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Abstract

Perfluorooctane sulfonate (PFOS) is a widely spread environmental contaminant. It accumulates in the brain and has
potential neurotoxic effects. The exposure to PFOS has been associated with higher impulsivity and increased ADHD
prevalence. We investigated the effects of developmental exposure to PFOS in zebrafish larvae, focusing on the modulation
of activity by the dopaminergic system. We exposed zebrafish embryos to 0.1 or 1 mg/L PFOS (0.186 or 1.858 uM,
respectively) and assessed swimming activity at 6 dpf. We analyzed the structure of spontaneous activity, the hyperactivity
and the habituation during a brief dark period (visual motor response), and the vibrational startle response. The findings in
zebrafish larvae were compared with historical data from 3 months old male mice exposed to 0.3 or 3 mg/kg/day PFOS
throughout gestation. Finally, we investigated the effects of dexamfetamine on the alterations in spontaneous activity and
startle response in zebrafish larvae. We found that zebrafish larvae exposed to 0.1 mg/L PFOS habituate faster than controls
during a dark pulse, while the larvae exposed to 1 mg/L PFOS display a disorganized pattern of spontaneous activity and
persistent hyperactivity. Similarly, mice exposed to 0.3 mg/kg/day PFOS habituated faster than controls to a new
environment, while mice exposed to 3 mg/kg/day PFOS displayed more intense and disorganized spontaneous activity.
Dexamfetamine partly corrected the hyperactive phenotype in zebrafish larvae. In conclusion, developmental exposure to
PFOS in zebrafish induces spontaneous hyperactivity mediated by a dopaminergic deficit, which can be partially reversed by
dexamfetamine in zebrafish larvae.
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dose-dependent increase in the risk of adverse birth outcomes
[10-12]. Prenatal exposure to PFOS has not been found to be
associated to neurodevelopmental deficits in children up to the age
of 7 [8,13,14]. However, two cross-sectional studies report an
association between blood levels of PFOS and impulsivity [15] and
the prevalence of attention deficit hyperactive disorder (ADHD)
[16] in children aged 9-11 and 1215, respectively.

In rodents, developmental toxicity studies on the effects of
PFOS have revealed reduction of fetal weight, reduced neonatal
survival, defects in the peripheral nervous system, and behavioral
alterations [17-20]. In addition, after maternal exposure, PFOS
accumulates in the developing brain before the formation of the
blood brain barrier (BBB) [21], and can also cross the BBB to a
certain extent [22-24]. In wiro studies have shown that PFOS

Introduction

Perfluorinated compounds (PFCs) are a family of chemical
compounds that are very stable in the environment due to the
carbon-fluorine bonds (reviewed in [1]). Perfluorooctane sulfonate
(PFOS) is a member of the PFCs family that has been used in a
wide range of industrial and commercial applications for the past
50 years and is the most commonly found in a large number of
biomonitoring samples from the human general population and
wildlife [2-4]. In the human population, the main route of
exposure to PFOS is believed to be through consumption of
contaminated food, such as fish, aquatic invertebrates, marine
mammals, and other composite food, as well as contaminated
drinking water [5-7]. The elimination half-life of PFOS (5.4 years

in humans [8]) and its persistence in the environment raise
concerns about the potential adverse impact on human health,
particularly when the exposure occurs during early developmental
stages (see [9]). PFOS has been detected in the umbilical cord and
in maternal milk, and there is epidemiological evidence of
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enhances the differentiation of cortical neural stem cells towards
neuronal and oligodendroglial phenotypes [25], and that the
neuronal differentiation induced in PC12 cells is shifted towards a
cholinergic, rather than a dopaminergic phenotype [26].
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Most developmental neurotoxicity data available on PFCs were
generated using rodents as animal models. Zebrafish (Danio rerio)
has emerged as an alternative animal model for pharmacological
and toxicological studies due to the conserved neurotransmitter
systems and molecular signaling pathways associated to behavioral
responses (reviewed in [27,28]). The aim of this study was to
investigate the effects of developmental exposure to PFOS on the
activity pattern in zebrafish larvae, with special focus on the
modulation of swimming activity by the dopaminergic system. To
this end we exposed zebrafish embryos to PFOS at concentrations
that do not increase the mortality or the incidence of embryonic
malformations [29,30]. We analyzed the behavior at larval stage,
with special focus on the pattern of spontaneous activity, as well as
on the transient hyperactivity induced by a dark pulse (visual
motor response, VMR) or by a vibrational stimulus (startle
response). In light of the findings in zebrafish larvae, we further
analyzed historical behavioral data from rodents [19] and found
similar phenotypes in the spontaneous locomotion in mice exposed
to PFOS during early developmental stages. Altogether, our data
indicate that developmental exposure to PFOS results in
behavioral alterations and a central dopamine signaling deficit
which provide experimental evidence supporting the reported
epidemiological association between exposure to PFOS and
impulsivity [15,16].

Materials and Methods

Chemicals

PFOS (heptadecafluorooctanesulfonic acid potassium salt, CAS
2795-39-3, purity >98%) was purchased from Sigma-Aldrich,
dissolved in DMSO (1 mg/mL), and stored at 4°C as stock
solution for exposure in zebrafish embryos. For exposing pregnant
mouse females, PFOS was dissolved in pure ethanol immediately
before administration on palatable pieces of food (cookie bits that
were readily consumed by the animals).

Animals: exposure and behavioural tests

All experimental procedures were performed in agreement with
the Swedish animal protection legislation and European regula-
tions, and were approved by the local Animal Ethics Committee
(Stockholms Norra djurférseksetiska namnd).

Zebrafish. Wildtype AB zebrafish embryos were obtained
from the zebrafish core facility at Karolinska Institutet. Breeding
groups of adult fish (3 males and 2 females) were housed together
overnight in 10 L spawning tanks containing environmental
enrichment (commercially available aquaria decoration made of
non-toxic plastic). Thirty minutes after turning the light on (9:00
a.m.), the fertilized eggs were collected and stored at 28.5°C until
further processing. The eggs were washed twice with fresh E3
water (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCly, 0.33 mM
MgSOy; 0.05% methylene blue; pH 7.4) in order to remove all
debris. This procedure was performed on a clean open lab bench,
at room temperature, under constant illumination (approximately
500 Ix). Stock PFOS was further diluted in DMSO to yield a final
concentration of 0.1% DMSO in the rearing water. The zebrafish
embryos were exposed to PFOS concentrations of either 0.1, or
1 mg/L (0.186 or 1.858 uM, respectively). The doses were
selected based on our experience and earlier reports [30-32] to
avoid a significant increase in the rate of embryonal malformations
and lethality. Control embryos were exposed to 0.1% DMSO in
E3 water. The exposure to PFOS was initiated about 2 hours post
fertilization (hpf). The zebrafish larvae were then plated and
maintained individually in 48-well plates (cylindrical wells, 10 mm
mner diameter; VWR, Leuven, Belgium) in 750 pl E3 water at
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28°C in a 10:14 h dark-light cycle (light on at 9 a.m.; 300 Ix
intensity, daylight-matching spectrum white light) until behavioral
testing at 6 days post fertilization (dpf). The exposure followed a
static, non-replacement regime (ze. the rearing water was not
refreshed or replaced throughout the experiment, according to
OECD guidelines [33,34] and earlier reports [30,32,35]). All
treatments were present in each plate, and the larvae were
distributed such that an equal proportion from each group would
be placed in wells at the periphery of the plate. The mortality,
successful hatching, and the occurrence of embryonal malforma-
tions as assessed at the 24 (developmental failure/coagulation,
light-induced coiling movements), 48 (developmental failure/
coagulation, blood circulation, pericardial oedema, pigmentation),
72, and 120 hpf (hatching, eye development, swimming bladder
inflation, morphological abnormalities such as scoliosis or bent
spine), as well as after completing the behavioural experiments
(6 dpf) using an inverted microscope (Nikon Ti-S) in brightfield
configuration with a 4x objective. The larvae displaying
morphological abnormalities at 6 dpf were excluded from
analyses.

