where Log Pgiood:water 1S the predicted partitioning of the antidepressant from the aqueous
environment into the fish blood and the Log K., is the octanol:water coefficient of the
antidepressant [60].

From the above equation, Huggett et al. [59] further developed the following equation to
predict fish plasma concentrations from aqueous exposure (Fishpjasma):

Fishplasma= [Aqueous] * Pgigod:water 4)
where Fishpjasma 1 the predicted antidepressant concentration in the plasma of the fish,
[Aqueous] is the antidepressant concentration in the aqueous solution, and Pgjood:water the
predicted partitioning of the antidepressant from the aqueous environment into the fish
arterial blood [59].

However, equation 4 was not sufficient to predict ionizable compounds, such as
antidepressants, as has also been noted in a variety of field sampling studies [7-10,15,
17]. Thus, Valenti et al. [31] altered the model proposed by Fitzsimmons et al. [60] and
Huggett et al. [59] to account for site-specific pH effects on bioavailability by using log
D rather than log Ky, in the model. Log D is commonly used in pharmaceutical research,
as it quantifies the distribution of a drug at various pH values. Therefore, Valenti et al.
[31] altered the equation to include the Log D of a compound:

Log Pgisod:water = 0.73 * Log Doct:water — 0.88 (5)
Valenti et al. [31] was able to predict fish plasma concentrations from mean aqueous
sertraline (an SSRI antidepressant) (equation 5) exposures by using the 10g Doct:water fOr
sertraline, to yield a predicted vs. actual regression with an R?=0.98. Equation 5 has only

been validated on one ionizable compound, sertraline. Further validation of Valenti et
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al.”s model will be useful in predicting the partitioning of antidepressants into fish
plasma. Once the plasma concentration has been determined in fish, a comparison
between the human therapeutic plasma concentration and the fish plasma concentration
can be made. Huggett et al. proposed utilizing an effect ratio using the equation [57]:
ER= H{PC/FssPC (6)
Where ER is the effect ratio, HrPC is the human therapeutic plasma concentration, and
FssPC is the steady state fish plasma concentration [57]. An effect ratio of less than or
equal to one indicates that the fish plasma concentration is equal or greater than the
human therapeutic plasma concentration, and the possibility to exert a response in the fish
is high. If the effect ratio is greater than one, this suggests the fish plasma concentration
is less than the therapeutic human concentration and a response from the pharmaceutical
is less likely. Equation 6 has provided valuable and logical insight into utilizing existing
data to make prioritization decisions for further studies determining ecological risk.
Overall, validating these models with more antidepressants is necessary. Further, these
models represent the most up to date predictive models in the pharmaceutical literature.
There are currently no models predicting specific adverse effects (i.e. behavioral
changes) in the literature; the most predictive are those developed by Huggett et al. [57]

and Valenti et al. [31].

Dissertation Goals
The overall goal of this dissertation was to gain a better understanding of how

antidepressants alter brain chemistry and behavior in the hybrid striped bass. To achieve
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the goal, the first objective was to further our understanding of the relationship between
neurotransmitters and predatory behavior, and prioritize the therapeutic class of
antidepressants to focus my work. Next, I wanted to identify the target of SSRI
antidepressants in the hybrid striped bass. I also wanted to gain a better understanding of
the bioavailability of these compounds to the hybrid striped bass, as well as quantify the
antidepressant binding to the target receptor in the hybrid striped bass brain. Lastly, I
wanted to quantify the effects of an environmentally relevant mixture of antidepressants
on hybrid striped bass brain chemistry and predatory behavior. Thus, I accomplished
these goals by the following objectives:

1. Determined the effects of bupropion, a norepinephrine and dopamine reuptake
inhibitor (NDRI) antidepressant, on hybrid striped bass brain chemistry and
predatory behavior.

2. Identified the target of SSRI antidepressants, the serotonin reuptake transporter, in
the hybrid striped bass and quantify the binding affinity of various antidepressants
to the serotonin reuptake transporter in the hybrid striped bass brain.

3. Quantified the bioavailability of fluoxetine and venlafaxine, two previously
studied antidepressants that have caused adverse effects on brain chemistry and
behavior, through plasma and brain antidepressant concentrations.

4. Determined the effects of an environmentally relevant SSRI mixture on hybrid

striped bass brain chemistry and predatory behavior.
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CHAPTER TWO
THE EFFECTS OF BUPROPION ON HYBRID STRIPED BASS BRAIN

CHEMISTRY AND PREDATORY BEHAVIOR

Introduction

Antidepressant use has increased 400 percent since 1988, making them the third
most commonly prescribed therapeutic class of pharmaceuticals in the US [1]. Due to this
widespread and prolonged use, antidepressants are entering waste water treatment plants.
Currently, most wastewater treatment plants do not completely remove these materials;
thus, antidepressants are among the most prevalently detected pharmaceuticals in stream
samples that receive final treated wastewater effluent [1,2,3]. Most antidepressant
concentrations detected in rivers downstream of wastewater treatment plant outfalls are
individually in the low ng/L range in North America [3,4,5,6]; however, the
concentrations of the metabolite of venlafaxine, O-desmethylvenlafaxine have been
detected as high as 2.1 ug/L in untreated wastewater [6].
Since antidepressants are designed to target monoamine neurotransmission in the central
nervous system of humans, the presence of these drugs in the aquatic environment may
cause adverse effects to aquatic organisms. Brain monoamines, including dopamine,
norepinephrine, epinephrine, and serotonin, are highly conserved, and their metabolism is
believed to be the same in all vertebrates [7,8]. Antidepressants bind to reuptake
transporters on the presynaptic neuron to prevent neurotransmitters from being removed
from the synapse. The mechanism theoretically increases neurotransmission signaling in

the synapse [8,9]. Selective serotonin reuptake inhibitors (SSRIs), serotonin and
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norepinephrine reuptake inhibitors (SNRIs), and norepinephrine and dopamine reuptake
inhibitor (NDRIs) antidepressants are among the most currently prescribed antidepressant
classes, and they are marketed to target the respective neurotransmitter reuptake
transporter as indicated in the name.

Previous research has shown that hybrid striped bass (HSB) (Morone saxatilis x.
Morone chrysops) exposed to fluoxetine, a SSRI antidepressant, for 6 d in a static system
decreased brain serotonin concentrations in the HSB with a subsequent increase in time
to capture prey [10]. After a 6 d recovery period, both the HSB brain serotonin
concentrations and time to capture prey did not return to control levels [10]. Using the
same experimental design, HSB exposed to venlafaxine, a SNRI, also decreased brain
serotonin concentrations in the HSB after 6 d of exposure, and HSB exhibited an increase
in time to capture prey [11]. Although venlafaxine is marketed to target brain serotonin
and norepinephrine in humans, brain norepinephrine concentrations were not altered in
the HSB exposed to venlafaxine in the study [11]. After a 6 d recovery period, the brain
serotonin concentrations and the time it took the HSB to capture the first two (of the four
minnows) returned to control levels [11]. These previous studies suggested that when
antidepressant exposure altered brain serotonin concentrations in the HSB, time to
capture prey was subsequently increased. However, it is noted that many
neurotransmitters are involved in a variety of behaviors. Serotonin has been shown to be
involved in territorial behavior [12], reproduction [13], appetite [14], decreased
locomotor activity [7], stress [7] and immune function [15] in fish. Dopamine has been

shown to be involved in stimulating aggressive behavior [16] and dominance behaviors
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[7] in fish. Therefore, the purpose of this study was to investigate the effects of bupropion
(Figure 2.1), an NDRI antidepressant, on HSB brain chemistry and behavior. Bupropion,
a NDRI antidepressant and smoking cessation aid known commonly as Wellbutrin® or
Zyban®, is among the top 200 most prescribed pharmaceuticals [17]. Bupropion has been
detected in effluent dominated streams at concentrations as high as 227 ng/L [3], and has
also been found to accumulate in fish tissues, specifically fathead minnow brain tissues
[3,18] providing evidence that bupropion is reaching its intended site of action in fish.
The majority of studies examining the effects of antidepressants in the aquatic
environment focus on the SSRI and SNRI class of antidepressants, thus there are few
studies on the effects of NDRIs on aquatic organisms. Adult male fathead minnows
exposed to environmentally relevant bupropion concentrations for 21 days did not alter
their survival compared to controls [18]. However, Painter et al. (2009) found that
bupropion exposure to larval fathead minnows caused a decreased escape velocity and
total predator escape response [19]. The objectives of this study of the dissertation were
to (1) quantify the effects of bupropion on a suite of brain neurotransmitter
concentrations in fish and (2) quantify the effects of bupropion on a predator’s ability to
capture prey, measured through time to capture prey. To my knowledge, this is the first
study to examine the effects of bupropion on fish brain chemistry. Although the study
does not mimic environmentally relevant scenarios, it will further elucidate an important
relationship in fish between alteration of the brain neurotransmitter concentrations and

the ability of a predator to capture prey.
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Materials and Methods
Fish Culturing

Hybrid striped bass (Morone saxatilis x. Morone chrysops) were generously
donated by Southland Fisheries (Colombia, SC, USA). HSB were cultured in 450 L tanks
operated in a flow through mode using water from adjacent Lake Hartwell (Clemson, SC,
USA; pH 6.28 + 0.17, total hardness 24 mg/L as CaCOs, total alkalinity 10 mg/L as
CaCO3). The Cherry Farm aquatic facility at Clemson University continually pumps fresh
water from Lake Hartwell into a head pond. The water then undergoes gravel filtration
and UV sterilization before entering the aquatic facility. An inline heater and chiller
maintained water temperatures between 21 and 25°C. HSB were fed pelleted feed
(Zeigler Brothers, Inc) until they were large enough to eat fathead minnows. Fathead
minnows (P. promelas) were purchased from Anderson Minnow Farm (Lonoke, AR,
USA) and were cultured in 100 L troughs, in the same facility as the HSB. Minnows were
fed Tetramin flake food (Dr. Foster and Smith Aquatics, Inc., Rhinelander, WI, USA).
Both species of fish were used in accordance with Clemson University Institute of

Animal Use and Care Committee (AUP 2012-067 and 2014-015).

