Chronic PFOS exposures induce life stage-specific behavioral deficits in adult zebrafish

and produce malformations in F1 offspring

Jiangfei Chen?, Changjiang Huang®, Siba R. Das”, Jane La Du®, Margaret M. Corvi®, Chenglian
Bai®, Yuanhong Chen?, Robert L. Tanguay®*, Qiaoxiang Dong®®*

#Zhejiang Provincial Key Laboratory for Technology and Application of Model Organisms;
Institute of Watershed Science and Environmental Ecology, Wenzhou Medical College,
Wenzhou 325035, China

PEnvironmental and Molecular Toxicology, The Sinnhuber Aquatic Research Laboratory and
The Environmental Health Sciences Center, Oregon State University, Corvallis, Oregon 97333,

USA

‘Department of Cellular and Structural Biology, University of Texas Health Science Center at
San Antonio, San Antonio, Texas 78229, USA

Corresponding authors: Robert. Tanguay@oregonstate.edu; dgxdong@163.com



mailto:Robert.Tanguay@oregonstate.edu

Abstract

Perfluorooctanesulphonicacid (PFOS) is an organic contaminant that is ubiquitous in the
environment, wildlife, and humans. Few studies have assessed the effects of chronic PFOS
exposure on central nervous system function in aquatic organisms. The present study defined the
behavioral effects of varying life span chronic exposures to low dose PFOS in zebrafish. The
zebrafish were treated with vehicle control or 0.5uM PFOS during 1-21, 21-120, or 1-120 day
post fertilization (dpf). Chronic PFOS exposure impaired the adult zebrafish behavior mode
under the tapping stimulus. The movement speed of 1-120 dpf exposed fish was significantly
increased compared with control, while 1-21 and 21-120 dpf exposed groups were not severely
affected. PFOS residues in F1 embryos derived from parental exposure during both the 1-120
and 21-120 dpf groups was significantly higher than control, and F1 embryos in these two groups
showed obvious malformations, such as uninflated swim bladder (USB) and bent spine (BS).
Larvae of the parental exposed to PFOS from 1-21 or 21-120 dpf elicited a higher swim rate than
control in both the light and dark periods. Embryos derived from the 1-120 dpf group showed a
statistically lower speed in the light period and a higher speed in the dark period as compared
with control. Though there is little PFOS residue in 1-21 dpf group, the adverse behavioral
effects on both adult and F1 larvae indicate that exposure during the first 21 dpf induce long-
term neurobehavior toxicity. Our findings demonstrate that chronic exposure to low dose PFOS
in different life stage adversely impacts adult behavior, subsequent offspring malformation, and

larval behavior.
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1. Introduction

Fluorinated organic compounds (FOCs) such as perfluorooctanesulfonic acid (PFOS) have
been manufactured for over 50 years, and are used as components of fire retardants, lubricants,
adhesives, paper coatings, pharmaceuticals, cosmetics, and insecticides (Key et al. 1997; Lein et
al. 2008; Renner 2001). As a pollutant in the global ecosystem, PFOS values (median, range) are
between 18.8, 8.1-150.7ung/L in the serum of non-occupational exposed humans (Wilhelm et al.
2009). In the aquatic environment, high concentrations of PFOS is detected in a variety of fish
species. For example, PFOS concentrations in the liver of smallmouth bass (Micropterus
dolomieu) and largemouth bass (Micropterus salmoides) from New York State are present from
9 to 315 ng/g wet weight, and the average concentrations of PFOS in the fish are 8,850 times
greater than those found in the surface water (Sinclair et al. 2006).

The role of PFOS in developmental toxicity, reproductive toxicity, hepatotoxicity,
immunotoxicity, and neurotoxicity effects have been widely studied in mammalian and aquatic
fish model species (Hagenaars et al. 2008; Han and Fang 2010; Johansson et al. 2009; Peden-
Adams et al. 2008). Several prior studies on the reproductive and developmental effects of PFSO
have included assessments of the developing nervous system in rodents, and one recent study
evaluated the effect of PFOS on the development of PC12 cells (Grasty et al. 2003; Slotkin et al.
2008). Nishikawa (Nishikawa 2004) found that PFOS caused backward swimming and
prolonged the duration of high K*-induced backward swimming among paramecia. Huang
(Huang et al. 2010) investigated behavioral changes in zebrafish larvae under acute PFOS
exposure, and Wang (Wang et al. 2011) found that chronic PFOS exposure induced behavioral
deficits and primary motor neuron and muscle developmental malformations in F1 embryos.
However, the potential long term effects of chronic PFOS exposure during different life stages
have yet to be explored.

