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Polybrominated diphenyl ethers (PBDEs), used as flame re-
tardants, have been shown to be increasing in the environment

and in human mother’s milk. We have earlier reported that lower

brominated PBDEs, such as tetra-, penta-, and hexa-brominated

diphenyl ethers, can cause developmental neurotoxic effects in

mice. Recently, this was also observed with the full-brominated

PBDE, deca-brominated diphenyl ether (PBDE 209), although it

was suggested that the effects were caused by a (possibly de-
brominated) metabolite thereof. The present study revealed that

2,2# ,3,3# ,4,4# ,5,5# ,6-nonabromodiphenyl ether (PBDE 206), 2,2# ,

3,4,4# ,5,5# ,6-octabromodiphenyl ether (PBDE 203), and to a minor

extent also 2,2# ,3,4,4# ,5# ,6# -heptabromodiphenyl ether (PBDE

183) can induce developmental neurotoxic effects. Neonatal Naval

Medical Research Institute male mice were exposed on postnatal

day 3 or 10 to PBDE 206, PBDE 203, or PBDE 183, given as

a single oral dose of 21 mmol/kg body weight. At the adult age of

2–3 months, the mice were observed for performance in a sponta-
neous behavior test and the Morris water maze test. PBDE 203

and PBDE 206, when administered on neonatal day 10, caused

disturbances in spontaneous behavior, leading to disrupted habit-
uation and a hyperactive condition in adults at the age of 2

months. These behavioral changes were also seen in 2-month-old

mice exposed to PBDE 203 on neonatal day 3. Furthermore,

exposure to PBDE 203 on neonatal day 10 affected learning and

memory functions in adult mice. The developmental neurotoxic

effects were most pronounced in mice exposed to PBDE 203.

These developmental neurobehavioral defects were in agreement

with those we observed previously with lower brominated PBDEs

and with PBDE 209. It is important to consider the fact that

different PBDE congeners can have differing degrees of potency,

when comparing levels of PBDEs in the environment and in

mother’s milk.
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Brominated flame retardants are a diverse group of industrial

compounds used to retard, suppress, or inhibit combustion

processes in an effort to reduce the risk of fire, mainly in

polymer products (WHO, 1994). Polybrominated diphenyl

ethers (PBDEs), which constitute one group of chemical

substances used as additive flame retardants, have the chemical

formula C12H(nÿ1)Br(n)O (n  10). The theoretical number of

possible congeners is 209. Products that contain flame

retardants are electric appliances, such as computers and tele-
vision sets, textiles, and building materials (WHO, 1994).

PBDEs are not bound in the polymer products and thus can

leach into the environment (Hutzinger and Thoma, 1987;

Hutzinger et al., 1976). PBDEs are demonstrably present in

the global environment and have been found in samples taken

fromaquatic and terrestrial compartments, e.g., sediments, fish,

reindeer, and humans (Allchin et al., 1999; Asplund et al.,

1999a,b; Hale et al., 2002; Klasson-Wehler et al., 1997;

Schecter et al., 2005; Sellström et al., 1993; Sjödin et al.,

1999). Of the PBDEs analyzed, the most commonly found

congeners in the environment today are 2,2# ,4,4# -tetrabromo-
diphenyl ether (PBDE 47), 2,2# ,4,4# ,5-pentabromodiphenyl

ether (PBDE 99), 2,2# ,4,4# ,6-pentabromodiphenyl ether

(PBDE 100) and 2,2# ,4,4# ,5,5# -hexabromodiphenyl ether

(PBDE 153) (Darnerud et al., 2001).


There are several reports ofPBDEs in human milk. A breast

milk–monitoring program in Sweden has shown that over the

course of20–30 years (1972–1997), organochlorines decreased

to half the original concentration, whereas PBDE levels

doubled every 5 years (Norén and Meironyté, 2000). The same

kind of increase was seen in a time-trend study in Japan (1973–

2000), where the sum of PBDEs in human milk was of

a magnitude similar to that in the Swedish study (Akutsu et al.,

2003). Occupational exposure to PBDEs has been demon-
strated in workers in the electrical dismantling industry, who

had increased levels of PBDEs in their blood (Sjödin et al.,

1999).


