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A B S T R A C T   

Perfluorinated compounds (PFCs) and polybrominated diphenyl ethers (PBDEs) are ubiquitous persistent envi-
ronmental compounds, present in humans and at higher levels in infants/children than in adults. 

This study shows that co-exposure to pentadecafluorooctanoic acid (PFOA) and 2,2′,3,3′,4,4′,5,5′,6,6’-deca-
BDE (PBDE 209) can significantly exacerbate developmental neurobehavioural defects. 

Neonatal male NMRI mice, 3 and 10 days old, were exposed perorally to PBDE 209 (1.4 or 8.0 μmol/kg bw), 
PFOA (1.4 or 14 μmol/kg bw), co-exposed to PBDE 209 and PFOA (at the given doses), or a vehicle (20% fat 
emulsion) and observed for spontaneous behaviour in a novel home environment when 2 and 4 months old. The 
behavioural defects observed included hyperactivity and reduced habituation indicating cognitive defects. This 
interaction appears most likely dependent on the presence of PBDE 209 and/or its metabolites together with 
PFOA, during a defined critical period of neonatal brain development, corresponding to the perinatal and 
newborn period in humans.   

1. Introduction 

Epidemiological studies indicate that exposure to environmental 
pollutants during early human development can have deleterious effects 
on cognitive development in childhood and and it is also suggested that 
environmental toxicants can by interacting induce defective cognitive 
development (Grandjean et al., 2001; Grandjean and Landrigan, 2006, 
2014). Studies have also indicated that perfluorinated compounds 
(PFCs) and polybrominated diphenyl ethers (PBDEs) can contribute to 
impaired neurobehavioural development in children (Herbstman et al., 
2010; Hoffman et al., 2010; Hoffman et al., 2012; Eskenazi et al., 2013) 
and that highly brominated PBDEs, PBDE 209, might be of special 
concern (Gascon et al., 2012). 

PFCs (Giesy and Kannan, 2001; Olsen et al., 2003; Viberg and 
Eriksson, 2017) and brominated flame retardants (BFRs) (de Boer et al., 
1998; de Wit, 2002; Kodavanti et al., 2017) are two categories of 
persistent chemicals of concern as they are found in humans as well as in 
wildlife. The PFCs are present in applications such as oil/water re-
pellents for clothing fabrics and carpets, paper coatings, food packaging, 
lubricants, surfactants and fire extinguishers (Viberg and Eriksson, 
2017). PFCs are fully fluorinated chemicals, where PFOA is a 8‑carbon 

chain, C8HF15O2, (2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadeca-
fluorooctanoic acid). The carbon‑fluorine bonds are among the strongest 
in organic chemistry and PFOA are not known to be metabolized. The 
elimination half-lives of PFOA varies widely between species, from 4 to 
6 days in rat up to 3.8 years in humans see (Viberg and Eriksson, 2017). 
Several reports have been published on measurements of PFCs in blood, 
plasma and serum and milk, showing that humans are exposed to 
numerous PFCs, including PFOA (Kannan et al., 2004; Calafat et al., 
2006; Harada et al., 2007; Kärrman et al., 2007). Regarding BFRs, the 
PBDEs are used in large quantities as flame-retardant additives in 
polymers. PBDEs consists of two phenyl rings where bromine atom/ 
atoms can bind. The chemical formula is C12H(n-1)BrnO (n ≤ 10). The 
commercial decaBDE, manufactured and used worldwide has mainly 
been added to textiles and to denser plastics used for electrical appli-
ances. After oral administration in adults, PBDE 209 has been shown to 
be metabolized to debrominated hepta-, octa- and nona PBDEs, see 
(Kodavanti et al., 2017). When found in humans, PBDE 209 is reported 
to have a short half-life of circa 15 days (Thuresson et al., 2006) which 
can have consequences when correlating the developmental neurotoxic 
effects of PBDE 209 to its presence in the body. 

Newborns, toddlers, and children can be exposed to PFCs and PBDEs 
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via mothers’ milk or directly via ingestion and inhalation. It is of 
particular concern that these compounds are seen at the same or even 
higher levels in children than in adults (Meironyte et al., 1999; So et al., 
2006; Kärrman et al., 2007; Toms et al., 2009; Kodavanti et al., 2017). 

Direct exposure to chemicals by inhalation and dust ingestion might 
constitute an important non-dietary exposure route for humans. Infants, 
especially those who crawl, ingest more dust than adults. PFCs, PFOA is 
reportedly present in domestic dust (Strynar and Lindstrom, 2008; 
Bjorklund et al., 2009). In toddlers, house dust can account for 80% of 
total daily PBDE exposure, compared with 14% in adults (Wilford et al., 
2005) and the main PBDE congener in house dust and indoor dust 
standard reference materials seems to be PBDE 209 (Stapleton et al., 
2006; Sjodin et al., 2008; Sahlstrom et al., 2015). 