Determination of PFOS in zebrafish larvae by UPLC-MS/MS. The
zebrafish larvae were killed by rapid cooling in ice-cold water
immediately after the behavioural recording at 6 dpf. The larvae
were then collected and stored in Eppendorf tubes with a minimal
amount of rearing water to preserve the integrity of the organism
until further processing. All larvae from an experiment were
pooled per treatment to yield a sufficient amount of tissue
(22*14 mg per treatment group from 6 independent experi-
ments). The internal dosimetry was performed by liquid chroma-
tography coupled with mass spectrometry using an Acquity UPLC
system (Waters, Milford, MA, USA) coupled with a triple
quadrupole Waters TQD mass spectrometer. The samples were
homogenized with acetonitrile (100 uL x 10 mg) using an
ultrasonic homogenizer (Omni-Ruptor 250, Omni International).
An internal standard (Perfluorononanoic acid, PFNA) was added
to 100 pL of supernatant and then the samples (2 puL) were diluted
1:40 with 2 mM ammonium acetate - methanol solution (50:50, v/
v) before injection in UPLC. A calibration curve was prepared by
spiking PFOS and PFNA standard to a pool of homogenized
control larvae in the range from 100 to 1600 absolute ng of PFOS.
Chromatographic separation was performed on an Acquity UPLC
BEH C18 column (2.1 x100 mm, 1.7 pm) maintained at 30°C, by
gradient elution with a mixture containing variable proportions of
2 mM ammonium acetate buffer and methanol delivered at a flow
rate of 0.5 mL/min. Under these conditions isomers of PFOS
eluted at 1.6, 1.9, 2.1 and 2.5 minutes whereas PFNA eluted at 2.4
minutes. The total run time was 9 min. For the MS/MS detection,
quantitative analysis was obtained in multiple reaction monitoring
(MRM) in negative ion mode (ESI-). In particular for all the
isomers of PFOS 499.0—79.8 m/z was used for quantification
and 499.0 — 98.8 for confirmation; for PFNA 463.0—418.9 was
selected. The limit of detection for PFOS (at a signal-to-noise ratio
of 3) was 0.2 ng.

Behavioral tests and analyses in zebrafish larvae. We recorded the
locomotor activity of 6 dpf zebrafish larvae at 50 frames per
second (fps) under constant infrared illumination using integrated
high throughput systems for videotracking and environmental
control (ZebraBox™, ViewPoint, Lyon, France, and DanioVi-
sion, Noldus, Wageningen, The Netherlands). The larvae were
detected by automated online image analysis using a dynamic
subtraction algorithm with individual frame weight of 4%. All
videotracking data was visually inspected for detection accuracy
before inclusion in further analyses. The raw tracking data were
exported and analyzed using routines custom developed in
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Matlab™ R2012b environment (MathWorks Inc., Natick, MA,
USA). To minimize the effect of missing samples (e.g. when the fish
moved too fast over few frames, or too little to meet the automated
detection criteria), the position of center of gravity was approx-
imated using linear interpolation of x and y coordinates between
the samples at the beginning and at the end of the missing samples
sequence. For the analysis of bouts, we used a threshold of
0.2 mm/frame to filter out detection noise. A bout of activity was
defined as the activity detected in a continuous sequence of frames
during which the measured displacement of the center of gravity is
above the threshold (see insert in Fig 1 A). Bouts separated by less
than 40 ms (2 frames) were considered as a single bout. The
following parameters were calculated for measuring the sponta-
neous activity bouts: frequency of occurrence, expressed in
number of bouts per time unit (bouts/min); and average distance
moved within the bout (mm).

Spontaneous activity. Before initiating the behavioural experiments,
the temperature control system of the recording chamber
(DanioVision™, Noldus) was allowed to run continuously until
equilibrium was reached, and the temperature did not vary by
more than 0.2°C over 5 min. The experimental workflow ensured
that (1) the handling of the multi-well plate was limited to less than
30 s in total; (2) utmost care was taken to limit the vibrations
transferred to the plate during handling; (3) the larvae did not
experience major fluctuations in light intensity, particularly not
towards sudden decrease (the light sources inside the recording
chamber were on when the multi-well plate was placed inside, and
the intensity of the lighting did not change except when testing the
VMR). The larvae were allowed to acclimatize allowed to
acclimatize for at least 15 min after transfer to the recording
chamber. This procedure was found sufficient (pilot tests; not
shown) for the spontaneous activity to be reliably recorded and
analysed over reasonably long periods free from trends or trailing
effects of changes in the environment. We estimated the average
frequency of occurrence, and distance moved within spontaneous
bouts over at least 3 min after the acclimatization period and prior
to any further experimental challenge.

The visual motor response (VMR) is one of the earliest behavioral
responses that can be recorded in freely moving zebrafish larvae
(already at 4 dpf), and consists of a robust increase in swimming
activity in response to a sudden decrease in the environmental
light intensity [36-38]. Yet, at 4 dpf, the energy required for
growth and swimming is provided by the protein-rich yolk, and
although the larvae display a robust locomotor response to
changes in light intensity, the spontaneous activity varies widely
between individuals and does not support reliable estimations of
baseline activity [39]. Therefore, the analysis of activity induced by
dark pulses was performed at 6 dpf as follows: the larvae were
placed in the DanioVision™™ chamber and allowed to acclimatize
for at least 15 min before starting the experiment (environmental
temperature maintained at 28°C by means of a custom-built
system for circulating temperature-controlled water; light intensity
3200-3500 Ix). The baseline activity under constant illumination
was recorded during the last 10 min of the acclimatization period.
The larvae were then exposed to a dark pulse (10 min; light not
detectable in the visible spectrum). The transition between light
and dark was virtually instantaneous.

To characterize the hyperactivity induced by the dark pulse, we
used two orthogonal parameters derived from the cumulative
activity curve: the total locomotor activity and the index of
curvature (IOC). IOC was calculated according to the formula

n—1
(n—1D)Rn—2 > Ri

bel described by Fry et al. [40]: IOC = =l
clow, as described by Fry et al. [40] R ,
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where R; denotes the value of the i-th bin in the cumulative
histogram. The IOC can assume values between -(n-1)/n and (n-
1)/n (approaching -1 and 1, respectively, for very large n), where n
is the number of observation bins (time intervals). If the activity is
recorded predominantly in the beginning of the observation
interval (e.g. if the animals habituate to the environment), IOC is
negative, and the absolute value increases with the bias of
distribution in activity measures. In contrast, an IOC value close
to 0 indicates a uniform distribution of activity within the
observation period. The rationale for calculating a parameter to
describe the shape of the curve is that (1) the novelty-induced
hyperactivity is a consistent finding in all animal models; (2) the
locomotor activity necessarily decays with time as the animals
habituate to the environment [41,42]; and (3) the shape of the
habituation curve conveys ethologically relevant information, such
as the rate of habituation or acquisition of reinforcement [40]. As
compared to the measures of habituation described earlier [42,43],
the IOC is a longitudinal measure of the activity and has the
advantage of orthogonality in relation to global measures of
activity.

The startle response consists of a brief increase in swimming activity
(typically a single bout that is more intense than spontaneous
bouts) shortly after the application of a stimulus (vibrational,
acoustic, electric, or tactile), followed by a period of inactivity
before resuming spontaneous activity [44] (Movie S1). The
acoustic/vibrational startle response in particular develops in
parallel with the auditory system and consistent behavioral
responses can be recorded no sooner than 5 dpf in normal
zebrafish larvae [43,46]. We have used a custom-built system
consisting of a solenoid hitting the chassis of the recording
chamber. The stimulus was triggered from the videotracking
software (EthoVision XT' 9, Noldus, Wageningen, The Nether-
lands) and was synchronized with the behavioral observation. The
fish were allowed to habituate to the experimental environment for
4 minutes before delivering the first stimulus. The baseline activity
was recorded during the last minute of the habituation period. A
series of 10 equally spaced taps (1 min intervals) were delivered
during each session. A startle response was validated only if we
recorded a bout of activity within 0.5 s (25 frames) after triggering
the stimulus. After validation, we analyzed the following param-
eters: average distance moved per time unit (1 s); latency to startle
(measured as the delay between the application of the stimulus and
the beginning of the first subsequent bout); distance moved within
the bout; inactive period following the startle response (measured
as the delay between the end of the startle response and the
beginning of the first next bout) (see also Figure S1). We found no
evidence of habituation (decreasing number of responsive larvae,
or decreasing intensity of the startle response) in our system (data
not shown), and estimated group means after averaging the values
for each parameter across the validated startle responses for each
larva.

