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alterations that are similar to those observed in PD.

Background: Anxiety and depression are common nonmotor symptoms of Parkinson’s disease (PD).
Objectives: We investigated whether Bisphenol A (BPA) is capable of inducing anxiety/depressive-like behaviors and neurotransmitter

Materials and Methods: To test this hypothesis, we used a zebrafish animal model and conducted behavioral and histological assays.
Results: BPA produced anxiety/depression-like behavioral signs for 14 days following administration. Altered behavioral responses were
accompanied by reductions of striatal dopamine transporter, and decrease in hippocampal 5-HT content.

Conclusions: These results suggest that the nigrostriatal pathway might play a role in the etiology of anxiety/depression. Furthermore,
dopamine transporter function, in particular, might play a critical role in the pathophysiology of anxiety/depression.
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1. Background

Parkinson's disease (PD) is clinically based on the pres-
ence of a set of cardinal motor signs including rigidity,
bradykinesia, resting tremor and postural reflex distur-
bances. However, in many cases, nonmotor alterations
(anxiety, depression, sleep, gastrointestinal and cognitive
functions) precede the classical motor symptoms in PD,
and the management of these nonmotor symptoms is
clinically challenging (1-3). I have added this reference to
the reference section. Anxiety/depression in PD is thought
to result from factors such as disappearance of dopami-
nergic, noradrenergic and serotoninergic neurons, as
well as from psychogenic reactions associated with the
onset of disease (4). A pattern of regional neurodegenera-
tion that varies considerably depending upon the affected
neuronal population may explain different symptoms ob-
served in such patients. In fact, differential mechanisms
of neuronal vulnerability within the substantia nigra pars
compacta suggests that factors other than location con-
tribute to the susceptibility of these neurons (3).

Several lines of evidence have shown that 5-HTIA recep-
tors play an important role in controlling motor func-
tions and ameliorate various extrapyramidal disorders
such as PD (5-9) and L-DOPA-induced motor disabilities
(10-13). In addition, 5-HTIA receptors are implicated in the
pathogenesis and treatment of mood disorders (anxiety/
depression) (8). Loss of 5-HT neurons in the raphe nuclei
has been reported (14). Therefore, 5-HT content and the
density of 5-HT transporters (a marker for 5-HT nerve ter-

minals)in the forebrain regions (i.e., striatum and neocor-
tex) are reduced in patients with PD. Postsynaptic 5-HT1A
and 5-HT2A receptors are upregulated in response to the
functional deficits of 5-HT neurons (14). Furthermore, re-
centclinical studies have demonstrated that patients with
Parkinson and depression show further pronounced dys-
function of 5-HT neurons as compared to those without
depression (15). Thus, there is a close association between
dysfunction of the serotonergic system and PD (Figure 1).

Although the monoamines, specifically serotonin and
norepinephrine have been targets for the development
of novel antidepressants. Some of the effectiveness of
the classical SSRI's is mediated via the dopaminergic sys-
tem; Wellbutrin ® (bupropion) is a classic example (16).
Dopaminergic antidepressant drugs, such as specific do-
pamine reuptake inhibitors like amineptine, the presyn-
aptic dopamine antagonist amisulpride, and the D2/D3
agonist roxindole and pramipexole, all cause rapid relief
of symptoms. Low levels of dopamine metabolites have
been detected in CSF of patients with depression (17).
Reports of low levels of dopamine metabolite dihydroxy-
phenylacetic acid in CSF of patients with depression (18)
and in the basal ganglia of postmortem brains of pa-
tients with depression who committed suicide (19), lend
additional support to a theory of dopamine abnormality
in depression. The aim of our study was to investigate the
dopaminergic/serotonergic mechanism-of-action to in-
duce anxiety/depression.

Copyright © 2015, Tehran University of Medical Sciences. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Schematic View of the Neural Network Regulating Motor and
Behavioral Functions in Parkinson’s Disease
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Striatal GABAergic (GABA) output neurons receive glutamatergic (Glu)
excitatory inputs from the cerebral cortex and excitatory inputs from ace-
tylcholinergic (ACh) in the striatum. Potential pathways of importance
for the current study are highlighted in gray, 5-HT neuronal pathways and
their projections to dopaminergic neurons.

2. Objectives

Anxiety and depression are common nonmotor symp-
toms of Parkinson’s disease (PD). We investigated wheth-
er Bisphenol A (BPA) is capable of inducing anxiety/
depressive-like behaviors and neurotransmitter altera-
tions that are similar to those observed in PD. To test this
hypothesis, we used a zebrafish animal model and con-
ducted behavioral and histological assays. BPA produced
anxiety/depression-like behavioral symptoms for 14 days
following administration.

