig. 1). Most of the loss was immedi-
ate (i.e. prior to O min), indicating adsorption of EE2 to the glass
walls and plastic lids of the experimental containers, since EE2 is
described as “sticky” (Walker and Watson, 2010). The slow contin-
uing losses from 0 min through 120 min likely represented uptake
by the fish, as they were in the approximate range of the measured
accumulationrates. The substantial decline in the first 60 min of the
32 ppt treatment may have been an artifact of inadequate mixing
prior to the 0 min sample.
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Fig. 6. (A) Drinking rates (mL/kg/h) measured in Killifish (Fundulus heteroclitus)
acclimated to a salinity of 16 ppt or freshwater. Values are means & S.E.M (N=5 per
treatment). Asterisk indicates significant difference (P<0.05) by Student’s t-test. (B)
A comparison, for a 5-g killifish acclimated to a salinity of 16 ppt at 18 °C, of the
measured EE2 uptake rate into the gut with the theoretical rate of EE2 uptake that
could have been due to drinking of the medium over the same period. See Section 2
for details on calculations.

3.11. Linearity of uptake

This experiment was conducted to provide basis for the assump-
tion that uptake of EE2 follows a linear, proportional pattern with
time during acute exposure. This proved to be the case (Fig. 2A),
with flux rates remaining constant over the course of the 2 h period
(Fig. 2B), thereby validating the approach used in all other trials.
The experiment also revealed the very rapid metabolic processing
of EE2, with significant appearance of EE2-derived radioactivity in
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Fig. 7. The overall relationship between the rate of oxygen consumption (MO, ) and
the rate of whole body EE2 uptake in individual killifish, with temperatures ranging
from 26°C to 4°C, and salinities of freshwater, 16 ppt, and 32 ppt in the various
experimental series. 12 =0.55, P<0.0001.
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the liver and gall bladder after only 30 min of exposure, with steady
increases thereafter (Fig. 2C).

3.12. Temperature and EE2

At higher environmental temperatures, the carrying capacity of
water for oxygen is decreased, resulting in less dissolved O, for
any given PO,. Fish are poikilothermic, so their metabolic rates will
tend to parallel water temperature (Hazel and Prosser, 1974). When
fish are exposed to increases in temperature, both the volume and
rate of buccal pumping (i.e. ventilation) will increase, as will the
stroke volume and heart rate (i.e. perfusion) (Randall, 1982). Fish
will also enhance lamellar perfusion by increasing arterial blood
pressure and dilation of blood vessels, thereby opening a greater
proportion of lamellar capillary beds (Booth, 1978; Davis, 1972;
Farrell et al., 1980; Hughes and Saunders, 1970; Taylor and Barrett,
1985). The respiratory surface area, therefore, becomes enlarged
and the diffusion distance decreased (Nilsson 2007; Yang et al.,
2000). While these strategies will enhance oxygen uptake, they
may also increase EE2 uptake. Thus, it is not surprising that highest
uptake of EE2 occurred at the highest temperature (26 °C, 16 ppt)
(Fig. 3A). The opposite is true under cold temperatures; gill epithe-
lial thickness tends to increase as temperature decreases, thereby
increasing diffusion distance from water-to-blood (Portner et al.,
2004). There was also a great decline in oxygen consumption rates
reflecting decreases in cellular metabolic rate, ventilation and per-
fusion rates, and gill surface area (Nilsson, 2007). These reasons
are likely why we see a strong linear relationship between oxy-
gen consumption and EE2 uptake rates as temperature increases
or decreases (Fig. 3C).

The Q¢ value is a commonly-used index that quantifies the rate
at which processes change with temperature. If the Q¢ values are
below 1.5, passive processes are predominating, i.e. simple diffu-
sion. However, ifthe Q¢ values are above 2.0 thenit s likely that the
process involves the expenditure of metabolic energy (Kita et al.,
1996; Schmidt-Nielsen, 1997). At 4-10°C, 10-18°C, and 18-26°C,
EE2 Q1 values were above 2.0 indicating that uptake is very depen-
dent on temperature, displaying rates of reactions increasing 2-
to 3-fold as temperature increases 10-fold. Notably, O, consump-
tion rate also displayed a high Q¢ over part of this range, so this
relationship is not unexpected.

3.13. The mechanism of EE2 uptake

To rule out the possibility that significant EE2 uptake occurred
by surface adsorption, an exposure with recently deceased fish was
conducted. Uptake by the dead fish was only 4% of the accumula-
tion observed in live fish under the same conditions, and most of
the EE2 uptake in the dead fish was absorbed by the carcass, which
included the skin (Table 1). Thus, EE2 accumulation in live fish was
not by surface adsorption, but rather by a specific uptake and dis-
tribution pathway involving the circulatory system, resulting in
accumulation in the internal organs of live fish.