Pharmacological challenges in zebrafish larvae. Apomorphine (Apote-
ket, Sweden), dexamfetamine (S(+)-amfetamine sulfate, Cat.
No. A-127; RBI, Natick, MA, USA), quinpirole (Tocris Biosci-
ence, Bristol, UK), and SKF-81297 (Tocris Bioscience, Bristol,
UK) were dissolved in 0.1% DMSO E3water immediately before
adding to the rearing water. The pharmacological compounds
were delivered in 20 uL. E3 medium/well 30 min prior to
recording the swimming activity. The final concentrations in the
rearing water were as follows: dexamfetamine — 1 and 10 uM;
apomorphine — 2.5 and 5 uM; quinpirole — 10 and 20 uM; SKF-
81297 — 25 and 50 uM. The doses and the timing of behavioural
recording relative to the administration of the selected compounds

were set based on previous reports (for dexamfetamine,
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Figure 1. The structure of spontaneous locomotion in zebrafish larvae and mice during the active phase of the circadian cycle (light
for zebrafish larvae, dark for mice). (A) Representative sequence of spontaneous activity (20 s) recorded at 6 dpf in one control and one larva
exposed to 1 mg/L PFOS. In the control larva, the spontaneous activity consists of short, evenly spread bouts of swimming. In the larva exposed to
1 mg/L PFOS, the spontaneous activity consists of clusters of intense activity separated by extended periods of inactivity. Background noise
(displacement below 0.2 mm/frame) shaded in gray; inset in top panel — magnification of a representative bout of spontaneous activity. (B)
Quantification of frequency of spontaneous bouts of activity. Note the dramatic decrease in bout frequency induced by exposure to 1 mg/L PFOS. (C)
Average distance moved during one spontaneous bout of activity. Zebrafish larvae exposed to 1 mg/L PFOS have a hyperactive phenotype
characterized by a 2.5 fold higher distance swum during spontaneous bouts of activity. (D) lllustrative sequence of spontaneous locomotion during
the active phase of the circadian cycle in one control and one mouse exposed to 3 mg/kg/dy PFOS during gestation. The spontaneous locomotor
activity (visits) in the homecage is integrated over consecutive, non-overlapping 10 min bins and spline-interpolated for clarity. (E, F) Similar to the
pattern found in zebrafish larvae, the mice exposed to 3 mg/kg PFOS display less frequent (E), but more intense (F) bouts of activity. B, C, E, F - one-
way ANOVA followed by Dunnett’s post-hoc test; * p<<0.05 PFOS exposed vs. control. The number of independent observations is indicated at the
bottom of each column in B, C, E and F.

doi:10.1371/journal.pone.0094227.g001

apomorphine, and quinpirole see [47,48]) and dose-response hyperactivity, and the high dose would suppress spontaneous
curves tested in our lab (for SKF-81297). In particular the doses of activity in control larvae [48]. All plates were treated similarly in
dexamfetamine were selected so that the low dose would induce cach experiment, ze. all larvae in one plate received the same
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concentration of the compound, and the different concentrations
were divided between plates originating from the same stock and
spawning session. All experiments were repeated at least 3 times,
and used fertilized eggs produced from different stocks. This
design was carefully observed in order to minimize the bias of
genetic background differences across stocks.

Historical behavioral data in mice. In light of the
phenotypical alterations found in zebrafish, as well as to strengthen
the relevance of zebrafish larvae as experimental model for
developmental neurotoxicity, we further analyzed historical
behavioral data from mice. The developmental exposure to PFOS
in mice has been described earlier [19]. Briefly, pregnant C57Bl/
6/Bkl dams (Scanbur BK, Sweden) received PFOS at a dose of 0.3
or 3 mg/kg/day throughout gestation (N =6 per treatment). The
locomotor activity was recorded in 8 male pups (5—6 weeks of age),
randomly selected from all litters (maximum 2 pups from any litter
were included). At weaning, the pups were implanted with sterile
subcutaneous radio frequency identification (RFID) tags (ID-
100A, Trovan Ltd., UK) under 4% isoflurane anesthesia. The
transponders allowed unambiguous identification of animals
throughout the experiment.

Monitoring and analysis of spontaneous locomotion wn_freely moving mice.
The locomotor activity of freely moving mice was monitored using
the TraffiCage™ system (NewBehavior, Ziirich, Switzerland), as
described elsewhere [19]. Briefly, the system consists of an array of
radio frequency antennas to be placed under the cage with group-
housed, freely moving mice. The antennas would read the RFID
tags and provide an approximate location of each animal with a
time resolution of 50 ms. The series of RFID detection were
exported and analyzed using custom routines developed in
Matlab™ R2012b. The time interval during which an animal is
detected constantly by the same antenna is defined as “visit”, and
1s described by time of first detection of a specific RFID and by its
duration. When an animal is changing its location to a large
enough extent to be detected by another antenna, a new visit is
recorded. Visits that are longer than 10 min are considered
mnactive periods, consistent with resting/sleeping time (see also
[19]). The number of visits was used as estimate of locomotor
activity. The spontaneous locomotion is typically characterized by
clusters of relatively short visits bounded by inactive periods, which
we defined as “activity bouts”. A bout of activity is therefore
described by the moment of appearance (for classification of
occurrence in relation to the phases of the circadian cycle), the
intensity of activity it comprises (number of visits); and the
duration (defined as the time interval between the end of an
inactive period, and the beginning of the next inactive period).
Given that the spontaneous activity analyzed during the dark
phase is part of a virtually infinite sequence, the number of bouts is
equal to the number of inactive periods. In order to match the
zebrafish data on spontaneous activity, we analyzed only the dark
phase of the circadian cycle (when mice are normally active). In
addition, we analyzed the novelty-induced hyperactivity in mice.
Thus, we monitored the locomotor activity for 2 h after
transferring the animals to a new cage with fresh bedding
(otherwise identical to the home cage). The handling and the
sudden change in the environment typically induces an abrupt
increase in exploration/locomotor activity, which subsides within
2-3 h in group-housed animals (see also [19]). We assessed the
habituation to a new environment by estimating the total
locomotor activity and the IOC.

Statistical analyses

All statistical analyses were performed using Statistica 10
software package (StatSoft Inc., Uppsala, Sweden). The data were
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analyzed by ANOVA (one-way, factorial, or repeated measures) as
appropriate. Between-group differences were tested using post-hoc
analysis: Dunnett’s test for comparison against a single control
group, as in one-way or repeated measures ANOVA design; and
unequal N HSD test for comparisons against multiple controls as
in simple factorial (“exposure” and “treatment” as factors) or
between-group with replication factorial designs (“within-group”
and “‘treatment” as factors). The ANOVA tables are shown in File
S1. The threshold for statistical significance was set to 0.05 for all
statistical analyses. All data are reported as average * standard
error of the mean.

Results

PFOS bioaccumulation in zebrafish larvae

The average concentration of PFOS measured in the zebrafish
larvae was 21.6%5.4 ng/mg wet tissue and 213.5%£62.7 ng/mg
wet tissue in larvae exposed to 0.1 or 1 mg/L PFOS respectively.
We did not find any effect of PFOS exposure on the viability, time
of hatching, or incidence of developmental abnormalities (Table
S1).

Alterations in the pattern of spontaneous activity

The spontaneous swimming activity in zebrafish is characterized
by discrete bouts of activity separated by inactive intervals. This
pattern, also described as “beat-and glide”, is consistently
displayed after the age of 4 dpf, and marks the developmental
switch to increased spontaneous locomotion to support foraging
[49-51]. However, although episodes of hyperactivity can be
induced at 4 dpf (see [38]), the spontaneous activity is consistent
over time and between individuals only at later stages, i.e. near the
end of the yolk sac absorption and around the onset of the need for
an external supply of energy [39,52,53]. The larvae exposed to
1 mg/L PFOS (Fig. 1 A) exhibit a dramatic disruption of the
regular bout pattern, with a reduced frequency of activity bouts
(Fig 1 B), but increased distance moved within a bout (Fig. 1 C).
The shape and distribution of the activity bouts in larvae exposed
to 0.1 mg/L PFOS was not different from controls (Fig. 1 B, C).
Notably, the exposure to PFOS had a similar effect on the pattern
of spontaneous locomotion in mice (Fig 1 D). We found a
significant decrease in the number of spontaneous bouts of activity
associated with an increase in the intensity of activity within the
bout occurred only in the mice exposed to 3 mg/kg/day, but not
in the 0.3 mg/kg/day PFOS-exposed mice (Fig. 1 E, F).