HSB Training

Since the HSB were fed pelleted feed until large enough to use in the
experiments, the HSB were trained to eat live fathead minnows with six days of group
training. To begin group training, HSB (length: 21.7 + 1.5 cm, mass: 224 + 50 g) were

randomly chosen from their culture holding tanks and placed in one 450 L tank with flow
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through water flow. For each training event, four fathead minnows per HSB were placed
in the group-training tank at once for the HSB to consume the minnows in a group
setting. The group training occurred every three days during a 6 d span, for a total of
three group-training events (Day 0, Day 3 and Day 6 in the 450 L tank). After the third
group training feeding event (Day 6), each HSB was placed into individual 80 L aquaria
(1 HSB/tank) to allow 9 days for them to acclimate to the aquaria before the experiment
began. The HSB had an individual training period with three feeding events, where each
HSB was again fed four live fathead minnows every three days. During these individual
training events, a researcher would drop four fathead minnows at the same time into the
tank containing one HSB. The researcher had a stopwatch that ran continuously and the
time was marked when the minnows were dropped into the HSB tank and when the HSB
ate each one of the four minnows. To delineate between the four different minnows that
are simultaneously dropped into the tank, prey 1 corresponds to the first of the four
minnows the HSB consumed, prey 2 is the second minnow that was consumed, prey 3
was the third minnow consumed, and prey 4 was the fourth minnow the HSB consumed.
The HSB were given a total of 25 min time to eat all four minnows. If the HSB did not
eat all four fathead minnows within 25 min, the minnows were removed from the tank.
Only the HSB that consistently ate all four fathead minnows in a timely manner in the

individual training period were selected for the experiment.
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Experimental Design

The hybrid striped bass predatory behavior assay previously used to quantify the
effects of fluoxetine [10], venlafaxine [11], and a mixture of the two antidepressants [21]
was used in the current study. The third individual training event (described above)
corresponded to day O of the experiment. After the feeding event on day 0, the
appropriate methanol or bupropion treatment was added to the water in the HSB tank (as
described in bupropion exposure). During the experiment, the HSB were exposed to
bupropion for 6 d in a static system followed by a 6-d recovery system where bupropion
was flushed from the system via continuous water flow. During the static exposure, water
flow was stopped and water quality (pH, temperature, DO) was monitored every three
days, after each feeding event. After the feeding event on day 6, water flows were turned
on and the same water quality parameters were monitored. The flow rates during the
recovery flow through period were set at 0.22 L/min with a hydraulic retention time of
approximately 2.7 h, allowing for approximately nine water exchanges in 24 h.
Throughout the twelve day experiment, HSB were fed four live, unexposed fathead
minnows every three days, with a researcher quantifying the time it took the HSB to eat
each one of the four minnows during each feeding event (Day 0, 3, 6, 9,12). The HSB
were given a total of 25 min (1500 s) to eat all four minnows. If after 25 min the HSB did
not eat all the minnows, the minnows were removed from the system and the HSB was
given a time of 1500 s for any uneaten minnows. After each feeding event (days 0, 3, 6,
9, and 12 of the experiment), five HSB from each treatment were euthanized and their

brains excised for monoamine analysis. The HSB were euthanized by submersion in
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MS222 (1.5 g/ MS222 buffered with CaCOs (pH 7.0-7.5) until operculum movement

ceased, and brains were removed immediately and stored at -80°C until analysis.

Chemicals and Reagents

Bupropion hydrochloride was purchased from Toronto Research Chemicals, Inc.
(Ontario, Canada). HPLC analytical grade acetonitrile, methanol, triethylamine, and
glacial acetic acid were purchased from Fisher Scientific (Pittsburgh, PA, USA) or
Riedel-de Haen (Seelze, Lower Saxony, Germany). Dopamine-d, (DA-dy),
norepinephrine-ds (NE-ds), epinephrine-ds (E-ds) and 5-hydroxytrypamine-d, (5-HT-
d4) were purchased from C/D/N Isotopes (Pointe-Claire, Quebec, Canada). Water
used for HPLC analysis was purified using a Milli-Q Super-Q Filtration System
(Millipore, Bilerica, MA, USA) to a measured resistance of 18 MQ. All chemicals and

reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless specified otherwise.

Bupropion Exposure

The HSB tanks were filled with 80L of water and marked with a line to ensure all
exposure volumes were uniform. Every tank was covered with two removable grated
squares and contained air stones to provide constant aeration. All tanks had a standpipe
drilled in the front of the tank to control water volume within each tank during the flow-
through aspect of the experiment. The water used during the experiment was the same as
previously described from Lake Hartwell, SC, USA, with an additional filtration step
from a multi-resin filtration system from Water and Power Technologies (Colombia, SC,

USA). The tanks were randomly assigned to the following four treatment groups:
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methanol control (control), 50 ug/L (low), 100 ug/L (medium), and 250 ug/L bupropion
(high). These concentrations were chosen based upon therapeutic relevance, as the
bupropion therapeutic dose of 50-100 ug/L is recommended for humans [20]. While these
concentrations are significantly higher than bupropion concentrations reported in the
aquatic environment, I was interested in elucidating if alteration of the brain
dopaminergic pathway correlated with changes in time to capture prey. Therefore, higher
concentrations that reflect mammalian doses versus environmental relevance were used
to ensure bupropion would alter the brain dopaminergic pathway in the HSB.

Bupropion stock solutions were prepared daily. These solutions were prepared by
dissolving bupropion HCI in methanol. The concentration of the bupropion stock solution
was chosen to ensure <0.1 mg/L methanol was added to each exposure tank (ASTM
E1241-92). Equivalent volumes of the stock solution were added to each tank to achieve
the appropriate nominal treatment concentration. The same methanol concentration in the
highest bupropion treatment was used for the methanol control, to ensure no carrier
solvent effects contributed to the results. After two hours of equilibration in each tank,
water samples were extracted and analyzed with a HPLC and an UV/visible absorbance

detector to confirm exposure concentrations.

Prior to the initiation of the behavioral studies, a bupropion stability study was
performed. A 6-d exposure was performed following the same experimental setup as
described for the behavioral studies with replicates of three bass/treatment. During this 6-
d experiment, water samples were taken daily and analyzed to determine the stability of

bupropion over the 6 d static exposure period. These half-life studies in the system
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showed that 78% of the initial bupropion concentration remained after the 6 d static
exposure period in the system (data not shown); therefore, the tanks were only spiked

with bupropion on day 0 dose for the duration of the static exposure.

Bupropion Analysis

Water samples were taken from each exposure tank after feeding events on days
0, 3, 6, and 7. Water samples were concentrated on a Waters Oasis HLB solid phase
extraction cartridge and stored at -20°C until eluted. Samples were eluted with methanol
and 1% acetic acid to achieve an expected elution concentration of 5 mg/L bupropion. A
standard curve of 1-10 mg/L was prepared to quantify the bupropion in the sample.
Aqueous concentrations were quantified with HPLC (Waters 1525 Breeze HPLC pump,
Water 717 Plus auto sampler) using an UV/visible absorbance detector (Waters, Milford,
MA, USA) at 254 nm. The mobile phase consisted of 400 mL HPLC grade acetonitrile,
600 mL Milli Q water, and 4 mL HPLC grade triethylamine, acidified to pH 3 with
glacial acetic acid. The mobile phase was filtered with 0.45 um nylon filters and degassed
prior to use on the HPLC. The flow rate was 1 mL/min and the sample injection volume

was 40 pL. Retention time was 4.75 min.