In many mammalian species the newborn period coincides with a 
period of rapid growth and development of the brain, the ‘brain growth 
spurt’ (BGS) (Davison and Dobbing, 1968). In humans, the ‘BGS’ begins 
during the third trimester of gestation and continues throughout the first 
2 years of ex utero life. In mouse and rat this period is neonatal, spanning 
the first 3–4 weeks of life, during which the brain undergoes several 
fundamental developmental phases, viz. axonal and dendritic 
outgrowth, the establishment of neural connections, acquisition of new 
motor and sensory faculties (Bolles and Woods, 1964; Davison and 
Dobbing, 1968), and numerous biochemical changes that transform the 
feto‑neonatal brain into that of the mature adult (Coyle and Yamamura, 
1976; Abreu-Villaca et al., 2011). 

Our earlier studies have shown that low-dose exposure of neonatal 
mice during the BGS to persistent environmental toxic agents (e.g. PCBs, 
DDT, BFRs) as well as to known neurotoxic agents (nicotine, organo-
phosphorous compounds, and 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP)) can lead to disruption of adult brain function 
(Eriksson, 1997; Eriksson et al., 2001b; Viberg et al., 2003; Eriksson, 
2008a), effects induced during a defined critical period of the BGS in 
mice, namely around postnatal day 10 (Eriksson et al., 1992; Eriksson 
et al., 2000; Viberg et al., 2003; Eriksson, 2008a). There are some 
developmental toxicity studies on PFCs (Lau et al., 2003; Johansson 
et al., 2008a; Butenhoff et al., 2009; Viberg et al., 2013). We have earlier 
observed that neonatal exposure to just highly brominated diphenyl 
ethers (e.g. PBDE 209, PBDE 206 and 203) (Viberg et al., 2003; Viberg 
et al., 2006; Johansson et al., 2008b) or just exposure to the PFCs (e.g. 
PFOA and PFOS) (Johansson et al., 2008a), caused a similar derange-
ment of spontaneous behaviour and habituation. Furthermore, in these 
studies we have also seen that PBDEs can affect the amount of nicotinic 
receptors and that the nicotine induced behaviour is altered in adult 
mice neonatally exposed to PBDE 209 and PFOA, indicating that the 
cholinergic system can be affected by both substances. Therefore it is of 
particular concern to establish if these environmental toxicants can 
interact at low doses, as earlier reported for PCB, PBDE and MeHg 
(Eriksson et al., 2006, Fischer et al., 2008b, a), and at doses where each 
individual compounds lacks the capacity to induce developmental 
neurotoxic effects when present during this critical period of brain 
development. 

In view of the increasing levels of PFCs and PBDEs in our environ-
ment and the presence of both PFOA and PBDE 209 in domestic dust and 
in newborns and toddlers, and with regard to our earlier findings that 
both PBDE 209 and PFOA had similar developmental neurotoxic effects, 
the present study was carried out to ascertain whether PBDE 209 and 
PFOA, by interacting during neonatal brain development, exacerbate 
developmental neurotoxic effects on spontaneous behaviour and habit-
uation and whether such effects can be time dependent. 

2. Materials and methods 

2.1. Animals and chemicals 

Pregnant NMRI (Naval Medical Research Institute) mice, obtained 
from B&K, Sollentuna, Sweden, were housed individually in plastic 

cages (40 × 25 × 15 cm) in a room with an ambient temperature of 22 ◦C 
and a normal 12/12-h cycle of light and dark. The animals were fed 
standardized pellets (Lactamin, Stockholm, Sweden) and tap water ad 
libitum. The pregnant NMRI mice were checked for parturition twice 
daily (08.00 and 18.00 h). Day of birth was designated day 0 (birth 
during the preceding night was designated day 0 when checked at 08.00 
h). Litter sizes were adjusted and standardized to 8–12 pups within the 
first 48 h after birth, by euthanizing excess pups (Irvine and Timiras, 
1966). The litters contained pups of both sexes, in about equal numbers, 
during the neonatal period; no separation with regard to sex was made 
in the pre-weanlings (Eriksson, 2008b). At round 4 weeks of age, males 
and female mice were separated and the males of one litter were kept 
together and raised in groups of 4–7, in a room for males only, and under 
conditions as detailed above. Only males were used in order to compare 
with our earlier developmental neurotoxicological studies on PBDE 209 
and PFOA (Viberg et al., 2003; Viberg et al., 2006; Viberg et al., 2007; 
Johansson et al., 2008a; Johansson et al., 2008b; Johansson et al., 
2009), and the number of male mice in each treatment group ranged 
from 15 to 22. 