Alterations in the VMR (zebrafish larvae) and novelty-
induced hyperactivity (mice)

The visual motor response (VMR) in zebrafish larvae describes
the transient hyperactivity induced by a dark pulse during the light
phase [36,38,52,54]. Controls and larvae exposed to 0.1 mg/L
PFOS, displayed an increase in the frequency of activity bouts
(Fig 2 A) in addition to increasing the activity within the bout
(Figure S2). In contrast, the larvae exposed to 1 mg/L PFOS
appear to respond only with an increase in the number of bouts
that is invariable over time (Fig 2 A). The transition from light to
dark is typically associated with a robust increase in swimming
activity that gradually decays over time as the larvae habituate to
the environment (Fig. 2 B; see also [38,54,55] and Movie S2). The
total distance moved during a 10 min dark pulse was lower, and
the rate of habituation was higher (larger negative IOC value) as
compared to controls only in the larvae exposed to 0.1 mg/L
PFOS (Fig. 2 C). In light of these findings, we re-analyzed the data
we reported earlier [19], focusing on the novelty-induced
hyperactivity in mice (Fig. 2 D), and found that mice exposed to
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0.3 mg/kg/day PFOS display both less locomotor activity, and
faster habituation (larger negative IOC value) as compared to
controls and mice exposed to 3 mg/kg/day PFOS (Fig. 2 E).
The VMR experimental setting also allows for investigating the
effects of the transitions between light and dark phases [54]. The
transition from light to dark induces a peak of activity (about 10 s)
before stabilizing to a plateau-like level, consistently higher than
the activity before the transition. In contrast, the transition from
dark to light is characterized by a brief increase in swimming
activity followed by an abrupt suppression of spontaneous
swimming activity to a level not only lower than the activity
before transition, but also lower than spontaneous activity before

Hyperactivity Induced by Developmental Exposure to PFOS

the dark pulse (Fig. 2 F). In zebrafish larvae exposed to 1 mg/L
PFOS we found a stronger behavioral response to changes in light
intensity. Following the transition from light to dark, the change in
locomotor activity had a biphasic pattern, with an abrupt increase
in activity, followed by a transient decrease before reaching the
plateau level. At the transition from dark to light, the PFOS-
exposed larvae displayed sharp peak of activity followed by a
longer period of relatively high activity before settling at a level
lower than at the end of the dark period (Fig 2 F). Importantly, the
transition from dark to light has the electrophysiological features of
a startle response (eg activation of Mauthner cells [36]).
Therefore, we approached the startle response to a vibrational
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Figure 2. VMR in zebrafish larvae and novelty-induced hyperactivity in mice. (A) The dark pulse induces a similar pattern of fluctuations in
the frequency of spontaneous bouts in larvae exposed to 0.1 mg/L PFOS as in controls. Larvae exposed to 1 mg/L PFOS respond with an increase in
frequency that does not vary over time. In addition, the frequency of spontaneous bouts is restored directly to baseline level after the dark pulse. (B)
Hyperactivity and habituation in zebrafish larvae during the dark pulse; 30 s timebins. (C) Quantification of total distance and I0C in zebrafish larvae.
(D) Novelty-induced hyperactivity in mice. (E) Quantification of total distance moved and habituation rate (estimated by 10C) in mice. Note the
similarity between the dose-response curves of the effect of exposure to PFOS on habituation in zebrafish and mice. (F) Swimming activity in
zebrafish larvae at the transition between light and dark (gray shaded areas). The larvae exposed to 1 mg/L PFOS display hyperactive episodes of
higher magnitude that last considerably longer than in controls. * p<<0.05 PFOS exposed vs. control; ANOVA followed by Dunnett’s post-hoc test. The
number of independent observations is indicated at the bottom of each column in C and E. Graphs in A and B are based on the same number of
observations reported in C; graphs in D are based on the same number of observations as in E.

doi:10.1371/journal.pone.0094227.g002
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stimulus in order to refine the investigation of the altered
swimming activity induced by PFOS.

Alterations in the startle response

The spontaneous activity of 6 dpf larvae in baseline conditions
is characterized by bouts occurring at a rate of around 50/min,
which yields a sub-unit probability to record 1 bout of activity
within each second. Therefore, we inferred that measuring the
distance moved by individual larvae in 1 s long timebins would
accurately isolate the startle bout from the background spontane-
ous activity in control larvae. We found that the startle response in
control larvae typically consists of a single bout of activity (Fig. 3 A)
with the amplitude about 2.5 times larger than in spontaneous
bouts (Fig. 3 B, C); the latency to startle is about 200 ms (Fig. 3 D),
and the spontaneous swimming activity is resumed after an
mactive period of about 1 s (Fig. 3 E). The startle response in
larvae exposed to 0.1 mg/L PFOS was similar to controls. In
contrast, the startle response in larvae exposed to 1 mg/L PFOS is
characterized by a longer latency to startle, and is followed by a
cluster of bouts of amplitude similar to the spontaneous bouts
which are separated by very short inactive periods (Fig. 3 A-E). In
addition, the larvae exposed to 1 mg/L PFOS also exhibit an
increase in activity 1 s before stimulation (Fig. 3 C). Therefore, the
startle response in control larvae can be described as an amplitude-
modulation of spontaneous swimming bouts, while in PFOS-
exposed larvae the startle response appears as frequency modu-
lation of the locomotor output.

To summarize, the developmental exposure to 1 mg/L PFOS
induced changes in spontaneous swimming activity at baseline
characterized by less frequent, but more intense bouts of activity as
compared to controls. In addition, stimuli that normally induce
only a brief hyperactive episode in control larvae, in PFOS
exposed larvae induce abnormally prolonged hyperactive episodes
consisting of series of bouts of constant amplitude. This results in a
pattern of spontaneous activity that is fragmented and highly
variable over time (Figure S3). A similar pattern has been
described recently in a zebrafish model aimed at investigating
the developmental effects of knocking down Latrophilin 3
(Lphn3.1), an ADHD susceptibility gene, which was characterized
by less numerous and misplaced dopaminergic neurons [56]. The
phenotype was rescued by acute administration of drugs used in
the treatment of ADHD [56]. Therefore, in light of the
epidemiological report on the association between ADHD and
the exposure to perflourinated chemicals (including PFOS) [16],
we investigated whether the calming effect of dexamfetamine
could be reproduced in our model.

Effects of dexamfetamine and dopamine receptor

agonists on spontaneous activity

We recorded the startle response in 6 dpf zebrafish larvae
30 min after spiking the rearing water with a catecholamine
reuptake inhibitor, dexamfetamine (1 or 10 uM). The concentra-
tions of dexamfetamine were selected based on the dose-response
curves reported earlier [47,48], according to which 1 uM should
stimulate, while 10 pM should suppress spontaneous activity in
control zebrafish larvac. We found that 1 pM dexamfetamine
induced hyperactivity in controls and in larvae exposed to 0.1 mg/
L PFOS by increasing the frequency of spontancous activity bouts,
but did not alter the distance moved within a bout (Fig 4 A). At
10 uM, dexamfetamine reduced the number of bouts of sponta-
neous activity only in the larvae exposed to 0.1 mg/L PFOS. In
contrast, dexamfetamine monotonically increased the frequency of
bouts of spontaneous activity and reduced the activity within the
bout in the larvae exposed to 1 mg/L PFOS.
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To confirm the dopamine signaling deficiency, and investigate
the effects of dopamine receptor agonists on specific phenotypes,
we treated the zebrafish larvae with non-specific (apomorphine),
and specific (quinpirole for D2, and SKF-81297 for D1) dopamine
receptor agonists. In zebrafish larvae exposed to 1 mg/L PFOS we
found that quinpirole increased the frequency of spontancous
swimming bouts, while SKF-81297 reduced the within-bout
activity (Figure S4). As expected, apomorphine treatment had
effects consistent with the activation of both D1 and D2 receptors
in larvae exposed to 1 mg/L PFOS (Figure S4).

Effects of dexamfetamine and dopamine receptor

agonists on the startle response

In controls, dexamfetamine increased the response rate (at
1 uM; Fig 4 B) and decreased the inactive period following the
startle response (at both 1 and 10 pM; Fig 4 E), but did not alter
the amplitude (Fig 4 C, D) or the latency (not shown) of the startle
response. In larvae exposed to 0.1 mg/L PFOS, the only effect of
dexamfetamine was a decrease in the inactive period (Fig 4 E. In
larvae exposed to 1 mg/L PFOS, the increase in activity preceding
the startle response was abolished by dexamfetamine (at both 1
and 10 uM; Fig. 4 C), and the duration of hyperactivity following
the vibrational stimulus was reduced from 4.8 to 2.5 s (Fig 4. C,
Figure S5). In addition, dexamfetamine monotonically increased
the response rate (Fig 4 B), but had no effect on the latency (not
shown) or the inactive period after the startle response (Fig 4 E) in
larvae exposed to 1 mg/L PFOS.