There is now an increase in the number of reports of higher

brominated PBDEs in humans. 2,2# ,3,4,4# ,5# ,6# -Heptabromo-
diphenyl ether (PBDE 183) was reported in blood serum from
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American blood donors (Sjödin et al., 2001) and in blood from

Swedish workers (Sjödin et al., 1999). PBDE 183 was also

found in blood from fetal-maternal pairs, where the fetal blood

concentration did not differ substantially from that of the

mother, ranging between 15 and 580 ng/g lipid in mothers and

from 14 to 460 ng/g lipid in fetal serum (Mazdai et al. , 2003).

PBDE 183 is also reportedly present in mothers’ milk in the

United States, Japan, The Netherlands, and Sweden (Akutsu

et al., 2003; Baumann et al., 2003; Meironyté Guvenius et al.,

2003; Schecter et al., 2003). The full-brominated PBDE

2,2# ,3,3# ,4,4# ,5,5# ,6,6# -deca-brominated diphenyl ether (PBDE

209) was found in human blood (Sjödin et al., 2001), and higher

levels have been found in computer technicians (Jakobsson

et al., 2002) and workers handling flame-retarded rubber

(Thuresson et al., 2005), compared with nonexposed reference

groups. This indicates that humans have been exposed to the

higher brominated PBDEs both as infants and as adults.


During their development, mammals may be exposed to

toxicants, as fetuses via maternal ingestion of toxicants, during

the newborn period via intake of mother’s milk, or by direct

ingestion of, or contact with, toxicants. In recent studies, we

have shown that neonatal exposure to certain PBDEs, during

the period of rapid brain development (Davison and Dobbing,

1968), can cause disturbances in spontaneous motor behavior,

habituation problems, and dysfunction in learning and memory

in adult animals as well as changes in the cholinergic system

that persist into adulthood (Eriksson et al., 2001b, 2002; Viberg

et al., 2003a,b). The effects of PBDEs have been shown to be

inducible during a restricted period ofneonatal life, and behav-
ioral effects worsen with age (Eriksson et al., 2001b, 2002;

Viberg et al. , 2003a,b). Recently, we reported that neonatal

exposure to PBDE 209 can cause developmental neurotoxic

effects in mice. These effects were similar not only to those

reported earlier following developmental exposure to lower

brominatedPBDEs but also to certain Polychlorinated biphenyls

(PCBs) (Eriksson, 1998). The PBDE 209 study suggested that

the developmental neurotoxic effects might have been induced

by metabolites of PBDE 209, e.g., debrominated products.

There are studies showing that PBDE 209 can indeed be

metabolized since metabolites such as hepta-, octa-, and nona-
brominated diphenyl ethers have been found after oral admin-
istration of PBDE 209 to adult rats (Morck et al., 2003;

Sandholm, 2003; Sandholm et al., 2003).


In view of the accumulating evidence of higher brominated

PBDEs in the environment and in human milk, together with

reports on developmental neurotoxicity ofPBDE 209 and/or its

metabolites, the present study was undertaken to investigate

developmental neurotoxic effects of three highly brominated

PBDE congeners, namely, PBDE 183, 2,2# ,3,4,4# ,5,5# ,6-
octabromodiphenyl ether (PBDE 203), and 2,2# ,3,3# ,4,4# ,5,5# ,6-
nonabromodiphenyl ether (PBDE 206), when given to neonatal

mice. The neurotoxic effects were analyzed by measuring

spontaneous behavior and learning and memory functions in

adult mice.


MATERIALS AND METHODS


Chemicals and Animals


All three PBDEs, viz, PBDE 183, PBDE 203, and PBDE 206, were

synthesized at the Department of Environmental Chemistry, Stockholm

University, Sweden (Christiansson et al., in press). The purity of the com-

pounds exceeded 98%. The substances were dissolved in a mixture of egg


lecithin and peanut oil (Oleum arachidis) (1:10 wt/wt) and then sonicated

together with water to yield a 20% (wt/wt) fat emulsion vehicle containing


1.52 mg PBDE 183/ml (2.1 lmol/ml), 1.68 mg PBDE 203/ml (2.1 lmol/ml),


and 1.85 mg PBDE 206/ml (2.1 lmol/ml), respectively. The use of a 20%

fat emulsion vehicle was to give a more physiologically appropriate absorp-
tion and hence distribution of the compounds (Keller and Yeary, 1980; Palin


et al., 1982).