3. Patients and Methods

3.1. Animals and Housing

Adult Zebrafish (> 90 days; 70 male) were obtained
from a local commercial distributer (Petsmart; Destin, FL,
USA). The fish were housed in 1L tanks (Thoren Aquatics:
recirculating high-density rack system specifically de-
signed for zebrafish) in groups of five fish per tank. The
water was filtered using mechanical (sponge), chemical
(activated carbon), and biological filtration units. The
tanks were filled with deionized water treated with con-
centrated conditioner (Prime Freshwater®,USA ). Water
temperature was maintained at 25-27°C. Lights were on a
timer and turned on from 9:00 AM to 7:00 PM every day.
All fish were fed a mixture of ground flake food (Tetramin
Tropical Flakes; Tetra USA, Blacksburg, VA). All fish were
maintained and procedures performed in accordance
with the Institutional Animal Care and Use Committee of
Troy University, Troy, AL, USA.

3.2. Treatments

Ten adult male zebrafish were randomly assigned to a
treatment group. The zebrafish were separately exposed

to 0, 5,10, 15, 20, 30, 50 mg|L of BPA (20-22) using 0.05%
ethanol (vehicle). The control group was exposed to
0.05% ethanol (vehicle)/water. Groups were exposed to
the above treatments for one hour a day (in a separate
beaker) for three weeks. Exposure times for the 30 and 50
mg/L BPA were 40 and 10 minutes, respectively; this was
the maximal tolerated exposure period.

3.3. Behavioral Analysis

A novel tank diving test was conducted employing the
methodology by Levin et al (23). All the behavioral tests
were video-recorded by iPhone. Briefly, the fish were placed
individually in a 5-Liter tank (approximately 20 cm H x 30
cm TW) maximally filled with aquarium treated tap water.
The tank was divided into two equal horizontal halves,
marked by a Sharpie® on the outside of the tank. The tank
rested on a stable, level surface, and all environmental dis-
tractions were kept to a minimum. An iPhone® was placed
approximately 30 centimeter in front of the novel tank to
ensure that the novel tank was within the iPhone cameras’
vision range. A standard letter size (22 cm x 28 cm) sheet
of paper was placed behind and on the sides of the novel
tank to ensure a uniform background for video analysis.
Fish were transported from their home tank to the novel
tank with care to reduce net-stress. Once placed in the
novel tank, zebrafish movement was recorded for 5 min-
utes. Tracker 4.81 (24) was used to analyze all of the coor-
dinates of the zebrafish movements. A coordinate system
was built with the horizontal line marked in the middle of
the tank as the x axis, and the left side of the tank as the y
axis. The step size of the frames was set as 30. A zebrafish
point mass was created and auto-tracked (a manual track-
ing option can be used for corrections) by this software.
The time (t) and related coordinates (x, y) of the point mass
(zebrafish) were recorded every one second by Tracker 4.81.
Three hundred points were recorded for each 5 minutes of
video. All of the coordinate data was calculated using Excel
(Microsoft, USA). The erratic movements of the fish were
considered as the sum of distance between the two points
(fish coordinate locations). The time in the upper half of
the tank was calculated from the number of positive “y”
coordinates. The transitions to upper half were counted
as the number of negative “yn+1 | yn”. The freezing bouts
times were considered as the distance change between the
two points less than 0.5. Examples of the functions used in
Excel are shown below:

1) Distance (Dn = 4)=SQRT ((B4-B3) A2 + (C4-C3) A2)

2) Erratic movements = Sum (D4: D303)

3) Time in upper half = COUNTIF (C3:C303,"> 0")

4)yn+1/yn=C4/C3

5) Transitions to upper half = COUNTIF (G4:G303, "< 0")

6) Dn+1-Dn = D5-D4

7) ABS (Dn +1-Dn) = ABS (D5-D4)

8) Freezing bout = COUNTIF (K4:K303,"< 0.5")