The expected facilitating effect of dopamine receptor agonists
on movement in the vibrational startle experiments manifested as
a decrease in the latency to startle (induced by apomorphine), and
in the inactive period (induced by apomorphine and quinpirole) in
controls and larvae exposed to 0.1 mg/L PFOS (Figure S4). In
larvae exposed to 1 mg/L PFOS, the dopamine receptor agonists
had no effect on the parameters related to the startle response.

When we analyzed the amplitude of the activity bout induced
by the vibrational stimulus in relation to the spontaneous activity
bouts, we found that dexamfetamine treatment restored the
amplitude modulation of the startle response in larvae exposed to
1 mg/L PFOS essentially by reducing the amplitude of sponta-
neous bouts (Fig 4 D).

Discussion

In this study we found that zebrafish larvae exposed to PFOS in
the rearing water from 2 hpf display dose-dependent behavioural
alterations: zebrafish larvae exposed to 0.1 mg/L PFOS habituate
faster than controls during a dark pulse, while 1 mg/L PFOS
induces a disorganized pattern of spontaneous activity and
persistent hyperactivity. Similarly, mice exposed to 0.3 mg/kg/
day PFOS habituated faster than controls to a new environment,
while mice exposed to 3 mg/kg/day PFOS displayed more intense
and disorganized spontaneous activity. To further investigate the
hyperactivity induced by PFOS, we analysed the startle response
to a vibrational stimulus and found that larvae exposed to 1 mg/L
PFOS display sustained hyperactivity after stimulation. Both
spontaneous and startle-induced hyperactivity were partly reversed
by acute administration of dexamfetamine.

In this study we found that zebrafish larvae exposed to PFOS in
the rearing water from 2 to 144 hpf accumulated the chemical in
the body, in agreement with earlier reported pharmacokinetics
data [30]. Given that PFOS readily permeates the chorion [30],
and that short-term exposure to PFOS did not induce detectable
alterations (Figure S6), it is reasonable to assume that the
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Figure 3. The effects of developmental exposure to PFOS on startle response in 6 dpf zebrafish larvae. (A) Typical vibrational startle
response in a 6 dpf zebrafish larvae. Control larvae display a single bout of swimming activity after triggering the stimulus (arrowhead), followed by a
prolonged silent period. Note that in control larvae, the swimming bout induced by the vibrational stimulus is considerably more robust than the
spontaneous bouts (analysis shown in B), and is followed by a period of inactivity. In contrast, in larvae exposed to 1 mg/L PFOS, the vibrational
stimulus is followed by a prolonged sequence of swimming bouts that have the amplitude similar to spontaneous bouts. The time interval between
triggering the stimulus and the initiation of the bout is defined as latency to startle (analysis shown in D). The delay between the end of the startle
bout and the following bout (analysis shown in E) can be defined as the latency to resume spontaneous swimming activity in control, but not in
larvae exposed to 1 mg/L PFOS. (B) Comparison of the distance moved within spontaneous vs. stimulation-induced swimming bouts. Control larvae
and larvae exposed to 0.1 mg/L PFOS consistently display a robust increase in the amplitude of activity bout in response to vibrational stimulation. In
contrast, zebrafish larvae exposed to 1 mg/L PFOS swam significantly longer distances within spontaneous bout, but do not increase the distance
moved in response to the vibrational stimulation. (C) Average distance moved integrated over 1s timebins. The increase in distance moved is
accounted for by a single, more robust bout in controls (see A). In contrast, the amplitude of the startle response in larvae exposed to 1 mg/L PFOS is
significantly larger than in controls, and it is presumably accounted for by more than 1 bout. In addition, the larvae exposed to 1 mg/L PFOS remain
hyperactive for about 4 s after stimulation. The higher variability before in spontaneous activity before and after the startle response can be
explained by irregularity in occurrence of spontaneous bouts. Note also that the larvae exposed to 1 mg/L PFOS display an increase in activity before
the stimulation. (D, E) Analysis of the latency to startle (D) and inactive period (E). Zebrafish larvae exposed to 1 mg/L PFOS have longer latency to
startle, and have shorter inactive period than controls or larvae exposed to 0.1 mg/L PFOS. B - repeated measures ANOVA followed by unequal N HSD
post-hoc test; * p<<0.05 startle vs. spontaneous; 8§ p<<0.05 PFOS exposed vs. controls. C —repeated measures ANOVA followed by unequal N HSD, or
Dunnett’s post-hoc test, respectively; 8 p<<0.05 PFOS exposed vs. control; * p<<0.05 vs. baseline. D, E - ANOVA followed by Dunnett’s post-hoc test;
* p<<0.05 PFOS exposed vs. controls. The number of independent observations is indicated at the bottom of each column in D and E. The graphs in B
and C are based on the same number of observation as reported in D and E.

doi:10.1371/journal.pone.0094227.g003

behavioral effects are due to developmental damage, rather than in zebrafish larvae, we induced sustained hyperactivity over a
to acute effects. limited period by exposure to a dark pulse. The resulting

We found that the larvae exposed to 1 mg/L PFOS displayed fluctuations in distance moved was consistent with earlier reports
disorganized spontaneous activity, characterized by less frequent, and theoretical models [52,55,57]. The transition from light to
but more intense bouts. Similarly, mice prenatally exposed to dark induces an adaptive behavioral response that involves several
3 mg/kg/day PFOS displayed a decreased frequency associated regulatory circuits modulating spontaneous swimming [36]. In
with an increased intensity of spontaneous activity bouts. This control larvae, the adaptation to dark consisted of a simultaneous
pattern of alterations is suggestive of disturbances in the modulation of bout frequency and activity within the bout. The
modulation of locomotion. To further investigate these alterations monotonic decrease in swimming activity during the dark pulse is
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Figure 4. The effects of acute administration of dexamfetamine on spontaneous swimming and on startle response. (A)
Dexamfetamine displays a bell-shaped dose-dependence of spontaneous bout frequency, but does not alter the distance swam per bout in controls
and in larvae exposed to 0.1 mg/L PFOS. In contrast, dexamfetamine monotonically increases the frequency of spontaneous bouts of activity, and
reduces the distance moved per bout in larvae exposed to T mg/L PFOS. (B) Average rate of response to vibrational stimulation. At baseline, the rate
of response is significantly lower in the larvae exposed to 1 mg/L PFOS than in controls. Upon administration of dexamfetamine, the rate of response
is increased only at 1 uM in controls, and at both doses in the larvae exposed to 1 mg/L PFOS. (C) Acute dexamfetamine administration alters the
spontaneous activity before and after stimulation (presumably by altering the frequency of spontaneous bouts; see also A), but does not influence
the amplitude of the startle response (accounted for by a single bout; see also D) in controls and larvae exposed to 0.1 mg/L PFOS. In larvae exposed
to 1 mg/L PFOS, the amplitude of the startle response is not altered (presumably accounted for by more than one bout; see also D and E), but the
duration of hyperactivity following the vibrational stimulation is shortened by both 1 and 10 uM dexamfetamine (see also Figure S5). (D)
Dexamfetamine restores the amplitude-modulation of the activity bouts in larvae exposed to 1 mg/L PFOS by decreasing the distance moved for
spontaneous bouts. (E) Dexamfetamine shortens the inactive period only in controls and in the larvae exposed to 0.1 mg/L PFOS. A, D - factorial
ANOVA followed by unequal N HSD post-hoc test; 8 p<<0.05 PFOS exposed vs. control; * p<<0.05 vs. baseline. B- repeated measures ANOVA, followed
by Dunnett’s post hoc test with the first 3 samples as control (baseline); * p<<0.05 vs. baseline. E - repeated measures ANOVA followed by unequal N
HSD post-hoc test; * p<<0.05 startle vs. spontaneous; 8 p<<0.05 PFOS exposed vs. controls. The number of independent observations is indicated at
the bottom of each column in A, B and E. Graphs in C and D are based on the same number of observation as reported in B and E.
doi:10.1371/journal.pone.0094227.g004

indicative of habituation [55,58]. Interestingly, we found that the
zebrafish larvae exposed to 0.1 mg/L PFOS did not display
alterations in spontaneous activity, but habituated faster than
controls. Similarly, mice exposed to PFOS at a dose that does not
induce overt alterations in spontanecous locomotion were also
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found to habituate faster to a new environment. One can speculate
that the defects in gating locomotion that result in a disorganized
spontaneous activity pattern obscure the more subtle effect at
motivational level. Alternatively, the different pattern of alterations
in mice and zebrafish larvae may suggest that different mecha-
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nisms are responsible for the phenotype induced by developmental
exposure to PFOS.