Our results indicate that the gills are the likely entry point for
EE2 uptake. This is probably because of the lipid-rich composition
of the gills and because they are a thin barrier between the aqueous
environment and the blood. The diffusion of lipid-soluble com-
pounds across the branchial epithelium has been shown to occur
transcellularly through a form of passive diffusion as in the case of
oxygen (Brauner et al., 1994; Hunn and Allen, 1974; McKim and
Erickson, 1991; Murphy and Murphy, 1971; Satchell, 1984; Yang
and Randall, 1995; Yang et al., 2000). We suggest that due to the
high octanol-water partition coefficient of EE2 (log Kow of 4.12)
there is an increased likelihood of a high absorption rate across the
gill lamellae (Bradbury et al., 1986; McKim et al., 1986, 1987a,b).
EE2 diffuses through the gills rather than accumulating in this

tissue, and entrance at the gills may be the rate-limiting step in
uptake of this organic compound. Our results support this notion
as only low levels of EE2 were repeatedly observed in the killi-
fish gills after acute exposures (Fig. 5A and B). Once an organic
compound diffuses across the gills it will likely become bound
to a protein carrier present in the blood (Schmieder and Henry,
1988). Sex hormone binding globulin (SHBG) has been implicated
as the possible transport protein required for EE2 movement in
fish (Miguel-Queralt and Hammond, 2008). Interestingly, SHBG is
located in the lamellae and has a high affinity for synthetic estro-
gens (Scott et al., 2005). Thus, if SHBG is the protein carrier that
binds EE2, then it is the probable mechanism behind EE2 delivery
to specific organs throughout the body.

EE2 uptake in the gut was 10-20% of the total after a 2 h exposure
under reference conditions (18°C, 16 ppt). EE2 could potentially
accumulate in the gut not only from the endogenous uptake of EE2
from the circulation, but also because of direct drinking of the exter-
nal medium, as the gut is the main site of CI~ and fluid absorption
in this species (Scott et al., 2004, 2006). Earlier work indicated that
freshwater killifish drink at a rate that is only about 10% that of fish
acclimated to brackish water (approximately 14 ppt) (Malvin et al.,
1980; Potts and Evans, 1967). Our results are in qualitative accord,
revealing that freshwater-adapted killifish drink approximately 25-
fold less than those acclimated to 50% sea water (16 ppt) (Fig. 6A).
However, the levels of EE2 actually measured in the gut were more
than 3-fold higher than predicted if drinking rate were to account
for the uptake alone (Fig. 6B), indicating a alternate explanation for
the appearance of EE2 in the gut, aside from drinking, as outlined
below.

3.14. EE2 accumulation in specific tissues

Together, the gall bladder and liver accounted for more than 50%
of total accumulation after 2 h in the reference condition (Fig. 5A
and B). However, when these organs were separated, the gall blad-
der actually accounted for the larger portion, indicating very rapid
processing of EE2 into the bile. Liver hepatocytes are known to con-
tain high concentrations of estrogen receptors which will bind EE2,
asitisan E2 mimic(Tollefsenetal.,2002; Werneretal.,2003),soitis
not surprising that EE2 accumulates preferentially in this organ. Itis
known that lipophilic xenobiotics, as well as other endogenous and
exogenous substances that are found circulating in the blood, are
metabolized/transformed by hepatic enzymes in the liver. These
substances are then secreted in a water soluble form to the gall
bladder where they are incorporated into the bile (Blom et al., 2000;
Forlin et al., 1995). In fact, bile sampling is a common method used
to detect exposure to xenoestrogens (Fenlon et al., 2010; Ruddock
et al., 2003). EE2 in the bile has likely been transformed into phase
Il metabolites (conjugates of glucuronic acid and sulphate) by the
liver. These compounds may be converted back into the parent
compound once expelled into the intestine/gut, a process aided by
bacterial modifications (Bodzek and Dudziak, 2006; Fenlon et al.,
2010). Very rapid biliary secretion of EE2 or its metabolites, as seen
in the time course experiment (Fig. 2C) likely provides explanation
for the appearance of EE2 in the gut, regardless of drinking rate.
However, because of the methodology used in this experiment, we
are unable to determine if whole EE2 is appearing in the gall bladder
or simply metabolites of EE2.

The carcass accounted for about 30% of EE2 accumulation in kil-
lifish, and contains all organs that were not excised; these included
brain, kidney, pancreas, testes, bone, muscle and fat deposits. There
are high-affinity estrogen receptors found in many tissues includ-
ing the brain, pituitary, gonads and accessory sex organs and evenin
bone (Anglade et al., 1994; Bremner et al., 1994; Doncarlos, 1996;
Ernst et al,, 1991; Komm et al., 1987; Loomis and Thomas, 1999;
Smith et al., 1996).
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3.15. Chronic exposure to EE2

Both the rates and the patterns of tissue-specific uptake of radi-
olabeled EE2 over 2h did not differ between killifish that were
chronically exposed to EE2 for 15 days and those that were acutely
exposed for only 2 h. This indicates that chronic exposure does
not result in an up or down-regulation of the EE2 uptake rate,
or in tissue-specific disposition. Furthermore, this is also proba-
bly indicative of the fast processing/metabolism of this chemical in
the organism and its limited accumulation over the course of 15
days.