2,2′,3,3′,4,4′,5,5′,6,6’-decaBDE (PBDE 209) was kindly donated by 
Dr. Åke Bergman, Department of Environmental Chemistry, Stockholm 
University, Sweden. The purity of the compound exceeded 98%, and 
PBDE 209 was purified from dioxin-like contaminants via activated 
charcoal and the 1–2% left are isomerides of PBDEs. PFOA (pentade-
cafluorooctanoic acid, purity ≥96%) was purchased from Sigma- 
Aldrich. The substances were dissolved in a mixture of egg lecithin 
(Merck, Darmstadt, Germany) and peanut oil (Oleum arachidis) (1:10) 
and then sonicated together with water to yield a 20% (w:w) fat emul-
sion vehicle containing various concentrations of the compounds. 
Neonatal mice, of both sexes, were orally exposed to PBDE 209 (1.4 or 
8.0 μmol/kg bw), PFOA (1.4 or 14 μmol/kg bw), co-exposed to PBDE 
209 and PFOA (PBDE 209 1.4 μmol/kg bw + PFOA 1.4 μmol/kg bw, 
PBDE 209 1.4 mg/kg bw + PFOA 14 μmol/kg bw, PBDE 209 8.0 μmol/ 
kg bw + PFOA 1.4 μmol/kg bw, PBDE 209 8.0 μmol/kg bw + PFOA 14 
μmol/kg bw), or vehicle (20% fat emulsion), at a volume of 10 ml/kg 
bw, via a metal gastric-tube as a single dose on PND 3 and PND 10, 
making up 15 different treatment groups according to the schedule 
shown in Table 1. The doses were selected with regard to our earlier 
dose-response studies on PBDE 209 (Johansson et al., 2008b) and PFOA 
(Johansson et al., 2008a), including a borderline dose and one with 
known developmental neurotoxic effects. Furthermore, PBDE 209 was 
only given on PND 3 as an earlier study has shown that no develop-
mental neurotoxic effects were seen when PBDE 209 was given on PND 
10 or PND 19 (Viberg et al., 2003). Each treatment group comprised 
mice from 3 to 4 different litters, and the number of pups per group 
varied between 15 and 22 pups (see Table 1). The purpose of the 20% fat 

Table 1 
Treatment table for mice exposed to an oral dose of PBDE 209, PFOA, PBDE 209 
+ PFOA, or vehicle on PND 3 and 10.  

Group Treatment (μmol/kg body weight)[n] Presented in Figure  

No. PND 3 PND 10  

1 vehicle [22] vehicle 1, 2, 3 
2 vehicle [22] PFOA 1.4 1, 3 
3 vehicle [15] PFOA 14 1, 3 
4 PFOA 1.4 [21] vehicle 2, 3 
5 PFOA 14 [22] vehicle 2, 3 
6 PBDE 209 1.4 [18] vehicle 1, 2 
7 PBDE 209 1.4 [17] PFOA 1.4 1 
8 PBDE 209 1.4 [20] PFOA 14 1 
9 PBDE 209 1.4 + PFOA 1.4 [18] vehicle 2 

10 PBDE 209 1.4 + PFOA 14 [19] vehicle 2 
11 PBDE 209 8.0 + PFOA 1.4 [19] vehicle 2 
12 PBDE 209 8.0 + PFOA 14 [17] vehicle 2 
13 PBDE 209 8.0 [16] vehicle 1, 2 
14 PBDE 209 8.0 [21] PFOA 1.4 1 
15 PBDE 209 8.0 [16] PFOA 14 1  
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emulsion vehicle was to give a more physiologically appropriate ab-
sorption and hence distribution of the compounds (Keller and Yeary, 
1980), since the fat content of mouse milk is around 14%. 

2.2. Behavioural tests 

For our neurotoxic recordings we used male NMRI mice to make this 
study comparable to our earlier studies on PBDE 209 (Viberg et al., 
2003) and PFOA (Johansson et al., 2008a). 

Spontaneous behaviour, in a novel home environment, was tested in 
the males at age 2 and 4 months. The animals were tested between 08.00 
and 13.00 h, under the same light and temperature conditions as in their 
housing cages. Ten mice, randomly picked from three to four different 
litters in each treatment group, were tested once only on each test 
occasion. The test was conducted during four consecutive days and the 
groups were run in a counterbalanced order. Motor activity was 
measured during a 60-min period, divided into three 20-min intervals, in 
an automated device consisting of cages (40 × 25 × 15 cm, same size as 
the home cage) placed within two series of infrared beams (low and high 
level) (Rat-O-Matic, ADEA Elektronik AB, Uppsala, Sweden) (Fre-
driksson, 1994). Twelve cages, placed in individual sound-proof boxes 
with separate ventilation, were used. 

2.2.1. Locomotion 
Movement was registered when a mouse moved horizontally through 

the low-level grid of infrared beams, aimed 10 mm above the bedded 
floor (same bedding material as in the housing cage). 