The larvae exposed to 1 mg/L PFOS displayed stereotypical
adaptive changes in spontaneous activity with virtually no
amplitude modulation of the activity bouts as compared to
baseline, and very little variation in bout frequency during the
dark pulse. The exaggerated response to the transition from light
to dark was in agreement with the report by Huang et al [30]. In
addition, we found that the larvae exposed to 1 mg/L PFOS
displayed prolonged hyperactivity following the transition from
dark to light. The behavioral modulation at the transition from
dark to light shares kinematic and electrophysiological features
with the startle response [36]. When we investigated the startle
response to a vibrational stimulus, we found that the initial startle
is followed by persistent hyperactivity in the larvae exposed to
1 mg/L PFOS. The rigidity in adaptation to changes in the
environment is strongly suggestive of dopamine deficit, since it has
been shown that dopamine signaling is required for behavioral
variability [59,60].

The developmental exposure to 1 mg/L PFOS induced
complex phenotypical alterations consisting of a hypokinetic
component associated to hyperactivity. The hypokinetic pheno-
type 1s illustrated by the reduced frequency of spontaneous activity
bouts, while the hyperactivity is illustrated by the increase in
distance moved within spontaneous activity bouts and by the
persistent hyperactivity following the startle response. In light of
the dopamine deficiency hypothesis, we tested whether dopamine
receptors agonists can correct the behavioral alterations. Indeed,
we found that the hypokinetic component was partly reversed by
acute administration of D2 agonists (apomorphine and quinpirole),
which also facilitated the initiation of movement in control larvae.
The hyperactive phenotype was corrected by the DI agonists
(apomorphine and SKF-81297), which in turn had no effect in
controls at the doses applied in our study. Importantly, the effects
of dexamfetamine were more extensive than the effects of the
dopamine receptor agonists, and corrected the hyperactive
phenotype in a monotonic dose-dependent fashion. This suggests
that the phenotype is caused by alterations in several diffuse
neurotransmitter systems, such as noradrenaline and serotonin, in
addition to the core defects in dopaminergic signaling. In
zebrafish, the dopaminergic system is highly conserved
[47,61,62], and plays an important role in regulating the
swimming bouts in larvae [51]. A “hyperactive/impulsive motor
phenotype” (consisting of clusters of very intense spontaneous
activity) has been described recently in a zebrafish model
established to investigate the effect of knocking down a homolog
of Latrophilin 3 (Lphn3.1; one of the zebrafish orthologs of
LPHNS3, a susceptibility gene for ADHD [63]) during develop-
ment [56]. The phenotype was reversed by acute administration of
amfetamine-like psychostimulants commonly used for treating
ADHD patients. In our study, the larvae exposed to 1 mg/L
PFOS displayed clusters of intense spontaneous activity, as well as
persistent hyperactivity following the startle response. In addition,
the calming effect of dexamfetamine was replicated in larvae
exposed to 1 mg/L PFOS, as illustrated by the dramatic
correction of both spontaneous, and induced hyperactivity.

Several lines of evidence support the association of ADHD with
alterations in dopamine signaling (reviewed in [64,65]). The core
alteration behind the hyperactivity and impulsivity has been
suggested to be a deficit in behavioral inhibition [66,67].
Impulsivity due to reduced behavioral inhibition has been shown
to correlate with serum concentrations of PFOS in children
independently from an actual diagnosis of ADHD [15]. In
addition, the relative risk of being diagnosed with ADHD was
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found to increase with the level of PFOS in the peripheral blood
[16]. An important limitation of the cross-sectional studies [15,16]
is the unavailability of data on maternal exposure during
pregnancy. Nevertheless, the age range in the study cohorts place
the birth of the children in the early 1990’s, a period
corresponding to the peak in PFOS exposure in the general
population [12,68]. Therefore, one can speculate that an early
(developmental) exposure is very likely to have contributed to the
outcomes analyzed in the cross-sectional studies. In the case of
PFCs, an important source of exposure used to be the grease-
resistant packaging [7] used for food with high fat content, such as
fast-food products, chips and snacks, which in itself is documented
to increase the risk of ADHD [69]. Here we show that in zebrafish
exposure to PFOS during development induces hyperactivity and
a dopaminergic signaling deficit that can be corrected by acute
administration of dexamfetamine. Mice exposed to PFOS i utero
exhibit similar alterations and dose-response curve. In conclusion,
both experimental models show that exposure to PFOS during
development induces core features of the phenotype observed in
PFOS-exposed children.

Supporting Information

Figure S1 Analysis of relationships among the variables
selected for analysis. (A) Loading plot for the first two factors
extracted by means of PLS-DA (projection to latent structure —
discriminant analysis) (see also [70]). The model included variables
from both spontaneous activity (denoted by “r” in the beginning of
the variable name) and startle response (denoted by “s” in the
beginning of the variable name) in larvae that were not subject to
pharmacological manipulations. Variables projecting symmetri-
cally relative to the origin of the axes may be negatively correlated,
while variables mapped very close together may be positively
correlated. Note that the spontaneous activity within the bout
(r_dist/bout) and the spontaneous bout frequency (r_bouts/min)
mapped symmetrically relative to the origin of the axes, but the
negative correlation was not confirmed. (B) It is obvious that the
developmental exposure to PFOS 1 mg/L had significant
influence on both variables, which rendered the multivariate
approach uninformative. The most important information pro-
vided by the multivariate model above was that the variables we
selected were orthogonal to a large-enough extent to justify their
consideration as independent variables analysed separately in
multifactorial models.

(EPS)

Figure S2 Analysis of hyperactivity induced by a dark
pulse in 6 dpf zebrafish larvae (30 s timebins). The total
distance moved within the bout does not differ between baseline
and the dark period, but decreases during the dark period. The
sudden increase at the transition between dark and light is due to
the startle-like response (see text for details). The distance moved
per bout drops after the transition from dark to light in controls
and larvae exposed to 0.1 mg/L PFOS. In contrast, these
fluctuations cannot be identified in larvae exposed to 1 mg/l
PFOS, possibly because of the disorganized pattern of spontaneous
activity (very high within-individual variations). Note, though, the
dramatic variations at the transitions between light and dark
phases in larvae exposed to 1 mg/L PFOS. The pattern of
changes in the activity during the VMR testing is consistent with
carlier reports and theoretical models [52,55,57]. In our
experiment, the larvae had not been exposed to any dark period
before recording the swimming activity. Therefore the spontane-
ous activity at baseline was constant and did not show significant
long-term trends (not shown). In line with the analysis of the startle
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response, the amplitude modulation of the activity bouts is absent
in the larvae exposed to 1 mg/l PFOS. Yet, the total distance
swam during the 10 min dark pulse is not different from controls.
Therefore, in agreement with earlier reports [39], several
orthogonal parameters should be used for characterizing the
swimming phenotype in zebrafish larvae. In addition, we argue
that the characterization of alterations induced by exposure to
potentially neurotoxic compounds in animal models must include
the analysis of spontaneous activity alongside with induced
behavioural responses.

(EPS)

Figure S3 Illustrative individual traces of spontaneous
activity over 1 min (3 s timebins). Note the heavily
fragmented pattern in the larvae exposed to 1 mg/1 PFOS (right)
as compared to controls (left). A similar pattern, described as
“hyperactive/impulsive motor phenotype”, was found in a
zebrafish model investigating the role of Latrophilin 3 (Lphn3.1)
in the etiology of ADHD [56].

(EPS)

Figure S4 Synoptic illustration of the effects of dopa-
mine receptors agonists and D-amfetamine on activity
bouts in 6 dpf zebrafish larvae. (A, B) Effects on spontaneous
activity. Note that quinpirole (D2 receptor agonist) increases the
frequency of bouts, but does not alter the activity within the bout,
while SKF-81297 (D1 receptor agonist) reduces the activity within
the bout, but does not change the frequency of spontaneous bouts.
As expected, apomorphine (nonspecific dopamine receptor
agonist) has an effect that shares features of both D1 and D2
receptor agonists. (C, D) Effects on the startle response. Note that
the latency to startle in controls is affected only by apomorphine.
Otherwise, dopamine receptors agonists have no effect at the doses
we tested. In contrast, the inactive period is shortened by all
compounds, except the D1 agonist SKF-81297. Neither the
latency to startle, nor the inactive period are affected by any of the
compounds in the larvae exposed to 1 mg/L PFOS. Factorial
ANOVA followed by unequal N HSD post-hoc test; 8 p<<0.05
PFOS exposed vs. control; * p<0.05 vs. baseline.