3.16. Salinity and EE2

There are major differences in the morphology of the gill epithe-
lia of killifish in fresh water, 50% sea water and 100% sea water.
Seawater chloride cells (SWCCs) are either absent or dormant in
freshwater Kkillifish, but appear at salinities of 10% (3-4 ppt) or
higher; these cells contain invaginations termed apical pores and
are found between and below pavement cells (Laurent and Dunel,
1980; Laurent, 1984). Thus, the highest uptake of EE2 observed in
50% salinity was likely due to the apical pores on the outer lamel-
lae decreasing the diffusion distance for EE2. However, as salinity
increases, SWCCs become prevalent on the gill epithelium (Wood,
2001) and SWCCs may proliferate onto the respiratory lamellae
to deal with the increased ionic load. This movement is essen-
tial; however, the abundance and size of these cells will ultimately
increase the diffusion distance for gases and oxygen uptake (Perry,
1997, 1998), and presumably EE2 as well. This may explain the
lower EE2 uptake rates seen in 100% sea water (32 ppt) versus 50%
sea water (16 ppt), and the transfer from 50% sea water to 100%
seawater.

The freshwater Kkillifish gill has a unique cell type that may
be associated with the fact that they do not actively uptake Cl~
at the gill. These are called cuboidal cells and as a result killi-
fish will not display the typical freshwater chloride cells (FWCCs)
present in other teleosts (Patrick et al., 1997; Patrick and Wood,
1999; Wood and Laurent, 2003; Wood and Marshall, 1994). These
cuboidal cells are thick and intermingled with pavement cells
(PVCs), have mitochondria present in them, lack an apical pore, and
are in fact cuboidally shaped (Laurent et al., 2006). Furthermore,
in fresh water, the SWCCs are few in number and lay dormant,
covered by pavement and cuboidal cells, thereby increasing gill
epithelial thickness (Evans et al., 2005; Perry, 1997, 1998). Without
an apical pore, the diffusion distance becomes increased, resulting
in a thickening of the gill epithelia under freshwater conditions,
likely accounting for the decreased uptake of both EE2 and oxy-
gen observed in fresh water. In conditions of a transfer from 50%
sea water into fresh water for 24 h, there was a greater EE2 uptake
rate compared to freshwater-adapted killifish but overall, a lower
value than the value in the 50% seawater group. This is likely
because over the course of the 24h there is a rapid prolifera-
tion of cuboidal cells, accompanied by destruction and covering
of SWCCs, ultimately increasing gill epithelial thickness to adjust
for the change in ionic concentration in the water (Laurent et al.,
2006).

MacLatchy and colleagues (unpublished data) found a similar
trend between vitellogenin (VTG) gene expression and differences
in salinity in EE2-exposed fish. At a nominal exposure concentra-
tion of 250 ng/L of EE2 at 18 °C, they observed a significantly higher
gene expression of both VTG1 and VTG2 in 50% sea water than in
fresh water (Nadon, 2010). Our study correlates with this observa-
tion, as there was a higher uptake of EE2 at the 50% salinity, which
would likely contribute to the higher expression of VTG under sim-
ilar conditions.

3.17. Relevance of the findings

Our experimental evidence suggests that it may be possible
to develop a model to predict the bioaccumulation of organic
endocrine disrupting substances as a function of environmental
variables. Any environmental condition that alters oxygen demand
and consequently oxygen consumption will likely also impact tox-
icant uptake because oxygen and lipophilic toxicants have similar
uptake pathways in the gills. Therefore, the model could be based
on the relationship between oxygen consumption and EE2 uptake,
reflecting the gill as the entry point of uptake for both lipophilic
molecules (Fig. 7). The eventual goal will be to use such a model to
predict EE2 uptake under conditions of differing temperature and
salinity situations encountered in the estuarine environment, to
provide guidance for the location and timing of WWTP discharges.
An additional goal will be to incorporate the role of dissolved oxy-
gen variations in such a model.

Acknowledgements

This research was supported by an NSERC Strategic Grant to
D.M. and C.M.W. C.M.W. is supported by the Canada Research Chair
Program. We thank two anonymous reviewers whose comments
improved the paper.

References

Abraham, B.J., 1985. Species profiles: life histories and environmental requirements
of coastal fishes and invertebrates (Mid-Atlantic) - mummichog and striped
killifish. U.S. Fish Wild. Serv. Bio. Rep. 82 (11.4). U.S. Army Corps of Engineers,
TR EL-82-4, 23.