Brain monoamine analysis

Fish brain samples were rapidly thawed in iced Milli-Q water, and quickly spiked
with deuterium labeled neurotransmitter surrogates (DA-d4, NE-d6, E-d6, and 5-HT-d4).
The brain tissue samples were thoroughly homogenized in Milli-Q water with a Kontes

Pellet Pestle” Motor over iced Milli-Q water. Each homogenate was then split into two
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portions. Extraction buffer (150 mM sodium chloride, 50 mM tris
[hydroxymethylJaminomethane [Tris], 3% sodium dodecyl sulfate [SDS] and 10%
protease inhibitor cocktail) was added to one portion and stored at — 20 °C. Protein
concentrations of the samples were quantified using the Pierce® bicinchoninic acid
protein assay (BCA) kit (Thermo Fisher Scientific, Rockford, IL). A 10 uL of extracted
protein solution was mixed with 80 pL. BCA working reagent, incubated at room
temperature for 3 h. The absorbance at 562 nm was measured using a microplate reader
(Molecular devices SpectraMax M2e, Sunnyvale, CA). A calibration curve was prepared
by a series of different concentrations of bovine serum albumin (BSA). The protein

concentrations in the extracts were estimated from the calibration curve.

The second portion of homogenate was centrifuged at 15,000 rpm for 15 min at 4
°C and the pellet obtained was extracted twice by re-suspension in 0.1% (*/y) formic acid
in water. The extract was collected and spiked with internal standard
(phenylpropanolamine), and mixed with 50 uL of 0.4 M sodium bicarbonate (pH adjusted
to 10 with sodium hydroxide) and 150 pL of 10 mg/mL dansyl chloride (Dan-Cl) in
acetone by gentle vortexing for approximately 30 s, followed by incubation at 60 °C for 5
min. After that, another 150 puL of 10 mg/mL Dan-Cl in acetone was added, and followed
by gentle vortexing for 30 seconds and incubation at room temperature for 1 h. After
drying under a stream of nitrogen, the residue was reconstituted in 50 uL of 5% (*/y)
formic acid in methanol, vortexed for ca. 1 min and centrifuged at 15,000 rpm for 15 min
at 4 °C. The supernatant was collected for LC-MS/MS analysis. Quantification of

neurotransmitters and their metabolites was conducted via external calibration. All
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calibration standards were prepared in triplicates and followed the dansylation
derivitization procedure as described above. The dansylation derivatization was used to
enhance mass spectrometric detection and improve chromatographic separation of the
neurotransmitters and their metabolites. Performance of this monoamine analysis was
evaluated [22,23]. Spike recovery of all the neurotransmitters and their metabolites

ranged from 73.9 — 127.7%.

Instrumental Analysis

Qualitative and quantitative determination of neurotransmitters and their
metabolites was carried out on an Agilent 1200 Series high performance liquid
chromatography (HPLC) system (Agilent Technologies Inc., Santa Clara, CA, USA) with
an Applied Biosystems (ABI) 3200 QTrap® triple quadrupole linear ion trap mass
spectrometer (MS/MS) equipped with a Turbo VTM electrospray ionization (ESI) source
and Analyst® software version 1.5.2 (Applied Biosystems, Concord, Ontario, Canada).
The chromatographic separation was performed using an Agilent Zorbax eclipse XDB-
C18 rapid resolution high-throughput (RR HT) column (1.8 pm, 4.6 x 50 mm).
Separation was obtained using gradient elution at a flow rate of 250 pL/min, with solvent
A (water with 2 mM ammonium formate and 0.05% (*/,) formic acid at pH 2.98) and
solvent B (methanol with 2 mM ammonium formate and 0.05% (*/) formic acid) at the
composition of 95:5 (v/v) at =0 min to =5 min, changed linearly to 50:50 (*/y) in a
period of 1 min, followed by changing linearly to 5:95 (*/y) in a period of 19 min then
held at such composition for a further 20 min. The dansylated sample extracts were

maintained in the autosampler at 4 °C until injection.
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All neurotransmitters and their metabolites were quantified using ESI followed by
scheduled multiple reaction monitoring (sSMRM). The ESI source operated in positive ion
mode, and its main working parameters for the TurbolonSpray probe were set as follows:
ion spray voltage (IS): 5500V; gas 2 heater temperature (TEM): 750 °C; nebulizer gas 1
(GS 1): 60 psi (air); auxiliary gas 2 (GS 2): 50 psi (air); curtain gas (CUR): 20 psi
(nitrogen); probe y-axis position: 7 mm; x-axis: 5 mm. Nitrogen (> 99.995% purity) was
used as the collision activated dissociation gas (CAD = high) introduced into the collision
cell. Each analyte was monitored using individually optimized MRM transition. The
compound-dependent parameters (declustering potential [DP], entrance potential [EP],
collision cell entrance potential [CEP], collision energy [CE] and collision cell exit
potential [CXP]) and expected retention time of each MRM transition were summarized

in Table 2.1. The MRM detection window was 150 s and Target Scan Time was 1.5 s.

Statistical Analysis

JMP 11.0 (SAS, Cary, NC, USA) was used to analyze time to capture prey data
by a statistical model using treatment, day, treatment by day interactions, and tank nested
within treatment as a random effect, as the independent variables, sorted by prey number.
A least squared means differences student’s t test was run to make multiple pairwise
comparisons of the model output to determine statistical differences between day,
treatment, and treatment by day interactions. Because the experimental design has one
HSB per tank, using tank as a random variable corrected for the repeated measures of the

behavioral component of this study. A one-way ANOVA was performed to analyze the
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brain neurotransmitter data with concentration as the independent variable, sorted by day.
A least squared means differences student’s t test was then performed to make multiple

comparisons of each concentration against the control level.

Results and Discussion

The average water quality (mean + standard deviation) over the course of the
entire experiment was 21.97 + 1.84° C for temperature, 6.77 + 0.52 for pH, and 8.58 +
1.12 ppm dissolved oxygen. The mean + standard deviation bupropion concentrations
over the six days of the static exposure were 38.28 +3.22, 78.92 + 17.27, and 217.9 +
28.6 ug/L for the low, medium and high treatments. Solid phase extraction efficiencies
were 95 to 100 % (data not shown). Bupropion was below the detection limit in all
exposure tanks by 24 hours of flow through water flow.

Exposure to bupropion did not alter the time to capture prey compared to controls
over the course of the 12-day experiment (Figure 2.2). There were no statistical
differences in the time it took the HSB to capture the first prey fish (prey 1), second prey
fish (prey 2), or third prey fish consumed (prey 3) compared to controls. Prey 4 data were
not included as the data associated with this prey fish were quite variable.

On day 3 of the experiment, the whole brain concentrations of many dopaminergic
metabolites were increased above control concentrations (Figures 2.3 and 2.4).
Specifically, tyrosine, dopamine (DA), 3,4 dihydroxyphenylacetic acid (DOPAC, a
dopamine metabolite), homovanillic acid (HVA, a DOPAC metabolite), 3-

methoxytryramine (3MT, a dopamine metabolite), and the ratio of DOPAC: DA were all
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increased above control concentrations (p=0.05) for the medium treatment of bupropion
(Figure 2.4). Whole brain serotonin concentrations were not altered from control levels
by exposure to bupropion on day 3. It is not surprising that L-3,4-dihydroxyphenylalanine
(L-DOPA) was not significantly elevated by bupropion, as L-DOPA is quickly and
efficiently converted to dopamine [7]. Overall, bupropion altered the brain concentrations
of neurotransmitters in the dopaminergic pathway on day 3 in the HSB. Norepinephrine
brain concentrations appeared to be elevated above control concentrations on day 3;
however, this was not statistically different from the controls (Figure 2.4). The lack of
effects on brain norepinephrine concentrations in the HSB observed in this study are
consistent with the findings of Bisesi et al. [11] when HSB were exposed to venlafaxine,
a drug also targeting norepinephrine, in that study brain norepinephrine concentrations
were also not altered [11]. These results may be due to a difference in binding affinity for
these drugs for the dual receptors they are designed to alter. In the case of bupropion, the
affinity to block uptake of dopamine was determined to be 0.54 uM versus 0.98 uM for
norephinephrine transport (measured as Kj), providing evidence that bupropion has about
2x stronger affinity to block dopamine reuptake than norepinephrine [24]. A difference in
affinity for the serotonin and norepinephrine reuptake transporters have also been
observed in venlafaxine binding [25], which may explain why alteration of
norepinephrine concentrations were not observed in either study. All of the dopaminergic
pathway neurotransmitters that were increased on day 3 returned to control levels by day
6 (Figure 2.5), and remained unchanged from controls for the remainder of the 12 d

experiment. The low bupropion treatment exhibited an increase in serotonin on day 6;
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however, I speculate that this is a random response as it was neither dose dependent nor
observed for any of the other neurotransmitters at low bupropion exposure. On day 9,
after three days in a flow-through system with no bupropion, norepinephrine was
increased for the medium bupropion exposure (p=0.0243) (data not shown). By day 12,
the sixth day of a recovery in a flow-through system, all neurotransmitters were similar to
control levels (data not shown).