(EPS)

Figure S5 The effect of dexamfetamine on the startle-
induced hyperactivity (SIH) in zebrafish larvae exposed
to 1 mg/LPFOS. (A) SIH consists of a cluster of bouts of activity
separated by short inactive periods (see also the main text for
details). To estimate the duration of SIH, we measured the delay
between the beginning of the startle response and the first
occurrence of an inactive period longer than 0.7 s (i.e. 1 standard
deviation longer than the average first inactive period following
the startle response; see Fig 3E). The arrowhead indicates the
moment when the stimulus was triggered. (B) Acute administration
of dexamfetamine consistenly shortens the delay of occurrence of
inactive periods longer than 0.7 s. One-way ANOVA followed by
Dunnett’s post-hoc test; * p<<0.05 vs. baseline. The analysis
described above is not applicable to controls or to larvae exposed
to 0.1 mg/L PFOS because the inactive period following the
startle response is not significantly different from the average delay
between spontaneous bouts (see Fig 1B, 3E, 4A and 4E). In
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File S1 ANOVA tables for the data shown in the main
figures.
DOCX)

Acknowledgments

We thank Prof. Gilberto Fisone and Prof. Sven-Ove Ogren for their
support in designing the pharmacological probing of the dopaminergic
system; Prof. Abdel ElManira and Dr. Stefan Orn for the fruitful
discussions on the zebrafish model.

Author Contributions

Conceived and designed the experiments: SS NO SC. Performed the
experiments: SS PK WNWI NO MU SN MDT. Analyzed the data: SS
SN. Contributed reagents/materials/analysis tools: LN SN SC. Wrote the
paper: SS SC.

3. Olsen GW, Huang H-Y, Helzlsouer KJ, Hansen KJ, Butenhoff JL, et al. (2005)
Historical comparison of perfluorooctanesulfonate, perfluorooctanoate, and
other fluorochemicals in human blood. Environ Health Perspect 113: 539-545.

4. Lau C, Anitole K, Hodes C, Lai D, Pfahles-Hutchens A, et al. (2007)
Perfluoroalkyl acids: a review of monitoring and toxicological findings. Toxicol
Sci 99: 366-394.

April 2014 | Volume 9 | Issue 4 | e94227



20.

21.

22.

26.

27.

28.

29.

30.

. Quinete N, Wu Q, Zhang T, Yun SH, Moreira I, et al. (2009) Specific profiles of

perfluorinated compounds in surface and drinking waters and accumulation in
mussels, fish, and dolphins from southeastern Brazil. Chemosphere 77: 863-869.

. Zhang T, Sun HW, Wu Q, Zhang XZ, Yun SH, et al. (2010) Perfluorochemicals

in meat, eggs and indoor dust in China: assessment of sources and pathways of
human exposure to perfluorochemicals. Environ Sci Technol 44: 3572-3579.

. EFSA (2008) Opinion of the Scientific Panel on Contaminants in the Food chain

on Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and their
salts. EFSA J 653: 1-131.

. Olsen GW, Burris JM, Ehresman D]J, Froehlich JW, Seacat AM, et al. (2007)

Half-life of serum elimination of perfluorooctanesulfonate,perfluorohexanesulfo-
nate, and perfluorooctanoate in retired fluorochemical production workers.
Environ Health Perspect 115: 1298-1305.

Grandjean P, Landrigan PJ (2006) Developmental neurotoxicity of industrial
chemicals. Lancet 368: 2167-2178.

. Chen M-H, Ha E-H, Wen T-W, Su Y-N, Lien G-W, et al. (2012) Perfluorinated

compounds in umbilical cord blood and adverse birth outcomes. PLoS One 7:
c42474.

. Apelberg BJ, Goldman LR, Calafat AM, Herbstman JB, Kuklenyik Z, et al.

(2007) Determinants of Fetal Exposure to Polyfluoroalkyl Compounds in
Baltimore, Maryland. Environ Sci Technol 41: 3891-3897.

Sundstrém M, Ehresman D], Bignert A, Butenhoff JL, Olsen GW, et al. (2011)
A temporal trend study (1972-2008) of perfluorooctanesulfonate, perfluorohex-
anesulfonate, and perfluorooctanoate in pooled human milk samples from
Stockholm, Sweden. Environ Int 37: 178-183.

. Fei C, Olsen J (2011) Research | Children’s Health Prenatal Exposure to

Perfluorinated Chemicals and Behavioral or Coordination Problems at Age 7

Years: 573-578. doi:10.1289/¢hp.1002026.

. Fei C, McLaughlin JK, Lipworth L, Olsen J (2008) Prenatal exposure to

perfluorooctanoate (PFOA) and perfluorooctanesulfonate (PFOS) and mater-
nally reported developmental milestones in infancy. Environ Health Perspect
116: 1391-1395.

. Gump BB, Wu Q, Dumas AK, Kannan K (2011) Perfluorochemical (PFC)

exposure in children: associations with impaired response inhibition. Environ Sci
Technol 45: 8151-8159.

. Hoffman K, Webster TF, Weisskopf MG, Weinberg J, Vieira VM (2010)

Exposure to polyfluoroalkyl chemicals and attention deficit/hyperactivity
disorder in U.S. children 12-15 years of age. Environ Health Perspect 118:
1762-1767.

. Johansson N, Fredriksson A, Eriksson P (2008) Neonatal exposure to

perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) causes
neurobehavioural defects in adult mice. Neurotoxicology 29: 160-169.

. Lau C, Butenhoff JL, Rogers JM (2004) The developmental toxicity of

perfluoroalkyl acids and their derivatives. Toxicol Appl Pharmacol 198: 231
241.

. Onishchenko N, Fischer C, Wan Ibrahim WN, Negri S, Spulber S, et al. (2011)

Prenatal exposure to PFOS or PFOA alters motor function in mice in a sex-
related manner. Neurotox Res 19: 452-461.

Zhang L, Li Y, Chen T, Xia W, Zhou Y, et al. (2011) Abnormal development of
motor neurons in perfluorooctane sulphonate exposed zebrafish embryos.
Ecotoxicology 20: 643-652.

Borg D, Bogdanska J, Sundstrém M, Nobel S, Hakansson H, et al. (2010) Tissue
distribution of (35)S-labelled perfluorooctane sulfonate (PFOS) in C57B1/6 mice
following late gestational exposure. Reprod Toxicol 30: 558-565.

Chang S-C, Noker PE, Gorman GS, Gibson SJ, Hart J a, et al. (2012)
Comparative pharmacokinetics of perfluorooctanesulfonate (PFOS) in rats,
mice, and monkeys. Reprod Toxicol 33: 428-440.

. Harada KH, Hashida S, Kancko T, Takenaka K, Minata M, et al. (2007) Biliary

excretion and cerebrospinal fluid partition of perfluorooctanoate and perfluor-
ooctane sulfonate in humans. Environ Toxicol Pharmacol 24: 134-139.

. Maestri L, Negri S, Ferrari M, Ghittori S, Fabris F, et al. (2006) Determination

of perfluorooctanoic acid and perfluorooctanesulfonate in human tissues by
liquid chromatography/single quadrupole mass spectrometry. Rapid Commun
Mass Spectrom 20: 2728-2734.

. Wan Ibrahim WN, Tofighi R, Onishchenko N, Rebellato P, Bose R, et al. (2013)

Perfluorooctane sulfonate induces neuronal and oligodendrocytic differentiation
in neural stem cells and alters the expression of PPARY in vitro and in vivo.
Toxicol Appl Pharmacol 269: 51-60.

Slotkin TA, MacKillop EA, Melnick RL, Thayer KA, Seidler FJ (2008)
Developmental neurotoxicity of perfluorinated chemicals modeled in vitro.
Environ Health Perspect 116: 716-722.

Maximino C, Herculano AM (2010) A review of monoaminergic neuropsycho-
pharmacology in zebrafish. Zebrafish 7: 359-378.

Panula P, Sallinen V, Sundvik M, Kolechmainen J, Torkko V, et al. (2006)
Modulatory neurotransmitter systems and behavior: towards zebrafish models of
neurodegenerative diseases. Zebrafish 3: 235-247.

Shi X, Du Y, Lam PKS, Wu RSS, Zhou B (2008) Developmental toxicity and
alteration of gene expression in zebrafish embryos exposed to PFOS. Toxicol
Appl Pharmacol 230: 23-32.

Huang H, Huang C, Wang L, Ye X, Bai C, et al. (2010) Toxicity, uptake kinetics
and behavior assessment in zebrafish embryos following exposure to perfluor-
ooctanesulphonicacid (PFOS). Aquat Toxicol 98: 139-147.