Anglade, 1., Pakdel, F., Bailhache, T., Petit, F., Salbert, G., Jego, P., Valotaire, Y., Kah,
0., 1994. Distribution of estrogen receptor-immunoreactive cells in the brain
of the rainbow trout (Oncorhynchus mykiss). Journal of Neuroendocrinology 6,
573-583.

Blom, S., Andersson, T.B., Forlin, L., 2000. Effects of food deprivation and han-
dling stress on head kidney 17a-hydroxyprogesterone 21-hydroxylase activity,
plasma cortisol and the activities of liver detoxification enzymes in rainbow
trout. Aquatic Toxicology 48, 265-274.

Booth, J.H., 1978. The effect of oxygen supply, epinephrine and acetylcholine on
the distribution of blood flow in trout gills. Journal of Experimental Biology 83,
31-39.

Bodzek, M., Dudziak, M., 2006. Elimination of steroidal sex hormones by conven-
tional water treatment processes. Desalination 198, 24-32.

Boudreau, M., Courtenay, F.C., MacLatchy, D.L., Berube, C.H., Hewitt, L.M., Van Der
Kraak, G.J., 2005. Morphological abnormalities during early-life development of
the estuarine mummichog, Fundulus heteroclitus, as an indicator of androgenic
and anti-androgenic endocrine disruption. Aquatic Toxicology 71, 357-369.

Boutilier, R.G., Heming, T.A., Iwama, G.K., 1984. Physiochemical parameters for use
in fish respiratory physiology. In W. S. Hoar, D.J. Randall (Eds.). Fish Physiology.
Vol. 10. Pt. A. Anatomy Gas Transfer and Acid Base Regulation. Academic Press,
New York, pp 403-430.

Bradbury, S.P., Coats, J.R., McKim, J.M., 1986. Toxicokinetics of fenvalerate in rainbow
trout (Salmo gairdneri). Environmental Toxicology and Chemistry 5, 567-576.

Bremner, WJ., Millar, M.R., Sharpe, R.M., Saunders, P.T.K., 1994. Immunohisto-
chemical localization of androgen receptors in the rat testis — evidence for
stage-dependent expression and regulation by androgens. Endocrinology 135,
1227-1234.

Brauner, C.J., Newman, J.F., Thurston, R.V., Randall, D.J., 1994. The effect of exposure
of exposure to 1,2,4,5-tetrachlorobenzene and the relationship between toxi-
cant and oxygen- uptake in rainbow trout (Oncorhyncus mykiss) during exercise.
Environmental Toxicology and Chemistry 13, 1813-1820.

Burnett, K.G., Bain, LJ., Baldwin, W.S., Callard, G.V., Cohen, S., Di Giulio, R.T., Evans,
D.H., Gomez-Chiarri, M., Hahn, M.E., Hoover, C.A., Karchner, S.I, Katoh, F.,
MacLatchy, D.L., Marshall, W.S., Meyer, ].N., Nacci, D.E., Oleksiak, M.F., Rees, B.B.,
Singer, T.D., Stegeman, J.S., Towle, D.W.,, Van Veld, P.A., Vogelbein, W.K., White-
head, A., Winn, R.N., Crawford, D.L., 2007. Fundulus as the premier teleost model
in environmental biology: Opportunities for new insights using genomics. Com-
parative Biochemistry and Physiology D 2, 257-286.

Clarke, AJ.N., 1999. Scaling of metabolic rate with body mass and temperature in
teleost fish J. Animal Ecology 68, 893-905.

Copeland, D.C., 1950. Adaptive behaviour of the chloride cell in the gill of Fundulus
heteroclitus. Journal of Morphology 82, 369-379.

Davis, J.C., 1972. An infared photographic technique useful for studying vasculariza-
tion of fish gills. Journal of the Fisheries Research Board of Canada 29, 109-111.

Doncarlos, L.L., 1996. Developmental profile and regulation of estrogen - receptor
(ER) messenger -RNA expression in the preoptic area of prenatal rats. Develop-
mental Brain Research 94, 224-223.



70 T. Blewett et al. / Aquatic Toxicology 127 (2013) 61-71

Ernst, M., Parker, M.G., Rodan, G.A., 1991. Functional estrogen receptors in ose-
teoblastic cells demonstrated by transfection with a reporter gene containing a
estrogen response element. Molecular Endocrinology 5, 1597-1606.

Evans, D.H., Piermarini, P.M., Choe, K.P., 2005. The multifunctional fish gill: domi-
nant site of gas exchange, osmoregulation, acid-base regulation, and excretion
of nitrogenous waste. Physiological Reviews 85, 97-177.