Bupropion may take up to 6-8 weeks to exert its antidepressant effects in humans
[17], as desensitization of the neurotransmitter autoreceptors is required [26]. Rats
exposed to bupropion by IP injection displayed the greatest increase in brain
norepinephrine and dopamine concentrations 40 minutes after injection, with a
subsequent decrease back to control levels after 120 minutes [27]. A similar observation
was found in mice with the effects of bupropion depleting after 30 minutes of IV
exposure [28]. Therefore, it could be possible that a similar response occurred in the
present study, with the increased dopaminergic neurotransmitter concentrations on day 3
and return to control levels by day 6, most likely due to autoreceptors not being
desensitized within that time frame.

In the present study, we found that the medium bupropion treatment caused a
statistically significant increase in the concentration of tyrosine, dopamine, and many of
dopamine’s metabolites on day 3 in a non-dose dependent manner since the highest
bupropion exposure did not cause the greatest increase in these neurotransmitters. The
low and medium treatments correspond to human therapeutic doses. A similar non-dose

dependent increase in brain neurotransmitters was also observed in mammalian studies.
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Mice exposed to bupropion at 20 mg/kg caused an increase in brain norepinephrine
concentrations, while 40 mg/kg caused a decrease in brain norepinephrine levels from
controls, showing a non-dose dependent response for norepinephrine [29]. It is possible
that the low and medium bupropion doses in this study had the greatest effect on altering
neurotransmitters in the dopaminergic pathway before negative feedback mechanisms
began, while the high treatment immediately caused a negative feedback mechanism to
shut down the synthesis pathway, thus a dose dependent alteration in the
neurotransmitters was not observed.

Few studies have examined the effects of bupropion on aquatic organisms. Painter
et al. (2009) concluded bupropion exposure to fathead minnows during the larval stage of
development exhibited a decreased velocity and decreased total escape response at 12 d
old [19]. Male fathead minnows exposed to environmentally relevant concentrations of
bupropion displayed a decreased expression of common male fathead minnow sexual
characteristics, measured by tubercles, dorsal pad, and color expression [18]. However, in
these fish studies, neurotransmitter concentrations were not quantified. Thus, I am unable
to compare how these behaviors and effects may correlate with changes in
neurotransmitter concentrations caused by bupropion. Understanding the link between
brain neurotransmitter concentrations and different behaviors will help better identify
potential adverse effects based on specific mechanisms of action of different
pharmaceuticals in the environment. This study provided evidence that alteration of brain
dopaminergic neurotransmitter concentrations does not cause an adverse effect on

predatory behavior in the HSB. Though behavior is a complex collection of biochemical
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and environmental responses and it is hard to identify one single neurotransmitter
responsible for any one behavior, some correlations between monoamine concentrations
and behavior have been established. Dopamine has been associated with locomotor
behavior. Locomotor effects were observed after administration of dopamine agonist
drugs, such as apomorphine, and yielded stereotypy, which in general refers to behaviors
consisting of constant, repetitive movements [30]. However, at low doses of dopamine
agonist drugs, a sedative effect on locomotion was observed in mice [30]. Despite the fact
that HSB dopamine concentrations were altered by exposure to bupropion in this study, I
did not examine if predator locomotion was affected. However, even if the predator’s
locomotion was affected, it did not alter the predator’s ability to capture unexposed prey
in this bioassay. Dopamine has also been associated with aggression in a variety of
species. Throughout the exposure, increased aggression was qualitatively observed for
the HSB exposed to bupropion, with the HSB hitting volumetric flasks when they were

placed in the tank to collect water samples.

Summary and Conclusions

Hence, to further our understanding of the effects of antidepressants on fish brain
chemistry and predatory behavior, the present study demonstrated that HSB exposed to
bupropion, an antidepressant that is marketed as a norepinephrine and dopamine reuptake
inhibitor, altered brain dopaminergic neurotransmitter concentrations in the hybrid striped
bass but did not cause an alteration in time to capture prey in the HSB. These results

suggest that alteration of the dopaminergic pathway does not affect predatory behavior.
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has reached or exceeded the intended therapeutic dose in humans [14]. If the ratio is more
than one, then a receptor mediated effect is less likely, since the concentration in the
nontarget organism is less than the intended therapeutic dose. Using a conservative dose
of 500 ng/mL [23] for fluoxetine as the human therapeutic plasma concentration and the
reported plasma concentrations found in this study, the plasma effect ratio for fluoxetine
is 0.1-0.3 for the range of exposure concentrations. Using a conservative estimate of 400
ng/mL [23] for venlafaxine, the plasma effect ratio was 0.2-1.1 for the aqueous
exposures. Therefore, since these effect ratios fell below the 1 threshold, it is apparent
why effects were observed on brain chemistry and behavior in the HSB. These
calculations do not take into consideration active metabolites of either drugs or mixtures

of several antidepressant, which should be addressed in future studies.

Summary and Conclusions

This research provided evidence that the bioavailability of antidepressants is strongly
correlated with changes in brain chemistry and predatory behavior. There have been
several field studies quantifying antidepressants in many streams across North America
and in several fish tissues [3-9], specifically the brain. However, it is important to
understand how the aqueous concentration correlates with an internal dose in the
organism, and the internal dose required to cause an adverse effect that may affect an
organism’s fitness. Further, gaining a more robust understanding of how internal doses

affect changes in brain chemistry and more fitness related behaviors in fish will help
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scientists make predictions on other potential adverse effects that may be caused by the

presence of antidepressants in the aquatic environment.
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TABLES AND FIGURES

Table 4.1. LC-MS/MS MRM optimization parameters for the antidepressants and

neurotransmitters in the brain and plasma samples.

Precursor

Product

Dwell Time

Q1

Compound Ton(s) Ton(s) (mSec) v | vy | BM
Serotonin 1772 160.1 300 11 | 13 | -18
SHIAA 191.9 146.1 400 96 | -14 | -16
2782 58 5 12 | 21 | -1
Venlafaxine 278.2 260.1 5 -12 -12 -20
2782 121 5 12 | 27 | 26
311 44 3 94 | 13 | -19
Fluoxetine 311 45 3 94 | 13 | a8
311 290.2 3 44 | 55 | -15
Fl“"zgtme' 315 153.1 25 44 | <10 | -17
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Table 4.2. Aqueous, plasma, and brain concentrations of both fluoxetine and

venlafaxine after 3 days exposure to the HSB. Values represent the mean + standard

error concentration for each treatment in the respective matrix at the 72 hr time point.

Fluoxetine
Nominal exposure (ng/L) | [Aqueous] (nug/L) | [Plasma] (pg/L) | [Brain] (pg/g)
0 ND ND ND
Low 27+1.3 1846 + 454 36 +1.0
Medium 51+46.3 2744 + 167 76 +2.3
High 120 + 12 5071 + 630 176 +2.9
Venlafaxine
Nominal exposure (ng/L) | [Aqueous] (nug/L) | [Plasma] (pg/L) | [Brain] (pg/g)
0 ND ND ND
Low 40+2.9 358 +3.3 0.010 +0.001
Medium 224 +27 1563 +25 0.042 + 0.006
High 373 +33 1995 + 104 0.104 + 0.009

ND: Not detected.

97




Fluoxetine Venlafaxine

ZT

O

H4CO

Figure 4.1. The molecular structures of fluoxetine and venlafaxine.
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Figure 4.2. Fluoxetine plasma partitioning in the HSB over 72 hours. The plotted values represent the mean + standard
error for each treatment at each time point. The plasma fluoxetine concentrations among each treatment were not different at

48 hours and 72 hours, as determined by a student’s t test.
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Figure 4.3. Brain fluoxetine partitioning in the HSB after 6 hours and 72 hours of aqueous exposure. The plotted values
represent the mean + standard error brain fluoxetine concentrations for the different treatments at 6 hour and 72 hour time

points.
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Figure 4.4. Comparisons of the plasma partitioning data with the log D plasma model. The data collected in this study
(data points) were compared with the predicted plasma concentrations (solid lines) from the log D plasma model by Valenti et
al. (2012). Venlafaxine appeared to fit the model at the low and medium exposure concentrations, while fluoxetine plasma

concentrations were an order of magnitude greater than the predictions of the model.
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Figure 4.5. Brain antidepressant concentrations as predictors of change in brain serotonin. Brain fluoxetine and
antidepressant concentrations in the HSB strongly correlated with changes in brain serotonin concentrations in a linear
response for fluoxetine and a nonlinear relationship for venlafaxine. It appears saturation occurred with decreases in the brain
serotonin concentrations at the medium and high venlafaxine brain concentrations, similar to what was observed by Bisesi et
al. (2014). Plotted values represent the mean + SE of brain antidepressant and mean + SE change in brain serotonin

concentrations from controls for the low, medium, and high treatments of the antidepressants at 72 hours.
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Brain fluoxetine as a predictor of time to capture prey
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Figure 4.6. Fluoxetine brain concentrations correlated with time to capture prey by the HSB. Fluoxetine had a linear
relationship with the HSB time to capture prey. Data points represent mean + standard error for time to capture prey 1 and prey