We conducted this study using the zebrafish model. The zebrafish is the most appropriate
model for this type of study because embryos develop externally, all of their organs form within
5 days, and the fish mature to adulthood in just 3 months
(http://zfin.org/zf_info/zfbook/zfbk.html). Furthermore, due to the predictable swimming habits
of zebrafish, both larval and adult behavioral tests using locomotor activity as the endpoint can
be quickly and efficiently conducted (Truong et al. 2012). Our previous study demonstrated that

chronic low dose PFOS exposures induced adverse effects on both the parental FO generation



and F1 offspring. Specifically, the 0.5uM PFOS chronic exposure group resulted in altered sex
ratios and produced F1 larval developmental toxicity including reduced fertilization rate, induced
malformations and mortality (Wang et al. 2011). The juvenile zebrafish have acquired most adult
characteristics with the absence of sexual maturity (Parichy et al. 2009), and the zebrafish sex
determination period beginning at 21 dpf (von Hofsten and Olsson 2005). Based on these studies,
we elected to use 0.5uM PFOS exposure during three different life stages: 1-21 days post
fertilization (dpf), 21-120 dpf, and 1-120 dpf. Our goal was to identify the which life span were
most sensitive to PFOS exposure. Specifically, we wanted to detect the impacts of PFOS

exposure on the behavior of adult zebrafish and F1 offspring.

Materials and methods

2.1. Fish husbandry and embryo collection

Adult zebrafish (Danio rerio) of the (US-AB strain) were raised at the Sinnhuber Aquatic
Research Laboratory (SARL) at Oregon State University under standard laboratory conditions of
temperature 28 (= 0.5°C), pH 7.2 (x 0.2), and a 14:10 dark/light photoperiod according to
standard zebrafish breeding protocols (Westerfield 1995). Water supplied to the system was
filtered by reverse osmosis (pH 7.0-7.5) and Instant Ocean® salt was added to the water to raise
the conductivity to 450-1000 uS/cm (system water). The adult fish were fed twice daily with live
Artemia and dry flake food (Zeigler, Aquatic Habitats, Apopka, Florida).

Zebrafish embryos were obtained from spawning adults in tanks with a sex ratio of 1:1.
Embryos were collected within 1 hour after spawning and rinsed in an embryo medium (EM)
(Westerfield 1995). The fertilized embryos were inspected and staged using a stereomicroscope
(Nikon, Japan) according to the description of (Kimmel et al. 1995).

2.2. PFOS stock solutions and chronic exposure protocol

Perfluorooctanesulphonicacid (PFOS; CAS # 1763-23-1, purity>96%) was purchased from
Sigma-Aldrich Chemical (St. Louis, MO, USA) and stock solutions (0.5 mM PFOS in DMSO)
were prepared by dissolving it in 100% dimethyl sulphoxide (DMSO). High quality 8-hour post
fertilization (hpf) embryos were divided into four treatment groups:control vehicle control
(0.01% v/v, in fish water), 0.5 uM PFOS exposed from 1-21, 21-120, and 1-120 dpf groups.



0.01%DMSO exposure from 1-120 dpf was used as a vehicle control for all three PFOS
treatment groups, which was based the previous study that showed 0.01% DMSO chronic
exposure have no adverse effects on zebrafish (Wang et al. 2011). Embryos were first exposed to
PFOS in a petri dish (100 embryos/treatment, 150ml /dish) for 4 days with a media change once
per day, and all embryos hatched and survived in this stage. At 5 days, the fish were transferred
to 3.75L stainless steel tanks for a period of 5-21 dpf with the water changed once every three
days. At 21 dpf, 30 larvae in each group were separated into three replicate tanks with a total of
10 fish per tank. Exposure solutions were renewed every three days. Each tank was checked
daily for morbid fish and on each water change day for the water quality, including pH,
ammonia, and nitrite levels. Feeding was initiated on day 5. Between 5-14 dpf, fish were fed
three times a day with zebrafish larval diet (Aquatic Habitats, Apopka Florida). During 15-120
dpf they were fed on freshly hatched live artemia, three times a day during 15-95 dpf and two
times a day after 96 dpf.
2.3. Adult behavior of FO zebrafish exposed to PFOS