Farrell, A.P., Sobin, S.S., Randall, D.J., Crosby, S., 1980. Intralamellar blood flow pat-
terns in fish gills. American Journal of Physiology 239, 428-436.

Fenlon, K.A,, Johnson, C.A,, Tyler, C.R., Hill, M.E., 2010. Gas-liquid chromotography
- tandem mass spectrometry methodology for the quantitation of estrogenic
contaminants in bile of fish exposed to wastewater treatment works effluents
and from wild populations. Journal of Chromatography A 1217, 112-118.

Forlin, L., Lemaire, P., Livingstone, D.R., 1995. Comparative studies of hepatic xeno-
biotic metabolizing and antioxidant enzymes in different fish species. Marine
Environmental Research 39, 201-204.

Grosell, M., Wood, C.M., 2001. Branchial versus intestinal silver toxicity and uptake
in the marine teleost Parophrys vetulus. Journal of Comparative Physiology B 171,
585-594.

Hazel, R]., Prosser, C.L., 1974. Molecular mechanisms of temperature compensation
in poikilotherms. Physiological Reviews 54, 620-688.

Hogan, N.S,, Currie, S., LeBlanc, S., Hewitt, L.M., MacLatchy, D.L., 2010. Modulation
of steroidogenesis and estrogen signaling in the estuarine killifish (Fundulus
heteroclitus) exposed to ethinylestradiol. Aquatic Toxicology 98, 148-156.

Hughes, G.M.,, Saunders, R.L., 1970. Responses of the respiratory pumps to hypoxia
in the rainbow trout (Salmo gairdneri). Journal of Experimental Biology 53,
529-545545.

Hunn, ].B., Allen, J.L., 1974. Movement of drugs across the gills of fishes. Annual
Review of Pharmacology 14, 1-27.

Jobling, S., Tyler, C.R., Brighty, G., Sumpter, J., 1998. Widespread sexual disruption in
wild fish. Environmental Science and Technology 32, 2498-2506.

Kita, J., Tsuchida, S., Setoguma, T., 1996. Temperature preference and tolerance, and
oxygen consumption of the marbled rockfish, Sebastiscus marmoratus. Marine
Biology 125, 467-471.

Kneib, R.T., Steven, A.E., 1978. Growth, reproduction, and feeding of Fundulus hetero-
clitus (L.) on a North Carolina salt marsh. Journal of Experimental Marine Biology
and Ecology 131, 121-140.

Kneib, R.T., 1986. The role of Fundulus heteroclitus in salt marsh trophic dynamics.
American Zoologist 26, 259-269.

Komm, B.A,, Terpening, C.M., Benz, D.J., Graeme, K.A., Gallegos, A., Korc, M., Greene,
G.L, O'Malley, B.W., Haussler, M.R., 1987. Estrogen binding, receptor mRNA and
biological response in osteoblast-like osteosarcoma cells. Science 241, 81-84.

Linge, R., Hutchinson, T.H., Croudace, C.P., Siegmund, F., Schweinfurth, H., Hampe,
P., Panter, G.H., Sumpter, J.P., 2001. Effects of the synthetic estrogen 17a-
ethinylestradiol on the life-cycle of the fathead minnow (Pimephales promelas).
Environmental Toxicology and Chemistry 20, 1216-1227.

Langston, WJJ., Burt, G.R., Chesman, B.S., Vane, C.H., 2005. Partitioning, bioavailabil-
ity and effects of oestrogens and xeno-oestrogens in the aquatic environment.
Journal of the Marine Biological Association of the United Kingdom 85, 1-31.

Larsson, D.GJ., Parkkonen, ]., Pettersson, M., Berg, A.H., Olsson, P.E., 1999.
Ethinyloestradiol- an undesired fish contraceptive? Aquatic Toxicology 45,
91-97.

Laurent, P., 1984. Gill internal morphology. In: Hoar, W.S., Randall, D.J. (Eds.), Fish
Physiology Vol. 10A. Academic Press, Orlando, pp. 73-183.

Laurent, P., Chevalier, C., Wood, C.M., 2006. Appearance of cuboidal cells in relation
to salinity in gills of Fundulus heteroclitus, a species exhibiting branchial Na* but
not CI- uptake in freshwater. Cell and Tissue Research 325, 481-492.

Laurent, P., Dunel, S., 1980. Morphology of gill epithelia in fish. American Journal of
Physiology 238, R147-R159.

Leblanc, J., Couillard, C.M., Bréthes, J-C.F., 1997. Modifications of the reproduc-
tive period in mummichog(Fundulus heteroclitus) living downstream from a
bleached kraft pulp mill in the Miramichi. Estuary, New Brunswick, Canada.
Canadian Journal of Fisheries and Aquatic Sciences 54, 2564-2573.