Pregnant Naval Medical Research Institute (NMRI) mice, obtained from


B&K, Sollentuna, Sweden, were housed individually in plastic cages in a room


with an ambient temperature of22°C and a 12/12-h cycle of light and dark. The

animals were supplied with standardized pellet food (Lactamin, Stockholm,


Sweden) and tap water ad libitum. The pregnant NMRI mice were checked for

birth twice daily (0800 h and 1800 h). The day of birth was designated day 0.


The size of the litters was adjusted to 10–12 mice, within 48 h of birth, by


euthanizing excess pups. The litters contained pups of both sexes during the

neonatal period, and no separation with regard to sex was made in the pre-
weanling mice. At the age of 4–5 weeks, all females were sacrificed and the


males were kept in litters (in treatment groups) with their siblings and were

raised in groups offour to seven, in a room formales only, and under conditions

detailed above. In order to compare with our earlier studies and the studies on


lower and middle brominated PBDEs and PBDE 209, both male and females

were exposed to the PBDEs, but only male mice were used for the


neurotoxicological recordings.


Treatment of Neonatal Mice with PBDE 183, PBDE 203, or PBDE 206


The substances were administered orally, in a volume of 10 ml/kg body


weight, via a metal gastric tube as one single dose on either postnatal day

(PND) 3 or 10. The amounts of the different compounds given were selected to


be on the same molar basis as previously used in the studies on PBDE 209,

PBDE 153, PBDE 99, and PBDE47 (Eriksson et al., 2001b, 2002; Viberg et al.,

2002, 2003a,b), namely, 21 lmol/kg body weight, i.e., PBDE 206 18.5 mg/kg


body weight, PBDE 203 16.8 mg/kg body weight, and PBDE 183 15.2 mg/kg

body weight. Control mice, in each age category, were given 10 ml/kg body

weight of the 20% fat emulsion vehicle. In this neonatal animal model, each of


the different treatment groups comprises mice from three to five different

litters. Randomly selecting animals from at least three different litters will have

the same statistical effect and power compared to the use of litter-based studies


to evaluate developmental neurotoxicity in neonatalmice (Eriksson andViberg,

2005; Eriksson et al., 2005).


Behavioral Tests


Spontaneous Behavior Tests


Spontaneous behaviorwas observed in the male micewhen 2 months old, as

described earlier (Eriksson et al., 2001, 2002; Viberg et al., 2003a,b). The


animals were tested between 0800 h and 1300 h, under the same ambient light

and temperature conditions. Altogether 10 males were randomly picked from

three to five different litters in each treatment group. Motor activity was


measured for 60 min, divided into three 20-min intervals, in an automated

device consisting of cages (40 3 25 3 15 cm) placed within two series of

infrared beams (low and high level) (Rat-O-Matic, ADEA Elektronik AB,


Uppsala, Sweden) (Fredriksson et al., 1997).


Locomotion. Counting took place when the mouse moved horizontally

through the low-level grid of infrared beams. Infrared beams were placed


10 mm above the bedded floor.
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Rearing. Movement in the vertical plane was registered at a rate of four

counts per second, when a single high-level beam was interrupted, i.e., the


number of counts obtained was proportional to time spent rearing. Infrared

beams were placed 80 mm above the bedded floor.


Total activity. Alltypesofvibrationswithinthetestcage, i.e., thosecausedby


mouse movements, shaking (tremors), and grooming were registered by a pickup


(gramophone-likearmbalancedwithacounterweight), connected to the testcage.


Swim Maze


Mice exposed either on PND 3 to PBDE203 or on PND 10 to PBDE203 and

PBDE 206 were observed at the age of 3 months for performance in a swim


maze. These treatment groups were selected with regard to significantly altered

spontaneous behavior, when tested at the age of 2 months. Some 15–16 mice,

from three to five litters, from each treatment group were tested.


The swim maze, of Morris water maze type (Morris, 1981), was a circular

gray tub, 102 cm in diameter, filled with water at 23°C to a depth of15 cm from


the brim. In the center of the ‘‘northeast’’ quadrant of the tub, a platform was

submerged 1 cm beneath the water surface. The platform consisted of a metal

mesh, 12 cm in diameter. The relative positions of the pool and observer were


the same on all days when tests were performed. Each mouse’s ability to locate

the submerged platform was observed on 5 consecutive days. The mouse was

given five trials each day, and the latency to locate the platform was measured.