To evaluate sensory responses, computer-assisted video monitoring of swimming behavior
was assessed by modifying the method of (Eddins et al. 2010). Adult behavior tests were carried
out with males and females separated into two different test groups due to size and body type
differences. For each test, the zebrafish (n=12) from each group (control, 1-21 dpf, 21-120 dpf,
and 1-120 dpf) were placed in individual 1.75-L tanks containing about 1.5-L of fish water.
Tanks were set inline on shelves with the broadside facing the camera, and were separated by
dividers to isolate individual fish. Tanks were backed with blank white paper and were evenly
backlit. The room temperature was controlled at 28°C. Trials were recorded using a Sony HD
camcorder (Sony Handycam HDR-SR11). Startle stimulus to each fish was generated using an
electro-magnetic solenoid attached to the bottom of each tank, which was controlled by a manual
switch to hit each tank simultaneously. Fish were fasted for the duration of the behavior trials
and were given 2 hr to acclimate prior to beginning the trials. Fish activity was recorded for a
total of 30 minutes, of which, the last 16 minutes were analyzed including 12 minutes of
background activity following by a 4 minutes of in response to a startle stimulus. Average
movement speed in before or after tapping was used to evaluate the fish movement mode under
tapping stimulus. Before tapping define as the first 12.5 minutes and after tapping define as 13.5-

16.5 minutes. Analysis of the recorded tracks was performed with Noldus Etho-Vision XT V 7.0



software (Leesburg, VA, USA). Position of each fish in the tank was recorded every 0.2 seconds
from which distance moved was calculated, which was later averaged for each 30 second

intervals.

2.4. PFOS residues and developmental evaluation of F1 embryos and larvae

When chronic PFOS exposed zebrafish began to spawn eggs (at approximately three months
of age), breeding trials with a sex ratio of 1:1 were carried out to produce F1 offspring. F1
embryos were monitored for developmental progression, malformations and mortality until 8 dpf
with feeding starting from 5 dpf, in the absence of PFOS. Embryo monitoring was carried out in
6 well plates containing embryo media (5 ml/well). The experiment was repeated 5 times using
20 embryos per group during each replication. PFOS concentrations in whole body tissue of F1
embryos were determined with ACQUITY UPLC combined Micromass Quattro Premier XE
(Waters Corp, USA) based on a protocol described by (So et al. 2006). Samples were prepared
using method as described elsewhere (Huang et al. 2010). A total of 40 embryos were pooled as

a single sample, and measurements were replicated 3 times for each group.

2.5. Larvae behavior of F1 offspring derived from parents exposed to PFOS

Embryos derived from PFOS chronic exposed parents were allowed to develop in the absence of
PFOS, and surviving larvae at 4 dpf with normal morphology were further subjected to a
behavioral assessment in response to alternating light and dark stimulus as described earlier
(Chen et al. 2011). The test was performed in a ZebralL.ab behavior monitoring station
(ViewPoint Life Sciences, Inc. Montreal, Canada). Briefly, the larvae were allowed to
acclimatize for 20 minutes in the testing chamber before the test began. The lighting parameters
used was alternating 10 minutes of light (visible light) and 10 minutes of dark (infrared light),
with intervals repeated until 50 minutes of total elapsed time. Behavioral response to light
stimulus was analyzed in 24 well plates each plate containing six fish from each treatment group
including control. Average activity of a total of 20 fish for each group in light and dark condition

was evaluated, respectively.

2.5. Data analysis



A one-way ANOVA was performed to determine statistical significance followed by the
Dunnett T3 test as a post hoc test to independently compare each treated group. All results were
reported as means * standard error (SEM) unless otherwise stated. All statistical analysis was
performed using SPSS 16.0 software (SPSS, Chicago, IL, USA) and p<0.05 was set as the

significance level.

3. Results
3.1. Chronic PFOS exposure altered FO adult behavior
Exposure water conditions, including pH, ammonia, and nitrite, were measured throughout the
whole study. The pH was well maintained between 6.8 and 7.6. The ammonia concentration was
between 0-2 mg/L. Before 60 dpf, the nitrite concentration was low, 0.073+0.116 mg/L. After 60
dpf, its concentration increased and the averaged 1.02+0.651 (mg/L).Chronic PFOS exposure
impaired the adult zebrafish behavior mode as measured by the average distance moved in
response to the tapping stimulus (Fig.1). The movement speed of 1-120 dpf exposed fish was
significantly increased compared with control, while 1-21 and 21-120 dpf exposed groups were
not severely affected (Fig. 1A, B). Fish in 1-120 dpf group had significantly (F>1; p<0.05)
greater movements as compared with the other three groups both (Fig. 1C, D). The movement of
fish in the 21-120 dpf group was significantly decreased (F=44.59; p=0.032) for female and
increased (F=6.62; p=0.96) for male as compared with the control group, following the tap
stimulus (Fig. 1C, D). Compared with control, male fish in 1-21 dpf group have significant
higher movement speed before tapping (F=61.70; p=0.0001), while no different after tapping
(F=6.62; p=0.27) (Fig. 1D).
3.2. Chronic exposure to PFOS affects PFOS residues in F1 embryos