Loomis, A.K., Thomas, P., 1999. Binding characteristics of estrogen receptor (ER) in
Atlantic croaker (Micropogonias undulates) testis: different affinity for estrogens
and xenobiotics from that of hepatic ER. Biology of Reproduction 61, 51-60.

Maclatchy, D.L., Courtenay, S.C., Rice, C.D., Van der Kraak, G.J., 2003. Development
of a short-term reproductive endocrine bioassay using steroid hormone and
vitellogenin endpoints in the estuarine mummichog (Fundulus heteroclitus).
Environmental Toxicology and Chemistry 22, 996-1008.

MacLatchy, D.L., Gormley, K.L., Ibey, R.E.M., Sharpe, R.L., Shaughnessy, K.S., Courtenay
S.C., Dubé, M.G., Van der Kraak, G.]., 2005. A short-term mummichog (Fundulus
heteroclitus) bioassay to assess endocrine response to hormone-active com-
pounds and mixtures. In: Ostrander, G.K. (Ed.), Techniques in Aquatic Toxicology,
vol. 2. CRC Press, New York, pp. 55-91.

Malvin, R.L., Schiff, D., Eiger, S., 1980. Angiotensin and drinking rates in the euryha-
line killifish. American Journal of Physiology 239, 31-34.

McKim, .M., Erickson, J.R., 1991. Environmental impacts on the physiological mech-
anisms controlling xenobiotics transfer across fish gills. Physiology and Zoology
64, 39-67.

McKim, J.M., Schmider, P.K., Carlson, RW., Hunt, E.P., Niemi, G.J., 1987a. Use of
respiratory- cardiovascular responses of rainbow trout (Salmo gairdneri) in
identifying acute toxicity syndromes in fish. I. Pentachlorophenol, 2,4-dinitro-
phenol, tricaine, methanesulfonate, and 1-octanol. Environmental Toxicology
and Chemistry 6, 295-312.

McKim, J.M., Schmieder, P.K., Niemi, G.J., Carlson, RW., Henry, T.R., 1987b. Use
of respiratory-cardiovascular responses of rainbow trout (Salmo gairdneri) in

identifying acute toxicity syndromes in fish. II. Malathion, carbaryl, acrolein,
and benzaldehyde. Environmental Toxicology and Chemistry 6, 313-328.

McKim, J.M., Schmieder, P.K., Erickson, R.J., 1986. Toxicokinetic modeling of (14C)
pentachlorophenol in rainbow trout (Salmo gairdneri). Aquatic Toxicology 9,
59-80.

Miguel-Queralt, S., Hammond, G.L., 2008. Sex hormone-binding globulin in fish gills
is a portal for sex steroids breached by xenobiotics. Journal of Endocrinology
149, 4269-4275.

Munkittrick, K.R., Portt, C.B., Van Der Kraak, G.J., Smith, LR., Rokosh, D.A., 1991.
Impact of bleached kraft mill effluent on population characteristics, liver MFO
activity, and serum steroid levels of a Lake Superior white sucker (Catostomus
commersoni) population. Canadian Journal of Fisheries and Aquatic Sciences 48,
1371-1380.

Munkittrick, K.R., Van Der Kraak, G.J., McMaster, M.E., Portt, C.B., Van den Heuvel,
M.R,, Servos, M.R., 1994. Survey of receiving water environmental impacts asso-
ciated with discharges from pulp mills. II. Gonad size, liver size, hepatic EROD
activity and plasma sex steroid levels in white sucker. Environmental Toxicology
and Chemistry 13, 1089-1101.

Murphy, P.G., Murphy, ].V., 1971. Correlations between respiration and direct uptake
of DDT in the mosquito fish Gambusia affinis. Bulletin of Environmental Contam-
ination and Toxicology 6, 581-588.

Nadon, T., 2010. Effect of salinity on responses to 17-a-ethynylestradiol in male Fun-
dulus heteroclitus. B.S.c Thesis, Department of Biology, Wilfrid Laurier University.
V, 26 pp.

Nilsson, G.E., 2007. Gill remodeling in fish-a new fashion or an ancient secret?
Journal of Experimental Biology 210, 2403-2409.

Parrott, J.L., Blunt, B.R., 2005. Life-cycle exposure of fathead minnows (Pimephales
promelas) to an ethinylestradiol concentration below 1 ng/L reduces egg fer-
tilization success and demasculinizes males. Environmental Toxicology 20,
131-141.

Patrick, M.L., Part, P., Marshall, W.S., Wood, C.M., 1997. Characterization of ion and
acid-base transport in the fresh water adapted mummichog (Fundulus hetero-
clitus). Journal of Experimental Zoology 279, 208-219.

Patrick, M.L., Wood, C.M., 1999. Ion and acid-base regulation in the freshwater
mummichog (Fundulus heteroclitus): a departure from the standard model for
freshwater teleosts. Comparative Biochemistry and Physiology Part A: Molecu-
lar & Integrative Physiology 122, 445-456.

