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Polybrominated diphenyl ethers (PBDEs), flame retardant chemicals added to polymer products, have be-
come ubiquitous in the environment, and they are bioaccumulating in humans and wildlife. Therefore, un-
derstanding their biological effects is important for public health. We have previously observed learning
deficits in rats exposed to DE-71, a commercial PBDEmixture consisting primarily of pentabrominated diphe-
nyl ethers, at a dose of 30 mg/kg/day from postnatal day (PND) 6 to 12. The purpose of the current study was
to determine if this effect could be seen with lower doses of DE-71. Long–Evans rats were administered daily
oral doses of corn oil alone or DE-71, 5 or 15 mg/kg/day, dissolved in corn oil, from PND 6 to 12. As young
adults, the rats were administered a series of five-choice visual learning and attention tasks. No effects of
DE-71 were found on learning, attention, or inhibitory control. Given that developmental DE-71 exposure
at similar doses and for shorter time periods has been shown in other laboratories to affect locomotion and
hyperactivity, the current results suggest that cognitive functions may not be as sensitive as neuromotor
functions to the effects of acute DE-71 exposure.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Polybrominated diphenyl ethers (PBDEs) are synthetic flame retar-
dant additives used in polymers such as hard plastics, foam furniture,
and carpets. They are easily released from these products into the envi-
ronment and are commonly detected in house dust (Jones-Otazo et al.,
2005), sediment (Moon et al., 2007; Pan et al., 2007), surface waters
(Ueno et al., 2008), and sewage sludge (Knoth et al., 2007; Wang et
al., 2007) throughout the world. Environmental PBDE contamination
originates from commercial PBDE mixtures, each of which contains
several PBDE congeners, or molecular variants that differ by the num-
ber and position of bromine atoms attached to the two aromatic rings
of the PBDE molecule. For example, the pentaBDE mixture DE-71,
which was produced in the United States, contains primarily tetra-
and pentaBDEs (i.e., molecules with four and five bromines, respective-
ly); the decaBDEmixture contains primarily the sole decaBDE, PBDE209
(La Guardia et al., 2006).

The molecular structure of PBDEs resembles that of polychlorinated
biphenyls (PCBs), which are known persistent organic pollutants. As is
the case with PCBs, PBDEs are lipophilic and bioaccumulate in wildlife
(Chen et al., 2007; Kelly et al., 2008) and humans (Petreas et al., 2003;
Schecter et al., 2003; Sjodin et al., 2004). Humans are mainly exposed
to PBDEs through inhalation of house dust (Zota et al., 2008; Wu et al.,

2007) and consumption of contaminated fish and meat (Schecter et
al., 2006a,b; Voorspoels et al., 2007). Although the lower-brominated
DE-71 mixture is no longer produced, the congener profile of PBDEs
found in samples of human blood, breast milk, and fatty tissue closely
matches that of DE-71, with the most heavily represented congeners
being the tetraBDE PBDE47, the pentaBDEs PBDE99 and PBDE100, and
the hexaBDE PBDE153 (Johnson-Restrepo et al., 2005; Schecter et al.,
2006a,b). Given the stability of these flame retardant chemicals and
the durable nature of the products in which they have been used,
PBDEs will be present in the environment and in biota for decades to
come. Therefore, it is important to determine the health effects of
these chemicals and the levels at which such effects appear.

PBDE congeners, hydroxylated PBDEs (OH-PBDEs, which aremetab-
olites of PBDEs), and PBDE commercialmixtures appear to interact with
several target proteins,many ofwhichplay vital roles in nervous system
development or functioning. In vitro, the pentaBDE mixture DE-71
increases the translocation of protein kinase C and inhibits Ca2+uptake
by mitochondria and microsomes (Coburn et al., 2008; Kodavanti and
Ward, 2005) in turn disrupting downstream signaling pathways (Fan
et al., 2010). Depolarization-evoked Ca2+ release is inhibited by OH-
PBDEs (Dingemans et al., 2010). Anti-thyroid activity has also been ob-
served in vitro; in cultured human neural progenitor cells, PBDE 47
and PBDE 99, themost predominant congeners found in biota, suppress
differentiation through antagonism of thryoid hormone receptors
(Schreiber et al., 2010). In vivo, oral exposure to PBDEs in rodents re-
sults in temporary suppression of serum total thyroxine (T4) levels
(Hallgren et al., 2001; Kodavanti et al., 2010; Zhou et al., 2002). Recent
work has also demonstrated that PBDEs can induce oxidative damage in
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cells (Gao et al., 2009; Huang et al., 2010) and modulate DNA methyla-
tion (Chen et al., 2010) and gene expression (Alm et al., 2010).