Testing was conducted between 0900 h and 1400 h. Before the first trial each

day, the mouse was placed on the submerged platform for 30 s. It was then

released in the ‘‘south’’ position, facing the wall of the tub, and was allowed


30 s to locate the platform. Ifthemouse failed to find the platformwithin 30 s, it

was gently replaced on the platform. After each trial, the mouse remained on


the platform for 30 s. The mice were subjected to five trials each day, and the

tests were performed on 4 consecutive days, trials 1–20 (days 1–4). On day 5,

the platform was moved to the center of the tub’s ‘‘northwest’’ quadrant for


reversal trials; otherwise the procedure was identical. Latencies to reach the

platformwere measured by the observer; total search time for the five trials was

set to 150 s. The first 20 trials (days 1–4) measured the mouse’s spatial learning


ability and the last five trials (day 5) its relearning ability. The experimental

design of the swim maze test was as used earlier in experiments where mice

were exposed to PBDEs and PCBs (Eriksson and Fredriksson, 1996a, 1998;


Eriksson et al., 2001b; Viberg et al., 2003a).


Statistical Analysis


Body Weight


The data from each age category were subjected to one-way analysis of

variance (ANOVA) and pairwise testing using Dunnett, comparing all pairs of

treatment groups.


Spontaneous Behavior


The data were subjected to a split-plot ANOVA, and pairwise testing

between treated groups and their corresponding control groups was performed


with the Tukey honestly significant difference) test (Kirk, 1968).


Swim Maze


The data from days 1 to 4 of the test were subjected to general linear model

(GLM) with a split-plot design and to GLM with Duncan’s multiple range test.


Comparisons between theperformanceofthe last trialonday4versus thefirst trial

onday5 andthecomparisonbetweenthefirstandlast trialonday5weresubmitted

to a paired t-test and Kruskal-Wallis with pairwise testing, using Duncan’s test.


RESULTS


Neither were there clinical signs of dysfunction in the

vehicle- or PBDE-exposed mice throughout the experimental


period nor was there any significant deviation in body weight

in the PBDE 183–, PBDE 203–, or PBDE 206–treated mice,

compared with the vehicle-exposed mice (adult weights of 3-
day-old mice, mean ± SD: controls, 42.21 ± 4.51; PBDE 183,

43.97 ± 6.18; PBDE 203, 45.62 ± 4.05; and PBDE 206, 42.48 ±

3.94; adult weights of 10-day-old mice, mean ± SD: controls,

45.65 ± 3.35; PBDE 183, 43.86 ± 4.05; PBDE 203, 44.12 ±

3.59; and PBDE 206, 43.36 ± 4.19).


Effects on Spontaneous Behavior ofAdult Mice


The results from the spontaneous behavior variables, loco-
motion, rearing, and total activity, for 2-month-old male NMRI

mice after exposure to a single oral dose of 21 lmol/kg body

weight of PBDE 206 (18.5 mg), PBDE 203 (16.8 mg), or

PBDE 183 (15.2 mg) on either PND 3 or PND 10 are shown

in Figure 1. There were significant group 3 period interactions

(F14,144 ¼ 33.59, F14,144 ¼ 44.92, and F14,144 ¼ 10.82) for lo-
comotion, rearing, and total activity, respectively.


The control mice exposed to the 20% fat emulsionvehicle on

PND 3 or PND 10 showed a normal decrease in activity during

the 60-min observation period. Pairwise testing between the

two control groups revealed no significant difference in the

three test variables. This decrease in activity is a normal spon-
taneous behavior profile, as reported in our earlier studies (see

Eriksson, 1997, 1998; Eriksson et al., 1991, 2000, 2001a,b,

2002; Viberg et al., 2002, 2003a,b).


Adult mice neonatally exposed to BDE 183 on PND 3 or


PND 10. The results from pairwise testing ofmice exposed to

PBDE 183 on PND 3 showed a significant (p  0.01) decrease

in activity in the locomotion and total activity variables during

the first 20-min period, compared with the corresponding

vehicle-treated animals. The results from pairwise testing of

mice exposed to PBDE 183 on PND 10 showed no significant

change in activity (in locomotion, rearing, and total activity vs.

controls).