Peters, R.E.M., Courtenay, S.C., Cagampan, S., Hewitt, M.L., MacLatchy, D.L., 2007.
Effects on reproductive potential and endocrine status in the mummichog (Fun-
dulus heteroclitus) after exposure to 17 alpha-ethynylestradiol in a short-term
reproductive bioassay. Aquatic Toxicology 5, 154-166.

Peters, R.E.M., Courtenay, S.C., Hewitt, M.L., MacLatchy, D.L., 2009. Effects of 17«
- ethynylestradiol on early-life development, sex differentiation and vitel-
logenin induction in mummichog (Fundulus heteroclitus). Marine Environmental
Research 69, 178-186.

Perry, S.F., 1997. The chloride cell: structure and function in the gills of freshwater
fishes. Annual Reviews of Physiology 59, 325-347.

Perry, S.F., 1998. Relationships between branchial chloride cells and gas transfer in
freshwater fish. Comparative Biochemistry and Physiology A 119, 6-9.

Portner, H.O., Mark, F.C., Bock, C., 2004. Oxygen limited thermal tolerance in fish?
Answer obtained by nuclear magnetic resonance techniques. Respiratory Phys-
iology & Neurobiology 141, 243-260.

Potts, W.T., Evans, D.H., 1967. Sodium and chloride balance in the killifish Fundulus
heteroclitus. Biological Bulletin 133, 411-425.

Randall, D.J., 1982. The control of respiration and circulation in fish during hypoxia
and exercise. Journal of Experimental Biology 100, 275-288.

Ruddock, P.J., Bird, D.J., Evoy, ]., Peters, L.D., 2003. Bile metabolites of polycyclic
aromatic hydrocarbons (PAHs) in European eels Anguilla anguilla from United
Kingdom. Estuaries 301, 105-117.

Satchell, G.H., 1984. Respiratory toxicology of fishes In Vol 2 Weber, LH (Ed). Aquatic
Toxicology. Raven Press, New York, pp. 1-50.

Schmidt-Nielsen, K., 1997. Animal Physiology: Adaptation and Environment, 5th ed.
Cambridge University Press, Cambridge, pp. 217-293.

Schmieder, P.K., Henry, T.R., 1988. Plasma binding of 1-butanol, phenol, nitroben-
zene and pentachlorophenol in the rainbow trout and rat: a comparative study.
Comparative Biochemistry and Physiology C 91, 413-418.

Scott, A.P., Pinillos, M.L., Huertas, M., 2005. The rate of uptake of sex steroids from
the water by Tinica tinca is influenced by their affinity for sex steroid binding
protein plasma. Journal of Fish Biology 67, 182-2000.

Scott, G.R., Baker, D.W.,, Schulte, P.M., Wood, C.M., 2008. Physiological and molecu-
lar mechanisms of osmoregulatory plasticity in Killifish after seawater transfer.
Journal of Experimental Biology 211, 2450-2459.

Scott, G.R,, Rogers, J.T., Richards, J.G., Wood, C.M., Schulte, P.M., 2004. Intraspecific
divergence of ionoregulatory physiology in the euryhaline teleost Fundulus hete-
roclitus: possible mechanisms of freshwater adaptation. Journal of Experimental
Biology 207, 3399-3410.

Scott, G.R., Schulte, P.M., Wood, C.M., 2006. Plasticity of osmoregulatory function in
the killifish intestine: drinking rates, salt and water transport, and gene expres-
sion after freshwater transfer. Journal of Experimental Biology 209, 4040-4050.

Segner, H., Caroll, K., Fenske, M., Janssen, C.R., Maack, G., Pascoe, D., Schafers, C.,
Vandenbergh, G.F., Watts, M., Wenzel, A., 2003. Identification of endocrine-
disrupting effects in aquatic vertebrates and invertebrates: report from the
European IDEA project. Ecotoxicology and Environmental Safety 54, 302-314.

Smith, G.T., Brenowitz, E.A., Prins, G.S., 1996. Use of pg-21 Immunocytochemistry to
detect andreogen receptors in the songbird brain. Journal of Histochemistry &
Cytochemistry 44, 1075-1080.



T. Blewett et al. / Aquatic Toxicology 127 (2013) 61-71 71

Taylor, EW., Barrett, D.J., 1985. Evidence of a respiratory role for the hypoxic
bradycardia in the dogfish Scyliorhinus canicula. Comparative Biochemistry and
Physiology A 80, 99-102.

Ternes, T.A., Stumpf, M., Mueller, J., Haberer, K., Wilken, R.D., Servos, M., 1999.
Behavior and occurrence of estrogens in municipal sewage treatment plants-1.
Investigations in Germany, Canada and Brazil. Science of Total Environment 225,
81-90.