Taken together, these and othermechanisms of biological disruption
by PBDEs could have particularly devastating consequences for neu-
ral development in humans and non-human animals alike. Develop-
ing humans readily absorb PBDEs through the placental barrier
(Schecter et al., 2007) and consume them in high levels in mothers'
milk (Johnson-Restrepo et al., 2007; Schecter et al., 2003), in addition
to ingesting and inhaling them in house dust (Jones-Otazo et al.,
2005; Wilford et al., 2005). Exposure levels have been shown to be
higher in young children than in adults who live in the same household
(Fischer et al., 2006). The perinatal and early postnatal periods, when
this increased exposure takes place, are times of increased growth and
plasticity of the nervous system. As a result, disruptions of these
processes by chemicals such as PBDEs could result in lasting alterations
in neural structure and function.

Animal models have, until very recently, been the exclusive source
of information regarding the neurobehavioral effects of developmental
PBDE exposure. Hyperactivity is the most commonly reported effect
of exposure to commercial PBDE mixtures, regardless of whether the
exposure is brief and during the perinatal period (Gee and Moser,
2008; Viberg et al., 2003b, 2006) or more prolonged and spanning
from gestation through weaning (Kodavanti et al., 2010; Kuriyama et
al., 2005; Suvorov et al., 2009). However, very little is known about
the cognitive effects of developmental PBDE exposure. The few studies
that have explored cognitive endpoints have reported learning impair-
ments in the Morris water maze after acute exposure to individual con-
geners (Viberg et al., 2003b; Viberg et al., 2006), slowed learning of a
light–dark discrimination task after acute exposure to PBDE209 (Rice
et al., 2009), and slowed learning of a food-motivated visual discrimina-
tion task after exposure toDE-71 (Dufault et al., 2005). In contrast to the
effects on learning, effects on attention appear to be dependent upon
whether the exposure is brief or chronic. No deficits in visual sustained
attention were observed in animals exposed briefly to relatively high
levels of DE-71 (Dufault et al., 2005), but lower-level chronic exposure
to DE-71 did produce deficits in the same task (Driscoll et al., 2009),
suggesting that for attentional function, exposure concurrent with
testing, or total PBDE body burden, has more of an impact on perfor-
mance than does the level of exposure during development.

Fortunately, epidemiological investigations of the cognitive effects
of early PBDE exposure have recently been published, enabling a com-
parison with the findings in animal models and a broader characteriza-
tion of the impact of these compounds on cognitive function. In the
Netherlands, children who presented with higher PBDE cord blood
levels at birth demonstrated impaired attention andfinemotor function
compared to children with lower levels, but they showed no deficits in
global intelligence measures (Roze et al., 2009). In the United States,
children who typically presented with 2–5 times higher cord PBDE
levels than did the children in Roze et al., demonstrated significant
decrements in both psychomotor and mental subscales of the Bayley
Scales of Infant Development and theWeschler Preschool and Primary
Scale of Intelligence (Herbstman et al., 2010). Therefore, it appears that
the nature of effects associated with developmental PBDE exposure
varies depending on the level of exposure. More work needs to be
done to determine the levels of PBDEs that produce harmful cognitive
effects in developing animals and children.

The current experiment was designed to address gaps in the animal
work by exploring the effects of early postnatal DE-71 exposure on
learning and attention using the same acute exposure paradigm
employed in our lab previously (Dufault et al., 2005), but with lower
doses of DE-71 (5 and 15 mg/kg/day as opposed to 30 mg/kg/day).
The window of exposure, from PND 6 to 12, marks a period of pro-
nounced synaptogenesis (Sutor and Luhmann, 1995) and gene expres-
sion (Stead et al., 2006) in the rodent brain, and encompasses the
developmental window of sensitivity to PBDE exposure reported by
other laboratories (e.g., Gee and Moser, 2008; Viberg et al., 2004a,b).

Given that PBDE mixtures and individual congeners produce effects
on motor behavior and learning at or below the dose range of
15 mg/kg/day, it was hypothesized that the higher dose of DE-71
would produce significant effects on learning, but that the lower
5 mg/kg/day dose would have no effects on performance. No effects
on sustained attention were expected, given that the higher dose of
30 mg/kg/day did not produce attention deficits previously (Dufault et
al., 2005).