2, and brain fluoxetine concentrations.
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Brain venlafaxine as a predictor of time to capture prey
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Figure 4.7. Venlafaxine brain concentration correlated with time to capture prey in the HSB. Data points represent mean
+ SE time to capture prey 1 and prey 2 and venlafaxine brain concentrations in the HSB. This nonlinear relationship between

brain venlafaxine and time to capture prey was also observed with venlafaxine’s correlation with changes in brain serotonin.
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CHAPTER FIVE
THE EFFECTS OF AN ENVIRONMENTALLY RELEVANT SSRI MIXTURE
ON HYBRID STRIPED BASS BRAIN CHEMISTRY AND PREDATORY

BEHAVIOR

Introduction

In 2010, approximately 48% of Americans took at least one prescription drug
each month [1]. The number had risen to 70% by 2013 [2]. Antidepressants are the third
most prescribed pharmaceutical class [1]. Widespread use coupled with incomplete
removal during wastewater treatment processes has led to several antidepressants, with
similar mechanisms of action, detected in many effluent dominated streams across the
U.S. [3-7]. Selective serotonin reuptake inhibitors (SSRIs) and serotonin and
norepinephrine reuptake inhibitors (SNRIs) have previously been shown to cause effects
on brain serotonin concentrations and predatory behavior in the hybrid striped bass [8,9],
with evidence of additivity in both responses when bass were exposed to a mixture of
fluoxetine (SSRI) and venlafaxine (SNRI) [10]. Bass exposed to a norepinephrine and
dopamine reuptake inhibitor (NDRI) did not show an effect on predatory behavior,
though it did alter brain norephinephrine concentrations (Sweet et al., dissertation chapter
2). Many of the drugs detected in the aquatic environment are SSRIs, with many of their
metabolites also detected in effluent dominated streams. Some of these metabolites have
displayed similar potency to the parent SSRI with their affinity for binding to the

serotonin reuptake transporter [11]. Therefore, it is apparent that these compounds are
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entering the environment in complex mixtures, and the need to characterize the potential
risk of these mixtures is apparent.

Few studies have characterized the effects of antidepressant mixtures on aquatic
organisms. Bisesi et al. [10] found evidence of additivity for decreased brain serotonin
levels and increased time to capture prey when the hybrid striped bass were exposed to a
mixture of fluoxetine and venlafaxine, though at higher than environmentally relevant
concentrations. Painter et al. [12] found that predator avoidance behavior in larval fathead
minnows was negatively affected by an environmentally relevant antidepressant mixture
exposure. However, reproductive behavior in male fathead minnows was not altered by
similar mixture exposure concentrations [13]. Therefore, it is clear that more research is
needed to better characterize the effects of antidepressant mixtures on ecologically
relevant endpoints.

The objective of this research was to characterize the effects of antidepressant
mixtures of SSRIs on hybrid striped bass brain chemistry and predator behavior. The
SSRIs sertraline, citalopram, and fluoxetine (Figure 5.1) were chosen for the
antidepressant mixture for the exposure. These three SSRIs have been detected in the
aquatic environment, and detected in brain, liver, and muscle tissues in fish and other
aquatic organisms sampled from effluent dominated streams [4,6, 14]. Our hypothesis
was that these antidepressants would act in an additive manner because they have the
same mode of action, resulting in decreases in brain serotonin concentrations in hybrid
striped bass. Fathead minnows exposed to sertraline spent less time under shelter than

control fish, suggesting sertraline caused an anxiolytic effect in male fathead minnows
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[15]. Three-spine stickleback (Gasterosteus aculeatus) feeding was reduced by 30-40%
upon exposure to environmentally relevant concentrations of citalopram [16]. Fluoxetine
exposure caused a decrease in brain serotonin concentrations with a subsequent increase
in time to capture prey in the hybrid striped bass [8]. Fluoxetine has also been shown to
increase time to capture prey in fathead minnows and a decrease in mating behavior by
fathead minnow males [17]. However, many of these exposure concentrations were
significantly higher than those found in streams across the US. These SSRI
antidepressants were chosen for this mixture study given that these drugs have
individually caused adverse effects on fitness related behaviors and are commonly

detected in the aquatic environment

Methods
Antidepressant Mixture Concentrations

Antidepressant mixture concentrations used a dose equivalent approach by
incorporating the binding affinity (previously determined, Sweet dissertation chapter 3)
of each antidepressant to the hybrid striped bass serotonin reuptake transporter (SERT),
the target of the antidepressants. Since sertraline had the strongest binding affinity for the
transporter, the highest environmental concentration reported for sertraline (80 ng/L) was
multiplied by the binding affinity of each drug to determine the lowest concentration of
each individual drug in the mixture (Table 5.1). The total SSRI exposure concentration in
the low mixture dose was approximately 2 ug/L, the medium dose was 20 ug/L, and the

29 ¢

highest dose was 100 ug/L. Hereafter, the doses will be referred to as “low,” “medium,”
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Brain samples were dissected and stored initially on dry ice until they were
transferred to a -80°C freezer until analysis. Brains were weighed and placed in a new
microcentrifuge tube. Fifty uL of Milli-Q was added with 500 ng/L Fluoxetine-d5 HCI.
Brains were sonicated using a probe sonicator at 10% amplitude for 10 seconds. Cold
acetonitrile (200 pL) was then added to the homogenate and placed in a -80°C freezer
until the homogenate mixture was frozen to precipitate the proteins. Samples were
removed from the -80°C freezer and centrifuged at 14000 RPM for 5 minutes at 4°C. The
supernatant was then removed and placed in a new microcentrifuge until the supernatant
was frozen to again precipitate any proteins. The samples were centrifuged again under
the same conditions and the protein precipitation step was performed a third time before
then transferring the supernatant into a new tube for LC-MS/MS/ESI analysis. The LC-
MS/MS parameters for brain analysis are showed in Table 5.3. Brain serotonin
concentrations were normalized to protein concentration determined by Pierce BCA
protein assay kit (Life Technologies, Inc). An aliquot of the LC-MS/MS ready sample
was diluted 1:10 with Milli Q water and run using the manufacturer’s instructions. Brain
antidepressant concentrations were normalized to brain tissue weight (g).

The mobile phase consisted of 0.01% formic acid in water and methanol. An
isocratic method was run starting with 5% methanol for 2 min, and increasing to 10%
methanol for 2 min (run time: 4 min), increasing to 95% methanol for 2 min (run time: 6
min) and remaining at 95% methanol for 5 min for a total run time of 11 min. After 11
min, the mobile phase reduced back down to 5% methanol over 6 minutes to re-

equilibrate the column prior to the next sample injection. The sample injection volume
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was 1 puL and the compound retention times were as follows: Serotonin: 2.9 min,
citalopram: 8.8 min, fluoxetine: 9.0 min, fluoxetine-d5: 9.0 min, sertraline: 9.2 min. Due
to the fast break down of serotonin, samples were loaded 2-3 at a time to ensure the
compounds did not further break down during analysis. The limit of quantitation for
serotonin was 150 nM, citalopram was 78 nM, sertraline was 6.5 nM, and fluoxetine and
fluoxetine-d5 were both 5 nM.
Statistical Analysis

All statistical analysis was performed using JMP 10.0. To analyze the behavioral
data, the data were transformed to log (data) + 1 to reduce data variability for analysis. A
model was run with day, treatment, day*treatment, and tank nested within treatment as a
random variable to analyzed all time to capture prey data. Since one HSB was placed in
each tank, nesting tank within treatment and treating it as a random variable corrected for
the repeated measures of time to capture prey. A least squares mean student’s t test was
run to make multiple comparisons of the model output to determine statistical differences
between day, treatment, and treatment by day interactions. A least squares mean
difference student’s t test was performed to make multiple comparisons of treatment and
treatment by day effects on the brain data.
Results and Discussion
Water Quality

The average water quality parameters (mean + standard deviation) over the course

of the entire experiment were 21.3 + 1.4° C for temperature, 6.9 + 0.2 for pH, and 8.58 +
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2.4 ppm dissolved oxygen. HPLC analysis confirmed that the measured concentrations of
all SSRIs were equal to or greater than 90% of nominal values.
Behavioral Assay

In analyzing the behavioral data, the time it took the HSB to capture each one of
the four fathead minnows was analyzed separately; thus, prey 1 corresponds to the first
fathead minnow the HSB captured, prey 2 corresponds to the second fathead minnow the
HSB capture, prey 3 the third fathead minnow, and prey 4 data is the fourth and last of
the fathead minnows captured. The high mixture treatment was the only treatment to
show statistically significant increases in time to capture prey 1 (Figure 5.2) and time to
capture prey 2 (Figure 5.3). By day 12, all treatments resulted in decreased time to
capture prey 3 (Figure 5.4). The time to capture prey 4 data was very variable and was
not included as no statistical differences were observed from controls.