The F1 embryos in both the 21-120 dpf and 1-120 dpf groups had significantly higher PFOS
residues transferred from parental exposed zebrafish as compared with those in the control and 1-
21 dpf groups (F=2455; p<0.0001; Fig. 2). PFOS residues were not significantly different
between the 21-120 dpf and 1-120 dpf groups (F=2455; p= 0.509; Fig. 2) and between the
control and 1-21 dpf groups (p=0.088; Fig.2).

3.3. Chronic window of PFOS exposure affects F1 embryo development



As compared with the control and 1-21 dpf groups, embryos derived from fish in the 21-120
dpf and 1-120 dpf groups showed obvious malformations, such as an uninflated swim bladder
(USB) and bent spine (BS). Representative images of the four groups’ F1 embryos at 144 hpf are
shown in Fig.3A. At 6 dpf, the percentage of malformed embryos derived from the 21-120 dpf
group were significantly higher than those of embryos derived from the control and 1-21 dpf
groups (F=6.3; p=0.006). The percentage of malformation were significantly (F>1; p<0.001)
elevated in F1 larvae at 7 and 8 dpf derived from 21-120 dpf and 1-120 dpf exposed FO groups as
compared with the control group (Fig.3B).

3.4. PFOS affected the larval behavior of F1 embryos

Larvae at 4 dpf with normal morphology derived from the four groups of adult fish were
subjected to the light stimulation motor behavior test. A rapid transition from light to dark
resulted in a similar, brief burst of swimming among fish in all groups (Fig. 4A). The parental 1-
21 dpf and 21-120 dpf exposed groups elicited a higher basal swim rate (F>1; p<0.05) than the
control group in both the light and dark periods (Fig. 4B). Embryos derived from the 1-120 dpf
group showed lower speed in the light (F=52.6; p = 0.001) period and higher speed in the dark
period (F=26.8; p = 0.028) as compared with the control group (Fig.4B). Overall, the average
speed displayed an inverted U-shape among the control, 1-21 dpf, 21-120 dpf, and 1-120 dpf
groups (Fig.4B).

Discussion

In this study, we report for the first time that chronic exposure to low dose PFOS during
different life stage results in behavioral anomalies in adult zebrafish and their offspring larvae.
Additionally, as compared with the control and 1-21 dpf groups, the F1 embryos derived from
the 21-120 and 1-120 dpf groups showed obvious malformations, such as an uninflated swim
bladder (USB) and bent spine (BS), which is possibly related with the PFOS residues from the
maternal transfer of PFOS to eggs. This finding is consistent with our previous study finding that
decreased larval survival in F1 offspring is directly correlated with the PFOS body burden, and
larval lethality and abnormality were due to maternal transfer of PFOS to the eggs (Wang et al.
2011)


javascript:void(0)

Ours is the first study in where zebrafish were exposed to PFOS for varying duration and
then raised in fish water until evaluation of behavior and F1 offspring development. The most
vulnerable age period is expected to be early in life, 21 dpf was chosen as the early and late life
span exposure cut-off point based on the zebrafish sex determination period beginning at 21 dpf
(von Hofsten and Olsson 2005). Prenatal or neonatal exposure to PFOS at high doses in rats or
mice leads to abnormal spontaneous behavior, increased motor activities, and reduced
habituation (Butenhoff et al. 2009a; Johansson et al. 2009; Johansson et al. 2008). In contrast,
adult animals exposed to PFOS have shown no or only slight neurobehavioral effects (Fuentes et
al. 2007; Sato et al. 2009). By utilizing the stimulus to evoke startle response, we tested the
effects of PFOS on somatosensory perception of the adult zebrafish. The ability to sense a tap is
achieved through the hair cells on the lateral line of teleosts (Crispino 1983). Further studies will
be required to determine the extent to which the nervous system, vision, sensory-motor
perception, or more than one target organ contributes to the observed adult behavioral
phenotypes.