2. Methods

2.1. Animals and DE-71 exposure

The current study was conducted in two replications of equal size
across two consecutive summers. Only males (n=24 per treatment
across replications) were tested in this study in order to obtain suffi-
cient statistical power with the available resources. Nulliparous female
Long–Evans rats (Blue Spruce stock; Harlan Sprague–Dawley, Indianap-
olis, IN) were bred with 24male Long–Evans rats that had been born in
the colony at Colorado College. Damswere housed singly in polycarbon-
ate cages and given unlimited access to tap water and standard labora-
tory chow (LabDiet 5001; PMI Nutrition International, Richmond, IN).
Twenty-four hours following parturition, on postnatal day 1 (PND 1),
each litter was culled to nine pups, with 4–5 males per litter.

Three male pups per litter were used for the current study; the
remaining pups in each litter were reserved for breeding and peda-
gogical laboratory exercises in the department. For each litter of
three pups, two were fostered to other litters such that each new lit-
ter contained one biological pup and two non-littermates. Each pup in
the foster litter received the same treatment, to avoid the potential
for cross-contamination between treatments. Allocation of fostering
and treatment assignments was such that each original biological litter
contributed one pup to each of the three DE-71 treatment conditions
(i.e., each of the three littermates were allocated to litters receiving
one of the three treatments). To retain the birth litter information,
pups were color-coded on the tips of their tails using Sharpie markers.
However, in the first replication, an error in tail marking resulted in
confusion between two of the tail marking colors. As a result, although
every biological litter was represented once in every treatment group,
the matched litter information for individual pups was not retained,
which influenced the statistics that could be performed (litter was
a balanced variable, but could not be used as unit of analysis).

From PND 6 to PND 12, the threemale pups in each litter earmarked
for the study were daily administered the commercial PBDE mixture
DE-71 dissolved in corn oil, or corn oil alone. The DE-71 (lot
7550OK20A), generously donated by Dr. Kevin Crofton of the U.S. EPA,
contains approximately 25% tetraBDE, 50–60% pentaBDE, and 4–8%
hexaBDE (Sjodin, 2000). The DE-71 stock solution (300 mg/ml) was
prepared by sonicating the DE-71 with corn oil for 30 min at 40 °C.
The dosing solutions were prepared by diluting the stock solution
with corn oil to the desired concentrations and vortexing for 30 s. The
control and experimental solutions were administered orally via a
metal gastric tube at a volume of 3 ml/kg of body weight, resulting in
a daily DE-71 dose of 15 mg/kg of body weight per day for the high
dose pups, and a dose of 5 mg/kg of body weight per day for the low
dose pups.

At weaning (PND 21), the pups were ear punched for identification
and housed in same-treatment pairs. Pupswere gradually food restrict-
ed to 12 g of chow per day (24 g of chow per cage) on PND 25 and 10 g
of chowper day (20 g per cage) on PND35. From the onset of behavioral
testing (PND 40) through the end of the experiment (ranging from PND
82 to PND 95), pups were housed individually, and daily chow allot-
ments for each animal were tailored based on trial completion rates to
maintain motivation while still allowing for growth of at least 2 g per
day. If an animal did not complete its session of 100 trials for two con-
secutive days, its daily food allotmentwas decreased by 1 g. Conversely,
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if it did not gain weight for 2 days in a row (regardless of motivation
level), the daily food allotment was increased by 1 g. By the end of
testing, themean daily allotmentwas 12.1 g and did not differ between
treatment groups (data not shown). This food restriction procedure
resulted in body weights that were approximately 85% of ad libitum
weights. All animal care and experimental procedures were conducted
in compliance with the National Institutes of Health's Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23, revised
1996).

2.2. Apparatus

The four Plexiglas chambers used for behavioral testing (ENV-008,
Med Associates, Inc.; St. Albans, VT) were modeled after the five-choice
serial reaction time chambers originally described in Carli et al. (1983).
Each 30.5×24×34.5 cm chamber was enclosed in a sound-attenuating
exterior box. Embedded in one wall of themain chamber, 2.5 cm above
the floor, was a square alcove (5 cm tall×5 cm wide), into which the
animal made a nosepoke to initiate each trial, and into which a sweet-
ened 45 mg reward pellet (Noyes formula AIN-76A; Research Diets,
Inc.; Lancaster, PA) was dispensed after each correct port choice.
An automated guillotine-type door limited alcove access to specific
parts of each trial. On the concave wall opposite the alcove, five
square ports (2.5×2.5 cm) served as the choice points into which
nosepoke responses were made. The ports were at a height of 2.5 cm
from the floor and spaced 1 cm apart. Yellow light-emitting diodes
(LED), outfitted into the back wall of each port, and produced the visual
cues to which the animals were trained to respond. Nosepokes into the
alcove and the ports were detected by infrared photodiodes. A 4 W
house light, situated above and to the left of the alcove, was illuminated
for most of the session but was extinguished for a 5 s “timeout” upon
the commission of an error (see error types below). If the rat made a
nosepoke in a port during a timeout, the 5 s timer was reset, the
house light remained extinguished, and no rewards were delivered.