2.2.2. Rearing 
Movement in the vertical plane was registered at a rate of four counts 

per sec, when a single high-level beam was intercepted, i.e. number of 
counts was proportional to time spent rearing. Infrared beams were 
aimed 80 mm above the bedded floor. 

2.2.3. Total activity 
All types of vibration within the test cage, i.e. those caused by mouse 

movements, shaking (tremors), and grooming, were registered by a 
sensor (a needle mounted on a horizontal arm with a counterweight), 
connected to the test cage. 

All data were collected electronically through a computer interface. 
The experiment was carried out in accordance with the European 

Communities Council Directive of 24 November 1986 (86/609/EEC) 
after approval from the local ethical committee (Uppsala University and 
Agricultural Research Council), and by the Swedish Committee for 
Ethical Experiments on Laboratory Animals. 

2.3. Statistical analysis 

In analysis of the spontaneous behaviour variables, the locomotion, 
rearing and total activity data for three consecutive 20-min periods 
(Treatment, Time, and Treatment × Time; between subjects, within- 
subjects and interaction factors, respectively) was submitted to a split- 
plot ANOVA design and pairwise testing between the different treat-
ment groups was performed using a Tukey HSD (honestly significant 
difference) test (Kirk, 1968) and earlier described (Eriksson, 2008b). 
Split-plot design was used in order to achieve good statistical power and 
to keep false positive and negative outcome balanced (Eriksson, 2008b; 
Lazic and Essioux, 2013). 

In analyses of body weight, data from 3-day-old, 10-day-old and 4- 
week-old mice were subjected to one-way ANOVA, and pairwise 
testing using Tukey HSD test. 

3. Results 

There were no overt signs of toxicity in the treated mice throughout 
the experimental period. No changes in body weight gain or body weight 

at the end of the experimental period were seen as a result of the 
exposure to PBDE 209, PFOA, or PBDE 209 + PFOA (data not shown). 

Our findings from the spontaneous behaviour variables ‘locomotion’, 
‘rearing’, and ‘total activity’ in 2-, and 4-month-old male NMRI mice 
exposed to dosages reported in Table 1 are presented in Figs. 1A,B, 2A,B, 
and 3A,B. 

3.1. Co-exposure to PBDE 209 and PFOA 

Figure 1A, B concerns exposure to PBDE 209 alone on PND 3, PFOA 
alone on PND 10, and the co-exposed group PBDE 209 on PND 3 and 
PFO on PND 10. Fig. 2A, B concerns exposure to PBDE 209 alone on PND 
3, PFOA alone on PND 3, and the co-exposed group PBDE 209 and PFOA 
on PND 3. In order to have a correct evaluate the effect of co-exposure 
and interaction between PBDE 209 and PFOA in mice exposed on PND 
3 and PND 10, all 15 treatment groups were used in the statistical 
evaluation. Two months after exposure, the significant treatment × time 
interactions were: ‘locomotion’ [F28,270 = 47.42, P ≤ 0.0001], ‘rearing’ 
[F28,270 = 60.25, P ≤ 0.0001], and ‘total activity’ [F28,270 = 34.39, P ≤
0.0001], (Figs. 1A and 2A). Four months after the neonatal exposure to 
PBDE 209, PFOA, or the combination of PBDE 209 + PFOA, mice 
continued to display significant treatment × time interactions for 
‘locomotion’ [F28,270 = 52.03, P ≤ 0.0001], ‘rearing’ [F28,270 = 94.41, P 
≤ 0.0001], and ‘total activity’ [F28,270 = 47.98, P ≤ 0.0001], (Figs. 1B 
and 2B). 

3.1.1. Neonatal mice exposed to PBDE 209 (PND 3), PFOA (PND 10) or 
PBDE 209 (PND 3) + PFOA (PND 10) (Fig. 1A + B) 

Two months after exposure (Fig. 1A): Pair-wise testing between 
PBDE 209, PFOA, combination PBDE 209 + PFOA and control groups 
showed a significant difference between the different treatment groups 
for all three-test variables (Fig. 1A). For controls, the activity level 
decreased for all variables throughout the 60-min period, consistent 
with a normal spontaneous behaviour profile (Fredriksson, 1994; 
Eriksson, 1997) and also seen in control mice in experiments conducted 
on PBDE 209 and PFOA (Viberg et al., 2003; Johansson et al., 2008a). 

Mice given PBDE 209 (1.4 μmol) + PFOA (14 μmol) in combination 
were significantly (P ≤ 0.01) less active during the first 20-min period 
(0–20 min) whereas during the third period (40–60 min) they were 
significantly (P ≤ 0.01) more active than the controls or mice with single 
exposure to PBDE 209 (1.4 μmol) or PFOA (14 μmol) in all three test 
variables. Mice just given PBDE 209 (1.4 and 8 μmol) or PFOA (14 μmol) 
displayed significantly less activity during the first 20-min period, 
compared with controls, but during the third period (40–60 min) mice 
given the higher doses of PBDE 209 (8 μmol) or PFOA (14 μmol) were 
significantly (P ≤ 0.01) more active than the controls and mice given the 
lower doses of PBDE 209 (1.4 μmol) and PFOA (1.4 μmol), in all three 
test variables. 