The zebrafish larvae behavioral analysis often serves as a more sensitive tool for detecting
chemical exposure effects (Kane et al. 2004). In this study, embryos derived from the 1-21 dpf
PFOS treatment group developed morphologically indistinguishably form the control group.
However, the F1 larvae behavior was significantly affected in all three PFOS treated groups.
Zebrafish have a biorhythm and larvae become active after exposure to sudden darkness and then
slow down (Hurd and Cahill 2002; Prober et al. 2006). The 4 dpf F1 offspring derived from
PFOS exposed parents swam at a faster and then slower speed among the 1-21, 21-120, and 1-
120 dpf groups, but elicited a higher basal activity in response to light-to-dark photoperiod
stimulation. This trend is consistent with the PFOS residue burden, where lower dose PFOS
increases the speed and a higher dose decreases the speed, as found in a previous study (Huang et
al. 2010). The mechanisms at the physiological or biochemical levels underlying locomotion
behaviors in response to light-to-dark stimulation are still not completely understood. Clearly
there is a significant involvement of motor neurons and skeletal muscle in overall locomotor
behavior (Drapeau et al. 1999; Levin et al. 2009). The histological examination of acute PFOS
exposed larvae showed disordered and loosened arrays in the muscle fibers (Huang et al. 2010).
Parental PFOS exposure led to disordered and loosened array in the slow muscle fiber of F1

larvae, and the primary motor neurons also exhibited slower development (Wang et al. 2011).



The next step should be examining the molecular events underlying the observed changes in
behavior.

Though there is little PFOS residue in 1-21 dpf group, the adverse behavioral effects on both
adult and F1 larvae imply that the first 21 dpf low dose PFOS exposure can induce long-term
adulthood and genetic F1 neurobehavior toxicity. This is consistent with recent studies that
prenatal or neonatal exposure to PFOS correlated with behavioral anomalies in rats or mice and
delayed neuromotor maturation (Butenhoff et al. 2009a; Johansson et al. 2009), and these
behavioral modifications appear to persist into adulthood (Johansson et al. 2008). Since PFOS
exposure has an effect on neurodevelopment, exposure in early childhood may cause more
damage to the nervous system than exposure at any other stage of development. However, the
reason for the F1 larvae behavior changes under parental PFOS exposure during 1-21 dpf still
need further experimental exploration.

In conclusion, chronic exposure to low dose PFOS resulted in behavioral anomalies among
adult zebrafish and their offspring larvae. The F1 embryos derived from 21-120 and 1-120 dpf
groups showed obvious malformations, such as uninflated swim bladder (USB) and bent spine
(BS). Though there is little PFOS residue in 1-21 dpf group, the adverse behavioral effects on
both adult and F1 larvae imply that the first 21 dpf low dose PFOS exposure can induce long-
term neurobehavior toxicity. Our findings demonstrate that chronic exposure to low dose PFOS
in different life stage adversely impacts adult behavior, subsequent offspring malformation, and

larval behavior.
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Figure Legends



Fig.1 Adult behavior analysis of four months 0.5uM PFOS chronic treated zebrafish during
different life span. Female and male fish were separated to two different sets. After subtracting
the time for rest period, activity of fish were recorded for 12 minutes (only 6 mins were showed)
after which their response to the tap was measured in terms of change in movement (A and B).
Average movement speed showed in 12.5 mins before and 4 mins after tapping (C and D). Bars
of the same pattern sharing the same letter indicate no significant difference at P = 0.05

compared with control group.

Fig.2 PFOS residues in F1 offspring derived from PFOS exposed FO parental zebrafish. N=4
with 40 eggs per replicate. Bars of the same pattern sharing the same letter indicate no significant

difference at P = 0.001 compared with control group.

Fig.3 PFOS induced adverse effects of F1 offspring embryos. (A) Representative photos of 144
hpf larvae showing physical effects of PFOS chronic exposure. (B) Adverse effects of F1
offspring embryos at 6, 7 and 8 dpf. BS, bent spine; USB, uninflated swim bladder. Bars of the
same pattern sharing the same letter indicate no significant difference at P = 0.001 compared
with control group.

Fig.4 The locomotor activity of F1 larvae at 4 dpf when subjected to a 50-min dark-light
photoperiod stimulation. Dots represent the mean speed in 60s intervals of 10 larvae (A).
Treatments referred to parental 0.5uM PFOS exposure period. Average speed in light or dark
period was shown (B). Bars of the same pattern sharing the same letter indicate no significant

difference at P = 0.05 compared with control group.
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