3.4. Immunohistochemistry

Immunohistochemical staining within the subpallium
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(striatum) and hippocampus of the zebrafish brain was
performed to detect changes in neuronal numbers fol-
lowing BPA exposure. Brains were isolated and fixed in
4% paraformaldehyde overnight at 4°C. After rinsing in
phosphate-buffered saline (PBS) (pH 7.4), the brains were
incubated in 30% sucrose. Sections were cut on a cryostat
at 10 um. Antibody characterization was via monoclonal
antibodies against DAT and 5-HT (Chemicon Int., Temecu-
la, CA, USA). Differences in immunoreactive DAT and 5-HT
were tested using an established immunohistochem-
istry procedure in our laboratory. Briefly, the brain was
prepared by making coronal slices, with a razor blade, at
the caudal-most region of the olfactory bulbs and the ros-
tral most portion of the brain. The brain was then rapidly
frozen on a cryostat stage. The brain was then prepared
for cutting using OTC (Tissue-Tek, Miles Inc., Elkhart, IN)
over the outer surface of the brain. Two consecutive 10pm
sections were placed on two separate sets of 0.5% gelatin-
coated slides, one control and one treated. This process
was repeated every 25 um. For each case, the matched con-
trol brain and treated brain were placed adjacent to one
another on each of the slides. This ensured that sections
from the treated and matched vehicle control brains
were always exposed to identical tissue processing con-
ditions. Sections were counter-balanced between cases
to prevent possible position effects. In addition, each set
of slides from a given case included an additional slide
used as an omission control for nonspecific staining. Af-
ter cutting the tissue, a circle was made around each sec-
tion using a “PAP” pen, hydrophobic marker, to facilitate
the containment of incubation solutions placed on the
sections. Brain tissue was processed by the avidin-biotin-
peroxidase complex (ABC) method. Slides were gently
rinsed with PBS and placed in Coplin jars filled with PBS.
Slides were then dried using Kimwipes and incubated
for 20 minutes in a 10% blocking serum (10% normal goat
serum (Vector Labs, Burlingame, CA) in PBS with 15% Tri-
ton-X-100) in a humidity chamber. Slides were then dried
again and incubated in well characterized, commercially
available primary antibody to DAT and 5-HT. Primary an-
tibodies were diluted with a solution of 1% goat serum in
PBS with 0.15% Triton-X-100 to 600:1 for 18 hours in a hu-
midity chamber. Omission control sections for the case
were processed in identical solutions but without pri-
mary antibody exposure. At the end of the primary anti-
body incubation, slides were gently rinsed and placed in
Coplin jars for 3 X 5 minute wash baths (PBS). The tissue
was then incubated for 45 minutes in a biotinylated sec-
ondary antibody solution, biotinylated goat antirabbit
secondary antibody solution (Vector Labs, Burlingame,
CA)in1% diluent with 0.15% Trition-X-100 in an incubation
chamber. Following the biotinylated antibody incuba-
tion, the slides were then rinsed (3 X 5 minute wash baths
(PBS)), then incubated in 3% hydrogen peroxide in PBS for
10 minutes (to quench endogenous peroxidase activity),
then rinsed (3 X 5 minute wash baths (PBS)). The sections
were then incubated for 45 minutes in an avidin-biotin
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peroxidase complex solution (ABC elite kit, Vector labora-
tories). At the end of the ABC incubation, the slides were
rinsed again (3 X 5 minute wash baths (PBS)). Inmunore-
activity was revealed by incubation in diaminobenzidine
(DAB) solution (0.05% diaminobenzidine and 66 pL of
30% hydrogen peroxide in PBS). Sections were incubated
in DAB for 5 minutes. Following DAB incubation, slides
were rinsed (3 X 5 minute wash baths (PBS)). Sections
were then dehydrated through a series of ethanol baths
(70%, 80%, 95%, and 100%), cleared in xylene, and cover-
slipped with Permount®.

3.5.Image Analysis

The digital images captured from each section were
then analyzed using the “Histogram” tool of Adobe Photo-
shop© software (Adobe Systems Incorporated, USA). This
computerized methodology eliminates any observer bias
regarding immunostaining counts. For any selected area
of pixels from a digital photograph, this function can de-
termine the mean gray scale value (0-255, where 0 is black
and 255 is white) and the number of pixels that are darker
than a specified gray scale value. All images were convert-
ed to gray scale and a mean minimum gray scale value
was determined for immunolabeled varicosities. This
gray scale value was determined from all vehicle control
brains. All pixels darker than this minimum value would
be subsequently counted as positive immunostaining.
The mean minimum gray scale value was determined by
finding the mean gray scale value of five immunolabeled
varicosities per field (loci), judged as the minimum ac-
ceptable for measurement. The grand section mean across
the four fields of each section was then determined. Then
a grand mean for the brain was determined across each of
the grand section means. The minimum acceptable gray
scale value, calculated from all the vehicle control brains,
was then used to make pixel counts on both the vehicle
control and treated brains. The number of pixels that had
avalue less than, ie,darker than, the minimum acceptable
gray scale value was recorded for each field within a brain
section. The count for each field was used to calculate a
mean subpallium (striatum) pixel count of immunoposi-
tive labeling for each section. The mean pixel count for
each treated section on a single slide was compared with
its adjacent, matched vehicle-treated section. The mean
of these differences was then calculated across slides for
a given case (case = one treated brain and matched vehi-
cle control brain). These mean differences in pixel counts
were tested for their difference from zero.