Four months after exposure (Fig. 1B): Pair-wise testing between 
PBDE 209, PFOA, combination PBDE 209 + PFOA and control groups 
showed similar significant differences between these treatment groups 
for all three test variables, observed 2 months after exposure, (Fig. 1B). 
Control mice continued to display normal spontaneous behaviour, being 
more active during the first 20 min but with decreasing activity over 
time. The most pronounced additional change was seen in mice co- 
exposed to the lower dose of PBDE 209 (1.4 μmol) + PFOA (1.4 
μmol). In the last 20-min period (40–60 min) these mice were signifi-
cantly (P ≤ 0.01) more active in all three test variables than the controls 
or mice with single exposure to PBDE 209 (1.4 μmol) or PFOA (1.4 
μmol). 

3.1.2. Neonatal mice exposed to PBDE 209 (PND 3), PFOA (PND 3) or 
PBDE 209 + PFOA (PND 3) (Fig. 2A + B) 

Two months after exposure (Fig. 2A): Pair-wise testing between 
PBDE 209, PFOA, combination PBDE 209 + PFOA and control groups 
revealed a significant difference between the different treatment groups 
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Fig. 1. Spontaneous behaviour of 2-month-old (A) and 4-month-old (B) male NMRI mice orally exposed to PBDE 209 on PND 3 and PFOA on PND 10, or to a 20% fat 
emulsion vehicle, as shown in Table 1. Statistical analysis: ANOVA with split-plot design, and pair-wise testing with Tukey HSD test. The height of each bar represents 
the mean ± SD of 10 animals. 
Statistical differences: 
A = P ≤ 0.01, a = P ≤ 0.05, vs control. 
B = P ≤ 0.01, b = P ≤ 0.05, vs PBDE 209 (1.4 μmol, PND 3) and PFOA (1.4 μmol, PND 10). 
C = P ≤ 0.01, c = P ≤ 0.05, vs PBDE 209 (1.4 μmol, PND 3) and PFOA (14 μmol, PND 10). 
D = P ≤ 0.01, d = P ≤ 0.05, vs PBDE 209 (8 μmol, PND 3) and PFOA (1.4 μmol, PND 10). 
E = P ≤ 0.01, e = P ≤ 0.05, vs PBDE 209 (8 μmol, PND 3) and PFOA (14 μmol, PND 10). 
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for all three-test variables. Mice given PBDE 209 (1.4 μmol) + PFOA 
(1.4 μmol) in combination, PBDE 209 (1.4 μmol) + PFOA (14 μmol) in 
combination, and just PBDE 209 (1.4 μmol) were all significantly (P ≤
0.01) less active during the first 20-min period (0–20 min) than controls 
or mice with single exposure to PFOA (1.4 μmol and 14 μmol) in the 

locomotion and rearing teste variables. Mice given PBDE 209 (8 μmol) 
+ PFOA (1.4 μmol) in combination, PBDE 209 (8 μmol) + PFOA (14 
μmol) in combination, and mice with single exposure to PBDE 209 (8 
μmol) were significantly (P ≤ 0.01) less active during the first 20-min 
period (0–20 min) than controls or mice with single exposure to PBDE 

Fig. 2. Spontaneous behaviour of 2-month-old (A) and 4-month-old (B) male NMRI mice orally exposed to PBDE 209 on PND 3 and PFOA on PND 3, or to a 20% fat 
emulsion vehicle, as shown in Table 1. Statistical analysis: ANOVA with split-plot design, and pair-wise testing with Tukey HSD test. The height of each bar represents 
the mean ± SD of 10 animals. 
Statistical differences: 
A = P ≤ 0.01, a = P ≤ 0.05, vs vehicle. 
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Fig. 3. Spontaneous behaviour of 2-month-old (A) and 4-month-old (B) male NMRI mice following neonatal exposure to PFOA or 20% fat emulsion on PND 3 or PND 
10, as shown in Table 1. Statistical analysis: ANOVA with split-plot design, and pair-wise testing with Tukey HSD test. The height of each bar represents the mean ±
SD of 10 animals. 
Statistical differences: 
A = P ≤ 0.01, a = P ≤ 0.05, vs vehicle. 
B = P ≤ 0.01, d = P ≤ 0.05, vs 1.4 μmol PND 3. 
C = P ≤ 0.01, e = P ≤ 0.05, vs 14 μmol PND 3. 
D = P ≤ 0.01, b = P ≤ 0.05, vs 1.4 μmol PND 10. 
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209 (1.4 μmol), PFOA (1.4 μmol), or PFOA (14 μmol), whereas during 
the third period (40–60 min) they were significantly (P ≤ 0.01) more 
active than the controls or mice with single exposure to PBDE 209 (1.4 
μmol), PFOA (1.4 μmol) or PFOA (14 μmol) in all three test variables. 