Adult mice neonatally exposed to PBDE 203 on PND 3 or


PND 10. The results from pairwise testing ofmice exposed to

PBDE 203 on PND 3 showed a significant (p  0.01) decrease

in activity during the first 20-min period for the locomotion,

rearing, and total activity variables versus their controls.

A significant (p  0.05) decrease in activity was also seen in

the rearing variable during the second 20-min period versus

their controls. During the third period, 40–60 min, a significant

(p  0.01) increase in activity was observed in the locomotion,

rearing, and total activity variables versus their controls. The

results from pairwise testing of mice exposed to PBDE 203 on

PND 10 revealed a significant (p  0.01) decrease in activity in

locomotion, rearing, and total activity variables versus their

controls during the first 20-min period. During the second

period (20–40 min), locomotion was significantly (p  0.01)

increased and rearing was significantly (p  0.05) decreased

versus their controls. During the last 20-min period (40–60
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min), all three variables were significantly increased versus

their controls. The results from pairwise testing between mice

exposed to PBDE 203 on PND 3 and PND 10 showed

a significant difference between the two different treatment

days. During the last 20-min period (40–60 min), all three

variables were significantly (p  0.01) increased in mice given

PBDE 203 on PND 10, compared with PND 3.


Adult mice neonatally exposed to PBDE 206 on PND 3 or


PND 10. The results from mice exposed to PBDE 206 on

PND 3 showed no significant difference in the spontaneous


behavior variables, locomotion, rearing, and total activity,

compared with the corresponding controls. The results from

pairwise testing of mice exposed to PBDE 206 on PND 10

showed a significant (p  0.01) decrease in activity in all three

variables during the first 20-min period versus their controls.

During the second period (20–40 min), locomotion was

significantly (p  0.05) increased while rearing was signifi-
cantly (p  0.05) decreased versus their controls. During the

last period (40–60 min), a significant (p  0.01) increase in

activity was seen in all three variables versus their controls.


Effects on Learning and Memory in Adult Mice


Mice exposed to PBDE 203 and the vehicle on PND 3 and

mice exposed to PBDE 203, PBDE 206, and the vehicle on

PND 10 were tested for swim maze performance. Figure 2

shows the performance of3-month-old mice exposed on PND 3.

During the acquisition period (days 1–4) of spatial learning

ability, all mice, regardless of treatment, improved their ability

to locate the platform (F3,84 ¼ 61.11, p  0.01). Neither

did split-plot GLM reveal significant treatment 3 day inter-
actions among PBDE 203– and vehicle-treated animals (F6,84 ¼


0.68) nor were any treatment effects observed. Figure 3 shows

the performance of 3-month-old mice exposed on PND 10.

During the acquisition period (days 1–4), all mice, regardless

of treatment, improved their ability to locate the platform

(F3,135 ¼ 35.28, p  0.01). Split-plot GLM revealed no

significant treatment 3 day interactions among PBDE 203–,

PBDE 206–, and vehicle-treated animals (F6,135 ¼ 0.1522).

However, a treatment effect (F2,135 ¼ 7.82) was seen during the


FIG. 1. Spontaneous behavior of2-month-old NMRImalemice exposed to

asingle oral dose, 21 lmol/kg bodyweight, ofPBDE183 (15.2mg), PBDE203

(16.8 mg), or PBDE 206 (18.5 mg) on either PND 3 or PND 10. The control


animals received in the same manner 10 ml/kg body weight of the 20% fat

emulsion vehicle on either PND 3 or PND 10. The data were subjected to an


ANOVA with split-plot design, and there were significant group 3 period

interactions (F14,144 ¼ 33.59, F14,144 ¼ 44.92, and F14,144 ¼ 10.82) for


locomotion, rearing, and total activity variables, respectively. Pairwise testing


between PBDE 183–, PBDE 203–, PBDE 206–exposed animals and control

animals was performed with Tukey honestly significant difference tests. The

statistical differences are indicated as follows: (A) significantly different versus


their respective controls, p  0.01; (a) significantly different versus their

respective controls, p  0.05; (B) significant difference between PND 3 and

PND 10 within each treatment group, p  0.01; (b) significant difference


between PND 3 and PND 10 within each treatment group, p  0.05. Bar height

represents mean value ± SD.