2.3. Behavioral testing

The subjects were tested 6 days per week; the duration of each daily
session was 100 trials or 60 min, whichever came first. First the rats
were administered a series of four training tasks to shape the eventual
sequence of responses that would constitute a trial in the learning and
attention tasks: opening of the guillotine door and initiation of the
trial with a nosepoke into the alcove; a 3 s “turnaround” period in
which the animal was required to reorient his attention to the ports
on thewall; a nosepoke into an illuminated port; and a timeout (if a cor-
rect responsewas notmade) or receipt of reward in the alcove (if a cor-
rect response was made). The criterion to proceed from one training
task to the next was the attainment of 100 reward pellets within a sin-
gle 60-minute session. In Training Task 1 (alcove training), the alcove
door remained open, and the rat received one pellet for each nosepoke
into the alcove. Training Task 2 (door training) was similar to the previ-
ous task, but the alcove door closed 3 s after each pellet was obtained
and reopened 2 s later for the beginning of the next trial. For Training
Task 3 (turnaround training), the animal was required to make a non-
rewarded nosepoke (hereafter referred to as “trial initiation”) into the
alcove, turn around, then make a nosepoke response into any of the
five ports, all of which were illuminated, in order to receive a reward.
Training Task 4 (equal port exposure), whichwas designed tominimize
response port biases, was five sessions in duration. For each session, ac-
cess to four of the five ports was blocked by a metal plate, and the ani-
mal was required to make 100 nosepoke responses to the one,
illuminated port available. A different port was uncovered on each of
the five sessions.

Once each rat completed training, it was administered a series of
five-choice visual tasks designed to assess learning and sustained at-
tention. These tasks incorporated the same basic trial events as above,

but the rats were now required to make a nosepoke only into the one
illuminated port and avoid the four non-illuminated ports. Presenta-
tion of the visual cue followed trial initiation and the 3 s turnaround
delay. The location of the visual cue on a given trial was pseudorando-
mized. To receive a reward, the rat was required to poke in the illumi-
nated port (i.e., make a correct response) sometime between the cue
onset and 5 s after the cue offset (the “limited hold” period). A nose-
poke made prior to cue onset was recorded as a premature response; a
failure to respond to any portwithin 5 s after cue offsetwas scored as an
omission error. Premature responses, omission errors, and inaccurate

responses (i.e., responses made at the appropriate time but to the
incorrect port) were all considered to be errors and resulted in a
five-second timeout, in which the house light was illuminated and
access to the alcove was prevented. A nosepoke to a response port
during the timeout resulted in a resetting of the timeout clock.

Visual Task 1 assessed subjects' ability to learn the basic rules of
the visual tasks. On each trial, the cue appeared in one of the five
ports for 15 s or until a response wasmade, whichever came first. Crite-
rion performance to advance to the next task was at least 80% correct
responses for two out of three sessions of 100 trials each. Visual Tasks
2 and 3 were similar to Visual Task 1 but featured briefer cue durations
of 5 s and 1 s. The rats received one and three sessions on each of these
tasks, respectively. These two tasks were designed to prepare the
subjects for the briefer cues in the Sustained Attention tasks.

In the subsequent task, Sustained Attention Task 1, the 1 s visual cue
occurred after a pseudorandomized pre-cue delay of 0, 3, or 6 s (in
addition to the 3 s turnaround period), thus requiring the animal to
sustain attention across the five ports for an indeterminate period
of time. The animals were administered ten sessions on this task.
The final task, Sustained Attention Task 2, included the same variable
pre-cue delays but also incorporated shorter and variable cue dura-
tions of 200 ms, 500 ms, and 800 ms in order to more extensively
tap attentional resources.

2.4. Performance measures

For each of the three tasks reported here (Visual Task 1 and Sus-
tained Attention Tasks 1 and 2), premature responses, omission errors,
and correct responses were tallied and expressed as a percentage of all
responses. Accuracywas defined as the percentage of correct responses
made within the allotted time window. This measure was less influ-
enced by motivational issues and impulsivity than was the more global
measure of percentage correct, which took into account all response
types (i.e., omission errors, premature responses, accurate responses,
and inaccurate responses). Percent premature responses were used as
an index of impulsivity. Failures to respond to any port within 5 s
after cue offset were scored as omission errors. In addition to the
above measures, total trials and errors to criterion were calculated for
Visual Task 1 to reflect learning rate.