Four months after exposure (Fig. 2B): Pair-wise testing between 
PBDE 209, PFOA, combination PBDE 209 + PFOA and control groups 
revealed no additional significant difference between the different 
treatment groups for the three-test variables. 

This indicates a lack of additional effect of PFOA together with PBDE 
209 when both are given together on PND 3. 

3.2. Neonatal mice exposed to PFOA on PND 3 or PND 10 

Figure 3A, B concerns exposure to PFOA alone on PND 3 or PND 10 
describing the time-window for induction of behavioural effects of 
PFOA. In this statistical evaluation only mice exposed on PND 3 and PND 
10 to PFOA or the vehicle were included (5 groups). 

Two months after neonatal exposure to PFOA (1.4 μmol or 14 μmol), 
when either 3- or 10-days old, there were significant treatment × time 
interactions [F8,90 = 9.60, P ≤ 0.0001; F8,90 = 40.57, P ≤ 0.0001; F 8,90 
= 5.50, P ≤ 0.0001], for ‘locomotion’, ‘rearing’, and ‘total activity’, 
variables (Fig. 3A). Pair-wise testing between PFOA given on PND 3 and 
on PND 10 and the control group showed a significant difference be-
tween the different treatment groups for all three-test variables. Mice 
given PFOA (14 μmol) on PND 10 were significantly less active during 
the first 20-min period (0–20 min) than controls (P ≤ 0.01) and mice 
given PFOA (1.4 μmol or 14 μmol) on PND 3 (P ≤ 0.05), whereas during 
the third period (40–60 min) they were significantly (P ≤ 0.01) more 
active on locomotion and rearing than the controls, and mice given 
PFOA (1.4 μmol or 14 μmol) on PND 3, and the low dose of PFOA (1.4 
μmol) on PND 10, in all three test variables. Mice given PFOA on PND 10 
were also significantly more active for the ‘total activity’ variable during 
the third period (40–60 min) than controls (P ≤ 0.01) and mice given the 
low dose of PFOA (1.4 μmol). 

Four months after neonatal exposure to PFOA (1.4 μmol or 14 μmol) 
at an age of either 3 or 10 days, the mice continued to display significant 
treatment × time interactions for ‘locomotion’ [F8,90 = 11.57, P ≤
0.0001], ‘rearing’ [F8,90 = 47.27, P ≤ 0.0001], and ‘total activity’ [F8,90 
= 17.04, P ≤ 0.0001] (Fig. 3B). Pair-wise testing between PFOA given on 
PND 3 and on PND 10 and the control group revealed significant dif-
ferences between the different treatment groups in all three-test vari-
ables. For ‘locomotion’, ‘rearing’ and ‘total activity’ variables, mice 
given PFOA (14 μmol) on PND 10 were significantly (P ≤ 0.01) less 
active during the first 20-min period (0–20 min) than controls, than 
mice given PFOA (1.4 μmol or 14 μmol) on PND 3, and mice given PFOA 
(1.4 μmol) on PND 10, whereas during the third period (40–60 min) they 
were significantly (P ≤ 0.01) more active than the controls, mice given 
PFOA (1.4 μmol or 14 μmol) on PND 3, and PFOA (1.4 μmol) on PND 10. 

No significant behavioural changes during the first or last 20-min 
periods were observed in mice given PFOA when 3 days old. 

4. Discussion 

The present study shows that co-exposure to a PFC, PFOA, and to a 
highly brominated diphenyl ether, PBDE 209, at low doses during 
neonatal brain development, can lead to exacerbation of developmental 
neurobehavioural defects in mice. This type of interaction appears most 
likely dependent on both the metabolism of PBDE 209 and the presence 
of its metabolites (debrominated ones) together with PFOA during a 
defined critical period of the neonatal brain development, namely 
around PND 10. Neonatal exposure to a single low oral dose of PBDE 209 
(1.4 μmol/kg bw) on PND 3 and later a single oral exposure to PFOA (14 
μmol/kg bw) on PND 10 impaired spontaneous behaviour in a novel 
home environment in 2- and 4-month-old mice, an effect differing 
significantly from single exposure to PBDE 209 and PFOA. Furthermore, 
these behavioural defects were also persistent and at low doses also 

time-dependent as significant defects were observed in 4-month-old 
mice (but not in 2-month-old mice) in mice co-exposed to PBDE 209 
(1.4 μmol/kg bw) + PFOA (1.4 μmol/kg bw). 