FIG. 2. Swim maze performance in 3-month-old NMRI male mice

exposed to a single oral dose of either 16.8 mg PBDE 203/kg body weight


(21 lmol/kg body weight) or a 20% fat emulsion vehicle (control) at the age of

3 days. Latencies in locating the platformwere measured during the acquisition

period, trials 1–20 (days 1–4), and during the relearning period, trials 21–25


(day 5). Statistical analysis: the behavioral data, trials 1–20, were submitted to


a GLM and Duncan’s multiple range test. There are no significant treatment 3


day interactions or treatment effects. Trial 20 versus 21 was submitted to a


t-test, as was trial 21 versus 25, but no significant changes were observed.
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acquisition period, where mice exposed to PBDE 203 on PND

10 differed significantly from control mice (p  0.01) and from

PBDE 206 mice (p  0.05).


On day 5, the platform was relocated for relearning by

reversal trials. In the first trial on day 5, the control mice in each

age category displayed significantly longer latencies than those

in the last trial on day 4, control mice exposed on PND 3 p 


0.01 (Fig. 2), and those exposed on PND 10, p  0.05 (Fig. 3).

This is normal behavior during relearning because, initially, the

mouse searches near the previous platform location (Morris

et al., 1982). Mice exposed to PBDE 203 on PND 3 or to PBDE

203 and PBDE 206 on PND 10 did not differ significantly (p 


0.05) from their controls. Furthermore, on the fifth day, mice

exposed to the vehicle on PND 3 or on PND 10 significantly

improved their ability to find the new location of the platform

(paired t-test trial 21 vs. trial 25), p  0.05, indicating normal

relearning by the control animals. Mice exposed to PBDE 203

on PND 3 or to PBDE 203 and PBDE 206 on PND 10 did not

significantly (p  0.05) differ from their controls.


DISCUSSION


In this study, the administration of PBDE 203 or PBDE

206 to mice on neonatal day 10 caused disturbances in spon-
taneous behavior, leading to disrupted habituation and a hyper-
active condition in the mice at an adult age of 2 months. This

change in spontaneous behaviorwas also observed in 2-month-

old mice exposed to PBDE 203 on neonatal day 3. Further-
more, neonatal exposure to PBDE 203 on neonatal day 10

affected learning and memory functions in adult mice (see

Table 1).


The spontaneous motor behavior data showed a disruption

of habituation in adult mice exposed neonatally to PBDE 203

(21 lmol/kg body weight) and to PBDE 206 (21 lmol/kg body

weight) on PND 10. Normal habituation, defined here as

a decrease in the variables locomotion, rearing, and total

activity, in response to the diminished novelty of the test

chamber over a 60-min test period, divided into three 20-min

periods, was observed in control mice exposed to the 20% fat

emulsion vehicle on PND 10. Mice exposed to PBDE 203 and

PBDE 206 on PND 10 were obviously hypoactive early in the

60-min test period, whereas toward the end, they became

hyperactive. This nonhabituating behavior profile has also been

seen in adult NMRI male mice exposed neonatally to PBDE 47

(21 lmol/kg body weight), PBDE 99 (1.4–21 lmol/kg body

weight), and PBDE 153 (0.7–14 lmol/kg body weight) at the

age of 10 days (Eriksson et al., 2001b, 2002; Viberg et al.,

2002, 2003a, 2004). This indicates that, in addition to the lower

brominated PBDEs, highly brominated PBDEs such as PBDE

203 and PBDE 206 can disrupt spontaneous behavior and

impair habituation capability in adult mice when the exposure

occurs around neonatal day 10.


Developmental neurobehavioral effects were also seen in

mice exposed to PBDE 203 on PND 3. In all the three spon-
taneous behavioral variables, locomotion, rearing, and total

activity, these mice displayed a hypoactive condition early in

the 60-min test period, while being hyperactive toward the end.

This change in spontaneous behavior is similar to the changes

observed after neonatal exposure to PBDE 203 on PND 10.

However, the effects were significantly more pronounced in

mice exposed on PND 10 versus PND 3, which indicates an

increased susceptibility in 10-day-old mice compared with 3-
day-old mice.


The ability of adult mice to learn and memorize was

observed in a swim maze of the Morris water maze type, after

exposure to PBDE 203 on PND 3 or PND 10 and to PBDE 206

on PND 10. During the 4-day acquisition period, all animals

reduced the time needed to locate the submerged platform.