Given that exposure to serotonin targeting antidepressants decreased brain
serotonin concentrations and increased time to capture prey in the HSB [8-10] at higher
than environmentally relevant concentrations, the goal of this research was to test a series
of mixture exposures that encompassed environmentally relevant concentrations. The low
mixture treatment represented an environmentally relevant mixture and the highest
treatment represented a concentration where previous studies have identified effects on
brain chemistry and predatory behavior [8,9]. These predatory behavior results correlated
with the results from Gaworecki and Klaine [8] in that exposures to fluoxetine at
concentrations of 35 pg/L (and higher) caused significant increases in time to capture

prey by the HSB on day 6 and day 9. These results also correlated with predatory
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behavior results from Bisesi et al. [9] in that exposure to a serotonin targeting
antidepressant, venlafaxine, caused significant increases in time to capture prey 3 on day
12 by exposures of 50 pg/L and higher. The effects on time to prey 3 observed in the
current study and previous studies [8-10] suggest that alteration of serotonin may have an
affect on appetite suppression. The majority of bass that did not consume all four fathead
minnows often displayed no interest in eating the fathead minnows. The minnows would
swim right in front of the HSB with no reaction or attempt to consume the minnows,
suggesting that perhaps the HSB appetite may be suppressed. The presence of SERT in
HSB stomach samples was confirmed in Chapter 3 of this dissertation. Other qualitative
observations in previous studies [8-10] documented the HSB positioning itself vertically
in the water column and slowly swimming along the surface; however, these effects were

not observed in the current SSRI mixture exposure.

Brain Chemistry

The brain serotonin concentrations in this study ranged from 0.1-1.6 ng/pg. Brain
serotonin concentrations decreased from controls by approximately 44% + 11% (mean +
SE) for the medium mixture treatment on Day 3 (Figure 5.5). Despite no differences in
brain serotonin concentrations on day 6 in any treatment, the high treatment showed a
significant increase in time to capture prey 1, 2, and 3 on day 6. On day 9, the medium
and high mixture treatments significantly decreased brain serotonin concentrations by
83.5 + 5% and 83 + 7% from controls, respectively. With the significant decrease in HSB
brain serotonin concentrations in the high treatment, increased time to capture prey 1 and

prey 2 was observed in this treatment on day 9. On day 12, the low, medium, and high
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brain serotonin concentrations were significantly decreased by 40 + 3, 80 + 4, and 69 +
4% from controls, respectively. With this decrease in brain serotonin in the low, medium,
and high mixture treatments on day 12, an increased time to capture prey 1, prey 2, and
prey 3 was also observed in these treatments. A statistically significant dose-dependent
relationship was observed for time to capture prey 3 on day 12 as a function of brain
serotonin concentrations (Figure 5.6). Gaworecki and Klaine [8] and Bisesi et al. [9]; also
reported this same relationship; however, they observed this on day 6 when the lowest
brain serotonin concentrations were detected in those studies. This relationship was not
present on day 6 of this study since there were no statistically significant decreases in
brain serotonin from controls. The max decrease in brain serotonin of 83.6% in this study
is much higher than maximum value of 49.1% decrease on day 6 reported by Gaworecki
and Klaine [8] for HSB exposed to fluoxetine. This significant decrease in brain serotonin
levels may be due to the linear relationship of fluoxetine in decreasing brain serotonin {8;
Sweet dissertation chapter 4] coupled with potentially linear effects of sertraline and
citalopram on brain serotonin (though not tested in this study). Valenti et al. [15] found
that long term exposure to sertraline caused significant decreases in the number of SERT
binding sites in fathead minnow brain homogenates, suggesting a down regulation of the
SSRI antidepressant target with chronic treatment. Though the endpoint was not
examined in my study, the results of Valenti et al. [15] provide evidence that SERT down
regulation may be occurring and contributing to the large percent decrease in brain
serotonin in the hybrid striped bass brain given that sertraline was a component of this

mixture.
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Brain Antidepressant Concentrations

Antidepressants were detected in the exposed fish brain tissues throughout the
exposure and recovery periods (Figure 5.7). Antidepressants were not detected in any of
the control fish throughout the experiment. Citalopram brain concentrations in the low
treatment were below the limit of quantitation throughout the experiment; thus, the low
treatment SSRI summations are only representative of the sum fluoxetine and sertraline
concentrations. The sum of the antidepressants in the HSB brain was highest on day 6,
with mean concentrations (+ SE) 944 + 510 ng/g tissue, 6443 + 580 ng/g tissue, and
60630 + 8400 ng/g tissue for the low, medium, and high mixture treatments. During the
recovery period, brain antidepressant concentrations decreased; however, on day 12, after
6 days of clean, flow through water, brain antidepressant concentrations means were 16 +
8.1 ng/g tissue, 564 + 167 ng/g tissue, and 1512 + 244 ng/g tissue for the low, medium,
and high mixture treatments. The fact that the antidepressants remained in the HSB brain
throughout the recovery period may explain why brain serotonin levels were still altered
on day 9 and day 12, as well as time to capture prey being altered on day 12. Further, the
individual antidepressant brain bioconcentration factors (determined by [concentration in
brain tissue ng/g]/[concentration in water ng/L] x1000, based on water density of 1 g/mL
[5], for the highest treatment on day 6 was 47 for citalopram, 2005 for fluoxetine, and
1476 for sertraline. Thus, even though citalopram was dosed at a 21x greater
concentration than sertraline in the mixture, sertraline had a higher bioconcentration
factor (BCF) in the brain than citalopram. The similar BCF for fluoxetine and sertraline

may be explained by similar binding affinity for the SERT transporter in the HSB brain
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homogenate (Table 5.1). Further, the log K, values reported in the literature also
correlated with the brain bioconcentration factors found in this study (citalopram log Ko
=3.74; sertraline log K, =5.29; fluoxetine log K, =4.05) [18]. Thus, given that
citalopram’s log K,y value is lower than fluoxetine and sertraline, it is not surprising that
it partitioned into the HSB brain to a lesser extent than fluoxetine and sertraline. The BCF
values reported in this study are on average 10x greater than those reported by Lajeunesse
et al. [5] and Grabicova et al. [18]. The fish were exposed to 20% diluted effluents with
aqueous concentrations of 0.58 ng/L fluoxetine, 1.1 ng/L sertraline and10.5 ng/L
citalopram [5] and 18 ng/L fluoxetine, 260 ng/L citalopram, an 53 ng/L sertraline [18] in
those studies. Thus, these differences may be attributed to different experimental designs

and over 100-800x higher exposure concentrations in this study.

Determination of Additivity

While individual exposures of sertraline or citalopram to the HSB have not been
performed using this same bioassay, the effects of fluoxetine on HSB brain chemistry
have been previously studied [8; Sweet dissertation chapter 4]. Hence, changes in brain
serotonin concentrations were predicted based on the fluoxetine brain concentrations for
each brain throughout the experiment. Sertraline and citalopram’s predictions were made
from fluoxetine predictions and normalized to their respective binding affinity. These
were used to predict the total expected decrease in serotonin from exposure to the mixture
(Table 5.2). Predicted versus observed decreases in serotonin were used to determine
additivity versus non-additivity. Statistical analyses were performed for the predicted and

observed values for each HSB brain to account for variability in determining statistical

120



differences. Observed values that were statistically different than predicted were deemed
non-additive. Non-additive results were generally greater than additive, with the few
exceptions of the low and high treatments on day 3 which were additive, the high
treatment on day 6 was less than additive, and the low treatment on day 9 was additive.
These results suggest that time may be a factor in generating a greater than additive
response for the low and high treatments. Though the antidepressant is accumulating in
the brain, brain serotonin levels may not be affected in a greater than additive response
until days 9 and 12. However, it is noted that there are uncertainties in using this
prediction approach. Though the regression equation used to determine the predicted
fluoxetine change in brain serotonin had a tight fit to the data (R?=0.98), it was based on
a bioavailability study with low replicate numbers (n=3 for three treatments) and higher
exposure concentrations ranging from 35-150 pg/L (Sweet, dissertation chapter 4). The
fluoxetine brain concentration (pg/g) for each HSB brain on each exposure day was used
to predict the change in brain serotonin concentration. The mean binding affinity values
for each antidepressant were also used, neglecting values at the high or low standard
deviations from these mean values for each antidepressant. However, despite the
uncertainties, this approach provided a way to make an objective conclusion that was
supported by statistical analysis. Future studies should include treatments with individual

compounds to provide insight into the predictive power of my approach.
Conclusions

The fact that my results yielded greater than additive conclusions in some of the
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treatments raises ecological concerns about the presence of complex mixtures of
serotonin altering drugs in the environment. The greater than additive effects may be
partially explained by the linear relationship between brain fluoxetine concentrations and
decreases in brain serotonin concentrations (Sweet dissertation chapter 4). Though
individual exposures have not been performed to elucidate the relationship of sertraline
and citalopram on brain serotonin concentrations, one may hypothesize that since they
are also SSRIs they may also have a linear response to brain serotonin, resulting in
greater than additive effects. While the exposure concentration of any one SSRI might be
below adverse effects levels, the complex mixture of pharmaceuticals in wastewater
effluents may be sufficient to cause adverse effects in fish in the receiving stream.
Serotonin has been shown to be involved in stress reactions, locomotor activity, social
behaviors and dominance hierarchies, reproduction, and feeding behavior in fish [8-
10,19-21], and a reduction in SERT binding sites in fathead minnows was correlated with
altered shelter seeking behavior [15]. Thus, alteration of serotonin by mixtures of
antidepressants acting in a greater than additive manner has the potential to affect a

variety of fitness related physiological functions and behaviors.
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TABLES AND FIGURES
Table 5.1. The dosing rational for the SSRI mixture treatments. Each mixture treatment took into account each
antidepressant’s binding affinity for the SERT. Since sertraline had the strongest binding affinity (K; (nM)), the environmental
concentration of sertraline was multiplied by the other antidepressants’ binding affinities. The total SSRI concentration was 2

ng/L for the low dose, 20 pg/L in the medium dose, and 100 pg/L in the high dose.