Mice exposed on PND 3 to PBDE 209 (1.4 μmol) and on PND 10 to 
PFOA (14 μmol) displayed significantly disrupted spontaneous behav-
iour in a novel home environment and defective habituation at the age 
of 2 and 4 months. Spontaneous behaviour depends on the integration of 
sensory input into motor output. It also reveals the ability of animals to 
habituate to a novel home environment and to integrate new informa-
tion with that previously attained. It can thereby be a measure of 
cognitive function as habituation is known to be connected to cognitive 
function (Groves and Thompson, 1970; Daenen et al., 2001; Wright 
et al., 2004). Habituation, defined here as a decrease in ‘locomotion’, 
‘rearing’, and ‘total activity’ variables in response to the diminishing 
novelty of the test chamber over 60 min, was evident in the control 
animals, whereas mice co-exposed to PBDE 209 (1.4 μmol) + PFOA (14 
μmol) were obviously hypoactive early in the 60-min test period, but 
becoming hyperactive toward the end. It is worth noting that the 
developmental neurotoxic effects were as pronounced in mice given the 
combined dose of PBDE 209 + PFOA (PND 3: 1.4 μmol + PND 10: 14 
μmol), as in mice given the six-fold higher dose of PBDE 209 (PND 3: 8 
μmol), and the behavioural deviation was about twice as high as in mice 
given only PFOA (PND 10: 14 μmol). The combination PBDE 209 +
PFOA (PND 3: 1.4 μmol + PND 10: 14 μmol) and the six-fold higher dose 
of PBDE 209 both caused a similar hypoactive condition during the first 
20 min and also a hyperactive condition during the last 20-min period. 
Of special significance was the observed significant increase in activity 
(during the last 20-min period) in 4-month-old mice neonatally co- 
exposed to the low doses of PBDE 209 and PFOA (PND 3: 1.4 μmol +
PND 10: 1.4 μmol), at which the dose of PFOA had no significant effects 
and PBDE 209 is a borderline dose. This indicates that the behavioural 
disorder is dependent on dosages during neonatal brain development 
and the time after exposure for its appearance in the adult animals. 

It is known that exposure of mice and rats to PBDE 209 during 
development can cause neurobehavioural defects at adult age (Viberg 
et al., 2003; Rice et al., 2007; Viberg et al., 2007; Johansson et al., 
2008b; Rice et al., 2009). We have also suggested in earlier studies that 
these defects are probably attributable to metabolites of PBDE 209 when 
present during a critical period of brain development, namely around 
PND 10 (Viberg et al., 2003). This supposition was corroborated by an 
oral neonatal administration of [U-14C]PBDE 209 on PND 3, 10, or 19, 
showing that the radioactivity dispersed throughout the body and 
increased in the brain, from 24 h after administration to 7 days after, in 
both 3-day-old and 10-day-old mice. Disturbances in spontaneous 
behaviour, habituation, occurred only in mice exposed on PND 3, even 
though [U-14C]PBDE 209 when given on PND 10 the amount of radio-
activity present in the brain indicated a sufficient amount of PBDE 209 
on PND 10 to induce neurotoxic disturbances. Although the metabolism 
of xenobiotics can be low in young animals it is known that POPs such as 
PCBs can be metabolized in neonates (Vodicnik and Lech, 1980). That 
PBDE 209 can be metabolized and debrominated to nona-, octa-, and 
hepta-PBDEs has been shown in adult rats orally exposed to PBDE 209 
(Morck et al., 2003; Sandholm et al., 2003). Although the amounts of 
nona- and octa-PBDE in the neonatal brain following oral exposure to 
PBDE 209 on PND 3 remains to be studied, we recently reported that 
following neonatal exposure to octa-PBDE (PBDE 203) and nona-PBDE 
(PBDE 206) on PND 3 or PND 10, the most pronounced neuro-
behavioural aberrations were observed in adult mice exposed on PND 10 
(Viberg et al., 2006). The early postnatal period was also found to be 
vulnerable in a study by Xing and co-workers (Xing et al., 2009) where 
the most pronounced effects for induction of effects on synaptic plas-
ticity was observed when exposure to PBDE 209 occurred during the 
lactational period. A critical window for induction of persistent devel-
opmental effects is also suggested in animals exposed to PFOA. The 
aberration in habituation over 60 min was seen only in mice neonatally 
exposed to PFOA (14 μmol) on PND 10 but not when given on PND 3. 
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Taken together, these earlier reported developmental neurotoxic effects 
of PBDE 209, with the present window of developmental neurotoxicity 
of PFOA on PND 10, and the lack of additional behavioural defects when 
both PBDE 209 and PFOA were given on PND 3, suggest that it is the 
presence of PFOA and possible metabolite(s) of PBDE 209 around PND 
10 that causes and exacerbates the neurobehavioural defects in adult 
mice. In other studies, we have also shown that this period of rapid brain 
development is vulnerable to insult by xenobiotics and that the presence 
of the compound in the brain during this defined period of maturational 
processes is a critical factor (Eriksson et al., 1992; Eriksson et al., 2000; 
Viberg et al., 2003; Eriksson, 2008a). 