However, this test showed that mice exposed to PBDE 203 on

PND 10 performed significantly worse during the acquisition

phase of learning and memory than both controls and mice

given PBDE 206. Furthermore, in mice given PBDE 203 on

PND 3, there were no significant deviations from their own

controls. This test also confirms that the neurobehavioral

defects are more pronounced when PBDEs are present in the

brain around PND 10 of neonatal brain development.


In earlier studies, we reported that neonatal exposure to

some PBDEs, such as PBDE 99 and PBDE 153, on PND 10

affected the performance of adult animals in the Morris water

maze test (Eriksson et al., 2001b; Viberg et al., 2003a).

Impaired performance in Morris water maze have also been


FIG. 3. Swim maze performance in 3-month-old NMRI male mice


exposed to a single oral dose of 16.8 mg PBDE 203/kg body weight (21

lmol/kg body weight), 18.5 mg PBDE 206/kg body weight (21 lmol/kg body


weight), or 20% fat emulsion vehicle (control) at the age of 10 days. Latencies

in locating the platform were measured during the acquisition period, trials 1–


20 (days 1–4), and during the relearning period, trials 21–25 (day 5). Statistical


analysis: the behavioral data, trials 1–20, were submitted to the GLM and

Duncan’s multiple range test. A significant treatment effect (F2,135 ¼ 7.82) is

seen during the acquisition period (days 1–4) where mice exposed to PBDE 203


onPND 10 significantly differed fromvehicle-treatedmice (p  0.01) and from

those exposed to PBDE 206 (p  0.05). Trial 20 versus 21 was submitted to a


t-test, as was trial 21 versus 25, but no significant changes were observed.
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seen in adult mice neonatally exposed to an ortho-substituted

PCB, 2,2# ,4,4# ,5,5# -hexachlorobiphenyl (PCB 52) (Eriksson

and Fredriksson, 1996a). These studies revealed that the

cholinergic system was affected, manifested as an altered

response to nicotine at adult age as well as a decrease in

cholinergic nicotinic receptors (Eriksson and Fredriksson,

1996a,b; Viberg et al., 2002, 2003a, 2004). The swim maze

of Morris water maze type, with a submerged platform, is

designed to measure spatial learning. Spatial learning tasks,

dependent on external cues for their solution, have been found

to be highly sensitive to central cholinergic dysfunctions

(Levin, 2002; Riekkinen et al., 1990; Sutherland et al.,

1982). Many studies in rodents have also shown that different

cholinergic agonists and antagonists affect memory and

learning (see Levin, 2002). Whether highly brominated PBDEs

can affect the cholinergic system, as earlier seen for the lower

and middle brominated PBDEs, remains to be studied as

a possible mechanism for the deranged behavior.


In several developmental neurotoxicity studies in mice, we

have shown that the presence of persistent or nonpersistent

compounds around neonatal day 10 caused persistent de-
velopmental neurotoxic disturbances, manifested as changes

in spontaneous behavior, reduced habituation capability, im-
paired learning and memory faculties in maze tests, and

alterations in the cholinergic transmitter system (Eriksson,

1997, 1998; Eriksson et al., 2001a,b; Viberg et al., 2002,

2003a,b). However, this study indicated that disturbances can

also be induced when mice are exposed to PBDE 203 and

PBDE 183 on neonatal day 3. When mice were exposed to

PBDE 183 (21 lmol/kg body weight), effects on spontaneous

behavior were only seen following exposure on PND 3. There

was a significant reduction in locomotion and total activity

variables during the first 20-min period, but habituationwas not


affected. Interestingly, exposure to PBDE 183 on PND 10 did

not affect the spontaneous behavior, as was seen in mice given

PBDE 203 or PBDE 206. The reasons for the less pronounced

neurotoxic effect of PBDE 183 and also lack of effect when

given on PND 10, compared with PBDE 203 and PBDE 206,

remain unknown. There may be differences in uptake and/or

metabolism among the different PBDE congeners. We have

recently shown that neonatal exposure to different PBDEs—

PBDE 99 and PBDE 209—can alter spontaneous behavior and

reduce the habituation capability of adult mice neonatally

exposed on PND 3. The behavioral disturbances seen after

neonatal exposure to PBDE 99 on PND 3 were attributed to the

amount left 7 days after the exposure and thereby present on

PND 10, which was suggested to be enough to induce adult

behavioral disturbances (Eriksson et al., 2002). Regarding

neonatal exposure to PBDE 209 (21 lmol/kg body weight), the

developmental neurotoxic effects on spontaneous behavior and

habituation capability were seen only in mice exposed on PND

3 but not in mice given PBDE 209 on PND 10. It is known that

the amount of a toxic agent present in the brain at different

neonatal ages can vary. Earlier studies, using radiolabeled

compounds, have shown a pronounced retention of lipophilic

chlorinated hydrocarbons or their metabolites (e.g., PBDE 99,

DDT, PCB 52, PCB 153, and chlorinated paraffins) in the brain

when administered on neonatal day 10 (Eriksson, 1984, 1998;