Highest Reported

S5RI1 Environmental B ir}di_ng Low Medim High
Antidepressant Concentration :aﬁu:m:.* h_{ _ 10x S0x
(ug/L) (HSB) (ug/L) (ng/L) (ng/L)
Sertraline 0.08' Ul 142 —s 008 0.80 4.0
Fluoxetine 010 NI 422wy 032 3.20 16.0
Citalopram 0.22 . 21+6 ---» 1.68 16.8 84.0
Total [SSRI] ~2 ~20 ~100
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Table 5.2. Determination if the mixture was acting in an additive manner in decreasing brain serotonin concentrations.

The general consensus was that most treatments throughout the 12 day experiment experienced a greater than additive percent

decrease in brain serotonin compared to controls. All values represent mean + SD.

Predicted Predicted Predicted | Predicted o

Mixture | LUOX ) pruoxos | SER 1 spro | ST | cimoy | gotal v | ACtual % s 6

Day binding .| binding binding decrease | Conclusion’ | p value
treatment affinit decrease in affinit decrease affinit decrecase | decrease in SHT

Y SHT! Y| inSHT? Y| in5HT® | in5HT?

3 Low 4+2 -0.03 1+2 -0.12 21+6 -0.01 -0.12 -27.6+24 additive 0.1962

3 Medium 4+2 -0.07 1+2 -0.28 21+6 -0.01 -0.29 445+ 11 | > additive 0.0428*

3 High 4+2 -0.42 1+2 -1.68 21+6 -0.08 -1.77 -23.2+23 additive 0.3195
-36.2 +

6 Low 4+2 -0.32 1+2 -1.29 21+6 -0.06 136 6.7 > additive 0.0109*
. -30.1 +

6 Medium 4+2 -1.92 1+2 -7.69 21+6 -0.38 807 6.1 > additive 0.0150*

6 High 4+2 -18.51 1+2 -74.04 21+6 -3.70 -77.74 -33.9+ 18 | < additive 0.0071*

9 Low 4+2 -0.01 1+2 -0.04 21+6 0.00 -0.05 -15+19 additive 0.2305
. -83.5+

9 Medium 4+2 -0.25 1+2 -1.01 21+6 -0.05 1.06 45 > additive <0001*
. -83.9+

9 High 4+2 -1.46 1+2 -5.83 21+6 -0.29 6.12 79 > additive <0001 *

12 Low 4+2 0.00 1+2 -0.01 21+6 0.00 -0.01 -40+2.5 > additive <.0001*
. -80.3 +

12 Medium 4+2 -0.16 1+2 -0.65 21+6 -0.03 0.68 41 > additive <0001 *

12 High 4+2 -0.42 1+2 -1.70 21+6 -0.08 -1.78 -69+4.1 > additive <.0001*

Abbreviations: FLUOX: fluoxetine, SER: sertraline, CIT: citalopram, SHT:serotonin
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! The predicted fluoxetine change in brain serotonin was derived from previous research that elucidated the percent change in
brain serotonin (y) as a function of fluoxetine brain concentration (ug/g tissue) (x) using the following equation: y = 0.0011x” -
0.3546x . Using the brain fluoxetine concentrations in the mixture treatments, the predicted percent change in brain serotonin
was derived.

? The predicted change in brain serotonin from controls for sertraline was predicted by taking into account that sertraline’s
binding affinity was determined to be 4x stronger than fluoxetine’s in the bass brain homogenate. Therefore, the predicted
values for sertraline were derived by multiplying the fluoxetine predicted values by 4.

3 The predicted change in brain serotonin from controls for citalopram was predicted by taking into account that citalopram’s
binding affinity was determined to be 5x less strong that fluoxetine for the SERT in the bass brain homogenate. Therefore, the
predicted values for citalopram were derived by dividing the fluoxetine predicted values by 5.

* The total predicted change in brain serotonin from controls was determined by adding up the predicted values of fluoxetine,
sertraline and citalopram.

> If the total predicted % change in serotonin value fell within the actual mean + standard deviation % change in serotonin, an
additive conclusion of the individual components was determined. If the total predicted concentration was less than the actual

mean + standard deviation % change in brain serotonin, a great than additive conclusion was determined.
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% A one way ANOVA was performed to compare the observed percent change in serotonin and predicted percent change in
serotonin for each treatment, sorted by day. A LS Means student’s t test was used to make multiple comparisons among

treatments for the observed and predicted values.
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Table 5.3. LC-MS/MS MRM optimization parameters for the antidepressants and serotonin in the HSB brain mixture

samples.
Precursor Product Dwell Time Ql CE Acquisition Time

Compound Ion(s) Ton(s) (mSec) (V) (V) Q3V) (minutes)

Serotonin 177.2 160.1 300 -11 -13 -18 0-5
325.2 109.05 3 -14 -26 -23

Citalopram 325.2 262.05 3 -14 221 -19 7-11
325.2 116.05 3 -14 -28 -25
311 44 3 -14 -13 -19

Fluoxetine 311 45 3 -14 -13 -18 7-11
311 290.2 3 -14 -55 -15

Flu"gg“ne' 315 153.1 25 14 | <10 | -17 7-11
307.1 276.05 3 -13 -12 -21

Sertraline 307.1 158.95 3 -13 -25 -17 7-11
307.1 159.95 3 -13 -30 -17
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Figure 5.1. The molecular structures of fluoxetine, sertraline, and citalopram.

These three antidepressants are all SSRIs and were selected for the mixture exposure.
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Figure 5.2. Time to capture prey 1 (in seconds) by HSB exposed to an SSRI mixture. The high mixture treatment was

significantly slower to capture prey than controls on days 6, 9, and 12.
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Figure 5.3. Time to capture prey 2 (seconds) by the HSB exposed to an SSRI mixture. The high mixture treatment was

significantly slower to capture prey 2 than controls on days 6, 9, and 12.
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Figure 5.4. The time to capture prey 3 (seconds) by HSB exposed to an SSRI mixture. The high mixture treatment was
significantly slower to capture prey 3 from controls on days 6 and 12. All mixture treatments were significantly slower to

capture prey than controls on day 12 of the experiment.
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Figure 5.5. The percent change in brain serotonin concentrations compared to controls in the HSB over a 12 day
exposure to an SSRI mixture. Significant changes in brain serotonin concentrations from controls were observed for the

medium treatment on day 3, the medium and high treatments on day 9, and for all treatments on day 12.
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Day 12 brain chemistry and behavior
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Figure 5.6. The decrease in brain serotonin concentrations on day 12 correlated with an increased in time to capture
prey 3. Data points represent mean + standard error. A significant decrease in brain serotonin concentrations from controls was

observed with significant increases in time to capture prey 3 on day 12.
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Figure 5.7. The brain total SSRI concentrations over the 12 day mixture experiment. Data points represent mean + SE.

The highest antidepressant concentrations were noted on day 6. On day 12, after six days of recovery, antidepressants were still

detected in the brains of all mixture treatments.

134



CITATIONS

1.

10.

11

12.

Pratt LA, Brody DJ, Gu Q. (2011). Antidepressant use in persons aged 12 and
over: United States, 2005-2008. NCHS data brief, no 76. National Center for
Health Statistics, Hyattsville, MD.

Zhong W, Maradit-Kremers H, St. Sauver JL, Yawn BP, Ebbert JO, Roger VL,
Jacobsom DJ, McGree ME, Brue SM, Rocca WA. (2013). Age and sex patterns of
drug prescribing in a defined American population. Proceedings of the Mayo
Clinic, 88(7), 697-707.

Schultz, M. M., Furlong, E. T., Kolpin, D. W., Werner, S. L., Schoenfuss, H. L.,
Barber, L. B., Blazer, V.S., Norris, D.O., & Vajda, A. M. (2010). Antidepressant
pharmaceuticals in two US effluent-impacted streams: Occurrence and fate in
water and sediment, and selective uptake in fish neural tissue. Environmental
Science & Technology, 44(6), 1918-1925.

Schultz, M. M., & Furlong, E. T. (2008). Trace analysis of antidepressant
pharmaceuticals and their select degradates in aquatic matrixes by
LC/ESI/MS/MS. Analytical Chemistry, 80(5), 1756-1762.

Lajeunesse, A., Gagnon, C., Gagné, F., Louis, S., Cejka, P., & Sauvé, S. (2011).
Distribution of antidepressants and their metabolites in brook trout exposed to
municipal wastewaters before and after ozone treatment—Evidence of biological
effects. Chemosphere, 83(4), 564-571.