3.6. Data Analysis

Using SPSS 10.0 Software (SPSS Inc., Chicago, IL) an
ANOVA (analysis of variance) was performed for each of
the BPA concentrations for both the behavioral and im-
munohistochemistry data sets. Data comparisons were
performed with a Tukey HSD post hoc test. Data was con-
sidered significantly different at o < 0.05.
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Figure 2. Novel Tank Diving Test Spontaneous Movement Analysis
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Data are presented as mean + SEM; P < 0.05 (n =10 per dose group).

Figure 3. Representative Filter Images and Tracings of Five Minutes Swimming Tracks After Exposure to Bisphenol A
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The filter images (A) were created using the “Dark Ghost” filter in Tracker 4.81 software with a “Fade” setting of 0 Tracings (B) were created using Excel.
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Figure 4. Changes in DAT and 5-HT Immunoreactivity
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Figure 5. Representative Examples of Immunohistological Staining for
DAT and 5-HT Immunoreactivity

Figure 6. Anatomical Regions of Tissue Acquisition for Inmunohisto-
chemical Analysis in the Zebrafish Brain
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4. Results

4.1. Behavioral Analysis

Regarding the behavioral results using the Novel Tank
Diving Test, Figure 2 shows the number of erratic move-
ments, transitions to the upper half of the tank, amount
of freezing behavior, and total time spent in the upper
half of the tank of experimental fish compared to control.
Movement was impacted in a dose-dependent manner. In
particular, significantdeficits in movement were observed
with 30 and 50 mg|L of BPA. No significant erratic move-
ments and freezing bout time were found in lower dosage
groups compared to the control group; while significant
changes were found in the 50 mg|L treatment group (F =
10.809, P = 0.001). Time in the upper half of the tank was
significantly decreased in the 15 mg/L treatment group
(P=0.005),20 mg|L group (P = 0.008), 30 mg|L group (P
< 0.001), and 50 mg/L (P < 0.001). There was a significant
decrease in the total number of transitions to upper half
in the 30 mg/L (P = 0.021) and 50 mg|L (P = 0.005) dosage
group. Using tracking techniques, as shown in Figure 3 (A,
B), these movement deficits can be better appreciated.

4.2. Immunohistochemistry Analysis

Significant decreases in DAT and 5-HT were found follow-
ing BPA exposure regarding immunohistochemistry. For
DAT (Figure 4), compared to the control group, significant
reductions were found in 15 mg/L (P=0.002),20 mg/L (P=
0.011),30 mg/L (P=0.005),and 50 mg|L (P=0.033) groups.
For 5-HT, compared to the control group, significant de-
creases were found in all the dosage groups (P < 0.001).
Representative examples of the DAT and 5-HT immunohis-
tochemistry are shown in Figure 5. Figure 6 illustrates the
anatomical areas of immunohistological staining.

5. Discussion

Activation of 5-HTIA receptors is involved in the treat-
ment of anxiety and depression. However, designing
compounds, which possess combined activities for both
5-HT1A and dopamine receptors, seems to be a promising
approach to the treatment. Therefore, zebrafish dopa-
minergic population corresponding to the mammalian
substantia nigra is still a matter of debate. The strongest
candidate now is the posterior tuberculum, based on
immunohistochemical and tracer studies. The poste-
rior tuberculum sends connections to the subpallium,
which is the putative zebrafish striatum. However, the
corticostriatal pathway regulated by dopamine is poorly
characterized in fish. Better characterization of these
pathways is needed prior to the zebrafish model for PD
to become fully accepted and widely used. Future studies
based on zebrafish models, together with additional re-
search using other species, would be instrumental in the
development of effective drugs for PD as well as for other
neurodegenerative diseases. The findings of the present
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investigation suggest that exposure to BPA at the doses,
exposure intervals, and conditions tested have a capacity
to alter the normal functioning of the nigrostriatal path-
way. Overall, these results suggest that the nigrostriatal
pathway playsarole in anxietyand depression. Decreased
DAT availability is not the only factor associated with the
development of anxiety/depression-like symptoms in PD.
Other neurotransmitter systems, including norepineph-
rine, serotonin and acetylcholine may also play a role in
anxiety and depression in PD. All these neurotransmitter
systems significantly interact in a complex pattern with
the dopaminergic system and are likely to be affected in
PD. In this respect, caution is required in the interpreta-
tion of our results. Nevertheless, it is becoming increas-
ingly apparent that dopamine plays a more prominent
role than once thought regarding the development of
anxiety/depression-like symptoms.
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