Eriksson and Darnerud, 1985; Eriksson et al. , 2002). During

the course of time, the amount of radioactivity from these

substances was the same or decreased over the 7-day period. In

contrast, the radioactivity from 14C-PBDE 209 increased

significantly in animals exposed to 14C-labeled PBDE 209 on

PND 3 or PND 10 (Viberg et al., 2003b). That neonatal mice

are capable of metabolizing persistent organic compounds,

e.g., PCBs, has been reported by Vodicnik and Lech, 1980.


TABLE 1


Summary of Effects on Spontaneous Behavior, Habituation, Learning, and Memory after Neonatal Exposure to


PBDE 183, PBDE 203, and PBDE 206


Behavioral effects in adults


Neonatal treatment Spontaneous behavior Morris water maze


Age/PBDE congener Locomotion Rearing Total activity Habituation Learning Relearning


3-Days old

PBDE 183 S NS S NS NA NA


PBDE 203 S S S S NS NS

PBDE 206 NS NS NS NS NA NA


10-Days old


PBDE 183 NS NS NS NS NA NA

PBDE 203 S S S S S NS


PBDE 206 S S S S NS NS


Note. NMRI male mice exposed to a single oral dose, 21 lmol/kg body weight, of PBDE 183 (15.2 mg), PBDE 203 (16.8 mg), or PBDE 206 (18.5 mg) on


either PND 3 or PND 10. The control animals received in the same manner 10 ml/kg body weight of the 20% fat emulsion vehicle on either PND 3 or PND 10. S,


significant; NS, not significant; NA, not analyzed.
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The developmental neurotoxic effects of PBDE 209 were

therefore suggested to be caused by one or more metabolites of

the parent compound. Recent studies have also shown that

PBDE 209, after oral administration to rats, can be metabolized

to several metabolites, including PBDE 183, PBDE 203, and

PBDE 206 (Morck et al. , 2003; Sandholm, 2003; Sandholm

et al., 2003). Whether or not the metabolites of PBDE 209 in

the neonatal brain of 10-day-old mice constitute debrominated

products like PBDE 203 and PBDE 206, after administration to

neonatal mice on PND 3, the present study has shown that con-
geners such as PBDE 203 and PBDE 206 are capable of in-
ducing developmental neurotoxic effects when given onPND 10.


In conclusion, the present investigation has shown that

neonatal exposure to higher brominated PBDEs, such as the

PBDE 203 and PBDE 206, can cause developmental neuro-
toxic effects, manifested as defective spontaneous behavior,

reduced or lack of habituation, and impaired learning and

memory functions, when present during a critical period of the

neonatal brain development. Furthermore, from both the

spontaneous behavior test and the maze learning/memory test,

it is clear that PBDE 203 is more potent in causing de-
velopmental neurotoxic effects than are PBDE 206 and PBDE

183. This indicates differences in neurotoxicity among PBDE

congeners. That different PBDEs differ in their ability to

induce developmental neurotoxicity was also reported in our

earlier studies (Eriksson et al., 2001b; Viberg et al., 2003a,b),

and different degrees of potency in causing neurotoxic effects

are important when comparing the levels of PBDEs in the

environment and in mother’s milk.
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(1999b). Levels ofpolybrominated diphenyl ethers (PBDEs) in fish from the

Great Lakes and Baltic Sea. Organohalogen Compd. 40, 351–354.


Baumann, B., Hijman, W., vanBeuzekom, S., Hoogerbrugge, R., Houweling, D.,

and Zeilmaker, M. (2003). PBDEs in human milk from the Dutch 1998


monitoring programme. Organohalogen Compd. 61, 187–190.


Christiansson, A., Teclechiel, D., Eriksson, J., Bergman, Å ., and Marsh, G.
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