Thorpe, K.L, Cummings, R.I., Hutchinson, T.H., Scholze, M., Brighty, G., Sumpter,
J.P., Tyler, CR., 2003. Relative potencies and combination effects of
steroidal estrogens in fish. Environmental Science and Technology 37,
1142-1149.

Tollefsen, K., Mathisen, R., Stenersen, J., 2002. Estrogen mimics bind with simi-
lar affinity and specificity to the hepatic estrogen receptor in atlantic salmon
(Salmo salar) and rainbow trout (Oncorhynchus mykiss). General and Compara-
tive Endocrinology 126, 14-22.

Tyler, C.R,, Jobling, S., Sumpter, ].P., 1998. Endocrine disruption in wildlife: a critical
review of the evidence. Critical Reviews in Toxicology 28, 319-361.

Valiela, 1., Wright, J.E., Teal, ].M., Volkmann, S.B., 1977. Growth, production, and
energy transformations in the salt-marsh killifish Fundulus heteroclitus. Marine
Biology 40, 135-144.

Walker, C.W., Watson, J.E., 2010. Adsorption of estrogens on laboratory materials
and filters during sample preparation. Journal of Environmental Quality 39,
744-748.

Werner, J., Wautier, K., Evans, R.E., Baron, C.L,, Kidd, K., Palace, V., 2003. Waterborne
ethynylestradiol induces vitellogenin and alters metallothionein expression in
lake trout (Salvelinus namaycush). Aquatic Toxicology 62, 321-328.

Wood, C.M.,2001. Target organ toxicity in marine and freshwater teleosts. In Schlenk
D., Benson W.H. (Eds.). New Perspectives: Toxicology and the Environment, Vol.
1, New York, pp. 1-89.

Wood, C.M., Grosell, M., 2008. A critical analysis of transepithelial potential in intact
killifish (Fundulus heteroclitus) subjected to acute and chronic changes in salinity.
Journal of Comparative Physiology B 178, 713-727.

Wood, C.M., Laurent, P., 2003. Na* versus Cl- transport in the intact killifish after
rapid salinity transfer. Biochimica et Biophysica Acta 1618, 106-119.

Wood, C.M., Marshall, W.S., 1994. lon balance, acid-base regulation, and chloride
cell- function in the common killifish, Fundulus heteroclitus - a euryhaline estu-
arine teleost. Estuaries 17, 34-52.

Wood, C.M, McDonald, M.D., Walker, P., Grosell, M., Barimo, ].F., Playle, R.C., Walsh,
P.J.,2004. Bioavailability of silver and its relationship to ionoregulation and silver
speciation across a range of salinities in the gulf toadfish (Opsanus beta). Aquatic
Toxicology 70, 137-157.

Yamamoto, H., Liljestrand, M.L., Shimizu, Y., Morita, M., 2003. Effects of physical-
chemical characteristics on the sorption of selected endocrine disruptors by
dissolved organic matter surrogates. Environmental Science and Technology 37,
2646-2654.

Yang, R.,Randall, D., 1995. Relationships between xenobiotic uptake/depuration and
oxygen consumption by fishes: A physiological model. EPA, 600.

Yang, R., Brauner, C., Thurston, V.V., Neuman, J., Randall, D.J., 2000. Relationship
between toxicant transfer kinetic processes and fish oxygen consumption.
Aquatic Toxicology 48, 95-108.

Zhang, L., Wang, W.X,, 2007. Gastrointestinal uptake of cadmium and zinc by a
marine teleost Acanthopagrus schlegeli. Aquatic Toxicology 85, 143-153.



	The effects of temperature and salinity on 17-α-ethynylestradiol uptake and its relationship to oxygen consumption in the ...
	1 Introduction
	2 Materials and methods
	2.1 Fish husbandry
	2.1.1 Killifish

	2.2 Oxygen consumption and EE2 uptake experiments
	2.3 Chronic killifish exposure experiment
	2.4 Time trial exposure experiments
	2.5 Drinking rate experiments
	2.6 Tissue analyses
	2.7 Water analyses
	2.8 Calculations
	2.9 Statistics

	3 Results
	3.1 EE2 exposure levels
	3.2 EE2 uptake rates of dead fish
	3.3 Linearity of uptake experiment
	3.4 EE2 and MO2 at different temperatures
	3.5 Salinity studies
	3.6 Tissue-specific accumulation of EE2 in killifish
	3.7 Chronic exposure
	3.8 Drinking
	3.9 Discussion
	3.10 EE2 concentrations
	3.11 Linearity of uptake
	3.12 Temperature and EE2
	3.13 The mechanism of EE2 uptake
	3.14 EE2 accumulation in specific tissues
	3.15 Chronic exposure to EE2
	3.16 Salinity and EE2
	3.17 Relevance of the findings

	Acknowledgements
	References