In our earlier studies we have seen the cholinergic system to be a 
target for POPs (Eriksson, 1997; Eriksson et al., 2001a) and also 
observed increased susceptibility of the cholinergic system in adult mice 
when neonatally exposed to PBDE 209 (Johansson et al., 2008b) as well 
as to PFOA (Johansson et al., 2008a), a system closely related to 
cognitive function (Contestabile, 2011; Woolf and Butcher, 2011). We 
found recently that the amount of certain important developmental 
proteins, such as CaMKII, GAP-43 and synaptophysin, could be modified 
in the developing brain by neonatal exposure to PBDE 209 (Viberg et al., 
2008) and PFOA (Johansson et al., 2009) at a dose of 21 μmol/kg body 
weight. It is known that the levels of these proteins increases during the 
BGS in the neonatal mouse, with the most pronounced increase taking 
place around PND 7–14 (Viberg et al., 2008; Viberg, 2009) and that 
these proteins are known biochemical substrates for cellular processes 
such as neurite outgrowth and synaptogenesis. Whether or not modified 
levels of these proteins could inhibit normal brain development and be 
part of the mechanisms behind the observed behavioural defects re-
mains a topic for further studies. 

Reviews by Grandjean and co-workers (Grandjean et al., 2001; 
Grandjean and Landrigan, 2006), including epidemiological studies, 
indicated that environmental toxicants can by interacting cause defec-
tive cognitive development. We have earlier reported that neonatal co- 
exposure to low doses of another PBDE, PBDE 99, together with an 
ortho-substituted PCB, PCB 52 (Eriksson et al., 2006), or together with 
MeHg (Fischer et al., 2008a), as well as the co-exposure to PCB153 and 
MeHg (Fischer et al., 2008b) can exacerbate developmental neuro-
behavioural defects at doses where the individual dose is without effect. 
The study on neonatal co-exposure to PCB153 and MeHg (Fischer et al., 
2008b) support a hypothesis that the neuropsychological deficits in 
children from the Faeroes (exposed to both PCB and MeHg) but not in 
children from the Seychelles (exposed to MeHg) (Grandjean et al., 2001; 
Davidson et al., 2006) may be attributed to the presence of PCB as well 
as MeHg. Furthermore, the neurobehavioural defects in adult mice 
neonatally co-exposed to PCB and MeHg occurred at doses that could be 
approximated to those reported for exposed children (Fischer et al., 
2008b). It is worth noting that the doses of PBDE 209 and PFOA used in 
the present study are comparable at the molar level to the doses used in 
those reported co-exposure studies conducted in experimental animals 
on PBDE 99, PCBs, and MeHg (Eriksson et al., 2006, Fischer et al., 
2008b, a). 

Epidemiological studies indicate that developmental exposure to 
PBDEs (Herbstman et al., 2010; Eskenazi et al., 2013), PBDE 209 
(Gascon et al., 2012) and PFCs (Hoffman et al., 2010) can lead to neu-
rodevelopmental defects, including increased risk of ADHD. Further-
more, reports also indicate increasing levels of both PBDE 209 and PFOA 
in domestic dust (Stapleton et al., 2006; Strynar and Lindstrom, 2008) 
and that the levels of PBDE 209 and PFC can be higher in newborns and 
toddlers (Olsen et al., 2004; Fischer et al., 2006; Kärrman et al., 2007; 
Sahlstrom et al., 2015). It is also known that PBDE 209 has a rather short 
half-life in humans (Thuresson et al., 2006) and the exposure to and 
developmental neurotoxic effects of such toxicants can be difficult to 
ascertain from epidemiological studies, as the compound may not be 
present at adult age. Thus, direct exposure to certain POPs by inhalation 
and/or ingestion of dust can constitute an important exposure route for 
newborns and infants, with possible consequences for brain 

development. It is therefore not only chemicals present in food and 
mother’s milk we need to consider, but also direct exposure to chemicals 
such as PBDE 209 and PFOA, present in dust, that can be inhaled and/or 
ingested by newborns and infants when the brain is in a stage of rapid 
development and vulnerable to insults. 

In conclusion, the present study shows that low doses of PFOA and 
PBDE 209 can, by co-operating during neonatal brain development, 
exacerbate developmental neurobehavioural defects in mice when the 
co-exposure occurs during neonatal brain development. This type of 
interaction is suggested to be dependent on both the metabolism of 
PBDE 209 and the presence of its metabolites (possible debrominated 
ones) together with PFOA during a defined critical period of neonatal 
brain development, namely around PND 10. In view of the increasing 
number of reports suggesting that PFC and highly brominated PBDEs are 
present in dust, the present study indicates that infants and young 
children can be susceptible to direct exposure during brain develop-
ment, which calls for further investigation. 
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