Brooks, B. W., Chambliss, C. K., Stanley, J. K., Ramirez, A., Banks, K. E.,
Johnson, R. D., & Lewis, R. J. (2005). Determination of select antidepressants in
fish from an effluent-dominated stream. Environmental Toxicology and
Chemistry, 24(2), 464-469.

Metcalfe, C. D., Chu, S., Judt, C., Li, H., Oakes, K. D., Servos, M. R., &
Andrews, D. M. (2010). Antidepressants and their metabolites in municipal
wastewater, and downstream exposure in an urban watershed. Environmental
Toxicology and Chemistry, 29(1), 79-89.

Gaworecki, K. M., & Klaine, S. J. (2008). Behavioral and biochemical responses
of hybrid striped bass during and after fluoxetine exposure. Aquatic Toxicology,
88(4), 207-213.

Bisesi Jr JH, Bridges W, Klaine SJ. (2014). Effects of the antidepressant
venlafaxine on fish brain serotonin and predation behavior. Aquatic Toxicology,
148: 130-138.

Bisesi Jr. JH, Sweet LE, van den Hurk P, Klaine SJ. (Accepted 2015). Effects of
an antidepressant mixture on the brain chemistry and predatory behavior of hybrid
striped bass. Environmental Toxicology & Chemistry.

. Owens, M. J., Morgan, W. N, Plott, S. J., & Nemeroff, C. B. (1997).

Neurotransmitter receptor and transporter binding profile of antidepressants and
their metabolites. The Journal of Pharmacology and Experimental Therapeutics,
283(3), 1305-1322.

Painter MM, Buerkley MA, Julius ML, Vajda AM, Norris DO, Barber LB. 2009.
Antidepressants at environmentally relevant concentrations affect predator

135



13.

14.

15.

16.

17.

18.

19.

20.

21.

avoidance behavior of larval fathead minnows (Pimephales promelas).
Environmental Toxicology and Chemistry 28: 2677-2684.

Schultz, M. M., Painter, M. M., Bartell, S. E., Logue, A., Furlong, E. T., Werner,
S. L., & Schoenfuss, H. L. (2011). Selective uptake and biological consequences
of environmentally relevant antidepressant pharmaceutical exposures on male
fathead minnows. Aquatic Toxicology,

Du, B., Haddad, S. P., Luek, A., Scott, W. C., Saari, G. N., Kristofco, L. A., ... &
Brooks, B. W. (2014). Bioaccumulation and trophic dilution of human
pharmaceuticals across trophic positions of an effluent-dependent wadeable
stream. Philosophical Transactions of the Royal Society B: Biological Sciences,
369(1656), 20140058.

Valenti Jr, T. W., Gould, G. G., Berninger, J. P., Connors, K. A., Keele, N. B.,
Prosser, K. N., & Brooks, B. W. (2012). Human therapeutic plasma levels of the
selective serotonin reuptake inhibitor (SSRI) sertraline decrease serotonin
reuptake transporter binding and shelter-seeking behavior in adult male fathead
minnows. Environmental Science & Technology, 46(4), 2427-2435.

Kellner, M., Porseryd, T., Porsch-Héllstrom, 1., Hansen, S. H., & Olsén, K. H.
(2015). Environmentally relevant concentrations of citalopram partially inhibit
feeding in the three-spine stickleback (Gasterosteus aculeatus). Aquatic
Toxicology, 158, 165-170.

Weinberger 11, J., & Klaper, R. (2014). Environmental concentrations of the
selective serotonin reuptake inhibitor fluoxetine impact specific behaviors
involved in reproduction, feeding and predator avoidance in the fish Pimephales
promelas (fathead minnow). Aquatic Toxicology, 151, 77-83.

Grabicova, K., Lindberg, R. H., Ostman, M., Grabic, R., Randak, T., Larsson, D.
J., & Fick, J. (2014). Tissue-specific bioconcentration of antidepressants in fish
exposed to effluent from a municipal sewage treatment plant. Science of the Total
Environment, 488, 46-50.

Winberg, S., & Nilsson, G. E. (1993). Roles of brain monoamine
neurotransmitters in agonistic behaviour and stress reactions, with particular
reference to fish. Comparative Biochemistry and Physiology Part C:
Pharmacology, Toxicology and Endocrinology, 106(3), 597-614.

Mennigen, J. A., Stroud, P., Zamora, J. M., Moon, T. W., & Trudeau, V. L.
(2011). Pharmaceuticals as neuroendocrine disruptors: Lessons learned from fish
on prozac. Journal of Toxicology and Environmental Health, Part B, 14(5-7),
387-412.

Brodin, T., Piovano, S., Fick, J., Klaminder, J., Heynen, M., & Jonsson, M.
(2014). Ecological effects of pharmaceuticals in aquatic systems—impacts
through behavioural alterations. Philosophical Transactions of the Royal Society
B: Biological Sciences, 369(1656), 20130580

136



CHAPTER SIX

CONCLUSIONS

For my first objective, I determined the effects of bupropion, a norepinephrine
and dopamine reuptake inhibitor (NDRI) antidepressant, on hybrid striped bass brain
chemistry and predatory behavior. I concluded that alteration of the brain dopaminergic
pathway does not affect predatory behavior in the HSB. This conclusion provided insight
to focus on SSRI antidepressants in future studies, since previous adverse effects were
observed using the same bioassay when HSB were exposed to serotonin targeting
antidepressants.

My next objective was to identify the target of SSRI antidepressants, the serotonin
reuptake transporter, in the hybrid striped bass and quantify the binding affinity of
various antidepressants to the serotonin reuptake transporter in the hybrid striped bass
brain. I concluded that the target of SSRI antidepressants, the SERT, is present in the
hybrid striped bass and the functional domains of this protein are highly conserved
among vertebrate species. I also found that the antidepressant binding affinities for the
HSB SERT were not as potent as binding affinity values reported for the human and rat
SERT.

I next quantified the bioavailability of fluoxetine and venlafaxine, two previously
studied antidepressants that have caused adverse effects on brain chemistry and behavior,
through plasma and brain antidepressant concentrations. The partitioning trends of each

antidepressant differed and can be partially explained by the log Kow values for each
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drug. Antidepressants quickly partition from the water into the plasma of the HSB,
within 6 hours of exposure, and some antidepressants reach the brain within that time
frame. Further, the internal dose, as measured by the brain antidepressants concentration,
was strongly correlated with decreases in brain serotonin levels and increases in time to
capture prey.

Lastly, I determined the effects of an environmentally relevant SSRI mixture on
hybrid striped bass brain chemistry and predatory behavior. The SSRI mixture study
resulted in mainly additive and a greater than additive change in brain serotonin,
determined by the dose equivalent approach. Further, antidepressants can remain
in the HSB brain and exert effects on brain chemistry and predatory behavior after
aqueous exposure has ceased, raising concerns about pulsed exposures to these
drugs in the environment.

Overall, the results of this work provide further evidence that antidepressant
alteration of brain serotonin concentrations in the HSB may be one of the controlling
neurotransmitters of predatory behavior in the HSB. The target of serotonin targeting
antidepressants is present in the hybrid striped bass and antidepressants are binding to
this receptor in the HSB brain. Therefore, pulsed releases of wastewater treatment plant
effluent into a receiving stream may contain around 4 pg/L total antidepressants
(determined from reported literature values of antidepressants in effluent dominated
streams). There are other factors in the environment that may reduce the bioavailability
such as increased natural organic matter and sediment that were absent from my

experiments. However, during summer months streams can be composed of 90% effluent
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and the effluent pH values can vary from 6-9, affecting the ionization state and
partitioning of antidepressants into fish tissues. The fact that these antidepressants can
concentrate in the brain within 6 hours of exposure and remain in the brain for 6 days
after being in clean water, suggesting a fish may not completely depurate the
antidepressants before being exposed again. The lowest concentration of the SSRI
mixture had a total SSRI concentration of 2 pg/L, half of the predicted highest
environmental concentration, and resulted in evidence of greater than additive effects in
changes in brain serotonin levels and adverse effects on predatory behavior in the HSB.
Given the variety of processes and behaviors serotonin is involved with in fish, the
significant effects on brain serotonin in the HSB by the SSRI mixture raise ecological
concern for the complex mixtures of SSRIs in the aquatic environment.

Future studies should focus on individual exposures to sertraline and citalopram
using my same experimental design to elucidate if the additive or greater than additive
conclusions are occurring. Also, utilizing the identified SERT sequence in my studies, a
transfected cell line expressing the HSB SERT transporter would be a useful way to
identify the binding affinity of antidepressants to the SERT in a cleaner system, as well to
identify the functionality of the transporter. The HSB SERT sequence would also be
useful in examining SERT expression in brain and stomach samples throughout a 12-d
exposure. Further, the results of my dissertation along with two previous students’ work
on antidepressants on HSB brain chemistry and predatory behavior has created a large
dataset. The development of a model using all of this data to make predictions of the

effects of SSRIs would be beneficial for ecological risk assessment.
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