PLOS ONE | www.plosone.org

31.

32.

33.

34.

37.

38.

39.

40.

41.

42.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

Hyperactivity Induced by Developmental Exposure to PFOS

Ulhaq M, Carlsson G, Orn S, Norrgren L (2013) Comparison of developmental
toxicity of seven perfluoroalkyl acids to zebrafish embryos. Environ Toxicol
Pharmacol 36: 423-426.

Hagenaars A, Vergauwen L, De Coen W, Knapen D (2011) Structure—activity
relationship assessment of four perfluorinated chemicals using a prolonged
zebrafish early life stage test. Chemosphere 82: 764-772.

OECD (2013) Test No. 236: Fish Embryo Acute Toxicity (FET) Test. OECD
Guidelines for the Testing of Chemicals, Section 2. OECD Publishing. pp. 1-22.
doi:10.1787/9789264203709-cn.

OECD (2013) Test No. 210: Fish, Early-life Stage Toxicity Test. OECD
Guidelines for the Testing of Chemicals, Section 2. OECD Publishing. pp. 1-24.
doi:10.1787/9789264203709-en.

. Ali S, Champagne DL, Richardson MK (2012) Behavioral profiling of zebrafish

embryos exposed to a panel of 60 water-soluble compounds. Behav Brain Res
228: 272-283.

. Burgess H, Granato M (2007) Modulation of locomotor activity in larval

zebrafish during light adaptation. J Exp Biol 210: 2526-2539.

“olwill RM, Creton R (2011) Imaging escape and avoidance behavior in
zebrafish larvae. Rev Neurosci 22: 63-73.

Emran F, Rihel J, Dowling JE (2008) A behavioral assay to measure
responsiveness of zebrafish to changes in light intensities. J Vis Exp: 1-6.
Ingebretson JJ, Masino MA (2013) Quantification of locomotor activity in larval
zebrafish: considerations for the design of high-throughput behavioral studies.
Front Neural Circuits 7: 109.
Fry W, Kelleher RT, Cook L (1960) A mathematical index of performance on
fixed-interval schedules of reinforcement. J Exp Anal Behav 3: 193-199.
Wong K, Elegante M, Bartels B, Elkhayat S, Tien D, et al. (2010) Analyzing
habituation responses to novelty in zebrafish (Danio rerio). Behav Brain Res 208:
450-457.
Roberts AC, Bill BR, Glanzman DL (2013) Learning and memory in zebrafish
larvae. Front Neural Circuits 7: 126.

Stewart AM, Cachat J, Green J, Gaikwad S, Kyzar E, et al. (2013) Constructing
the habituome for phenotype-driven zebrafish research. Behav Brain Res 236:
110-117.

. Burgess HA, Granato M (2007) Sensorimotor gating in larval zebrafish.

J Neurosci 27: 4984-4994.

. Tanimoto M, Ota Y, Horikawa K, Oda Y (2009) Auditory input to CNS is

acquired coincidentally with development of inner ear after formation of
functional afferent pathway in zebrafish. J Neurosci 29: 2762-2767.

Zeddies DG, Fay RR (2005) Development of the acoustically evoked behavioral
response in zebrafish to pure tones. J Exp Biol 208: 1363-1372.

Irons TD, Kelly PE, Hunter DL, Macphail RC, Padilla S (2013) Acute
administration of dopaminergic drugs has differential effects on locomotion in
larval zebrafish. Pharmacol Biochem Behav 103: 792-813.

Irons TD, MacPhail RC, Hunter DL, Padilla S (2010) Acute neuroactive drug
exposures alter locomotor activity in larval zebrafish. Neurotoxicol Teratol 32:
84-90.

Masino MA, Fetcho JR (2005) Fictive swimming motor patterns in wild type and
mutant larval zebrafish. ] Neurophysiol 93: 3177-3188.

Wiggin TD, Anderson TM, Eian J, Peck JH, Masino MA (2012) Episodic
swimming in the larval zebrafish is generated by a spatially distributed spinal
network with modular functional organization. J Neurophysiol 108: 925-934.
Lambert AM, Bonkowsky JL, Masino M a (2012) The conserved dopaminergic
diencephalospinal tract mediates vertebrate locomotor development in zebrafish
larvae. J Neurosci 32: 13488-13500.

Padilla S, Hunter DL, Padnos B, Frady S, MacPhail RC (2011) Assessing
locomotor activity in larval zebrafish: Influence of extrinsic and intrinsic
variables. Neurotoxicol Teratol 33: 624-630.

Liu Y-C, Bailey I, Hale ME (2012) Alternative startle motor patterns and
behaviors in the larval zebrafish (Danio rerio). J] Comp Physiol A Neuroethol
Sens Neural Behav Physiol 198: 11-24.

Ellis LD, Seibert ], Soanes KH (2012) Distinct models of induced hyperactivity
in zebrafish larvae. Brain Res 1449: 46-59.

. MacPhail RC, Brooks J, Hunter DL, Padnos B, Irons TD, et al. (2009)

Locomotion in larval zebrafish: Influence of time of day, lighting and ethanol.
Neurotoxicology 30: 52-58.

Lange M, Norton W, Coolen M, Chaminade M, Merker S, et al. (2012) The
ADHD-susceptibility gene Iphn3.1 modulates dopaminergic neuron formation
and locomotor activity during zebrafish development. Mol Psychiatry 17: 946
954.

Staddon JER, MacPhail RC, Padilla S (2010) The dynamics of successive
induction in larval zebrafish. ] Exp Anal Behav 94: 261-266.

Best JD, Berghmans S, Hunt JJFG, Clarke SC, Fleming A, et al. (2008) Non-
associative learning in larval zebrafish. Neuropsychopharmacology 33: 1206—
1215.

Costa RM, Lin S-C, Sotnikova TD, Cyr M, Gainetdinov RR, et al. (2006) Rapid
alterations in corticostriatal ensemble coordination during acute dopamine-
dependent motor dysfunction. Neuron 52: 359-369.

Costa RM (2011) A selectionist account of de novo action learning. Curr Opin
Neurobiol 21: 579-586.

Sallinen V, Torkko V, Sundvik M, Reenili I, Khrustalyov D, et al. (2009) MPTP
and MPP+ target specific aminergic cell populations in larval zebrafish.
J Neurochem 108: 719-731.

April 2014 | Volume 9 | Issue 4 | e94227



62.

63.

64.

Anichtchik O V, Kaslin J, Peitsaro N, Scheinina M, Panula P (2004)
Neurochemical and behavioural changes in zebrafish Danio rerio after systemic
administration of 6-hydroxydopamine: 443-453. doi:10.1046/j.1471-
4159.2003.02190.x.

Arcos-Burgos M, Jain M, Acosta MT, Shively S, Stanescu H, et al. (2010) A
common variant of the latrophilin 3 gene, LPHN3, confers susceptibility to
ADHD and predicts effectiveness of stimulant medication. Mol Psychiatry 15:
1053-1066.

Genro JP, Kieling C, Rohde L a, Hutz MH (2010) Attention-deficit/
hyperactivity disorder and the dopaminergic hypotheses. Expert Rev Neurother
10: 587-601.

. Del Campo N, Chamberlain SR, Sahakian BJ, Robbins TW (2011) The roles of

dopamine and noradrenaline in the pathophysiology and treatment of attention-
deficit/hyperactivity disorder. Biol Psychiatry 69: e145-57.

PLOS ONE | www.plosone.org

13

66.

67.

68.

69.

70.

Hyperactivity Induced by Developmental Exposure to PFOS

Barkley RA (1997) Behavioral inhibition, sustained attention, and executive
functions: constructing a unifying theory of ADHD. Psychol Bull 121: 65-94.
Bari A, Robbins TW (2013) Inhibition and impulsivity: Behavioral and neural
basis of response control. Prog Neurobiol 108: 44-79.

Haug LS, Thomsen C, Becher G (2009) Time trends and the influence of age
and gender on serum concentrations of perfluorinated compounds in archived
human samples. Environ Sci Technol 43: 2131-2136.

Howard AL, Robinson M, Smith GJ, Ambrosini GL, Piek JP, et al. (2011)
ADHD is associated with a “Western” dietary pattern in adolescents. J Atten
Disord 15: 403-411.

Spulber S, Bartfai T, Winblad B, Schultzberg M (2011) Morphological and
behavioral changes induced by transgenic overexpression of interleukin-Ira in
the brain. J Neurosci Res 89: 142-152.

April 2014 | Volume 9 | Issue 4 | e94227