Three latency measures were also recorded. Initiation (alcove)
latency, the elapsed time between the opening of the alcove door and
the rat's initiation of a new trial, was indicative of the animal's motiva-
tion and motor function, as was reward latency, the time between the
animal's correct response and its retrieval of the reward pellet. The
elapsed time between cue onset and the animal's nosepoke in the
correct port, the correct response latency, reflected the animal's infor-
mation processing speed in addition to motivation and motor function.
For the sake of brevity, and because they did not vary as a function of
treatment, the latency data are not presented in this report.

2.5. Statistical analyses

The Statistical Package for the Social Sciences (version 16 for
Windows; SPSS Inc., Chicago, IL) was used to analyze the data. As men-
tioned above, the designwas balanced for litter, but the loss of matched
littermate information precluded using litter as the unit of analysis.
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Performance and latency measures were subjected to mixed ANOVA,
with treatment as a between-subjects factor and task variables (i.e., ses-
sion for Visual Task 1, pre-cue delay for Attention Task 1, and pre-cue
delay and cue duration for Attention Task 2) as within-subjects factors.
Effect sizes (partial eta squared or partial ŋ2)were calculated in addition
to traditional F and p values and are presented for statistically signifi-
cant effects. One-way ANOVA was used to analyze treatment differ-
ences in body weights and criterion measures (mean number of
errors and trials to criterion) for Visual Task 1.

Because the studywas run in two replications, thefirst set of analyses
was conducted with replication as an additional between-subjects
factor. However, because no significant main effects of replication
were found on any of the dependent measures, nor were there signifi-
cant interactions between cohort and the other independent variables,
the analyses were run again without replication as a factor. The results
presented below are based on the latter analyses.

3. Results

3.1. Body weights

DE-71 treatment did not significantly affect body weights during
treatment (PND 12), at weaning (PND 21), or at any point during be-
havioral testing (weights compared once per week from PND 40
through PND 105, all p>.05; see Fig. 1 for mean weights at weaning,
the beginning of each food restriction change, and during each of the
three tasks).

3.2. Visual Tasks 1, 2, and 3

The total number of trials required to reach criterion on the visual
discrimination task (2 out of 3 sessions with at least 80% correct) did
not differ significantly between the three treatment groups (Fig. 2A),
F(2, 71)=0.221, p>.05, nor did the number of errors to criterion
(Fig. 2B), F(2,71)=0.019, p>.05.

All subjects reached criterial performance in Visual Task 1 in 10 or
fewer sessions (M=5.95 sessions; SD=2.61; see Fig. 2C). In order to
best capture performance during the portion of the task when most
rats were still participating, performance measures were analyzed
for the first five sessions only. Performance improved steadily during
acquisition, as evidenced by a significant increase across sessions for
percentage correct, F(4, 313)=8.33, pb .001, partial ŋ

2=.10, and

response accuracy, F(4, 313)=9.57, pb .001 partial ŋ2=.11. Percent
premature responses and percent omission errors tended to decrease
across sessions, but the decrease was not significant in either case due
to high inter-individual variability and relative infrequency of these
types of errors (percent omission errors, F(4, 313)=1.93, p=.11;
percent premature responses, F(4, 313)=1.69, p=.15). There were
no significant main treatment effects or treatment by session interac-
tions for percent correct, accuracy, percent premature responses, per-
cent omission errors, initiation latency, correct response latency, or
reward latency (all p>.05).

Visual Task 2, which employed visual cues of 5 s in duration as op-
posed to the 15 s cues in Visual Task 1, resulted in overall perfor-
mance levels that were similar to those in Visual Task 1 (e.g., mean
percentage correct was 81% and mean percent omission errors was
14%). Although mean percentage correct (63%) and percent omission
errors (20%) increased when the cue duration was shortened to 1 s in
Visual Task 3, there was no significant effect of treatment on any per-
formance or latency measure in this task (all p>.05).

3.3. Attention Task 1

In Attention Task 1, the imposition of unpredictable pre-cue de-
lays (0, 3, or 6 s) produced significant impairments in the ability to
wait for, detect, and respond accurately to the brief visual cues. De-
clines in percent correct, F(2, 132)=180.62, pb .001, partial ŋ2=.73,
and accuracy, F(2, 132)=52.14, pb .001, partial ŋ

2=.44, and in-
creases in percent premature responses, F(2, 132)=38.70, pb .001,
partial ŋ

2=.48, and percent omission errors, F(2, 132)=63.54,
pb .001, partial ŋ

2=.49, were seen with increasing pre-cue delay
(see Fig. 3 for effect of delay on percent correct). There were no
main effects of treatment on any performance or latency measure in
this task, nor were there any interactions between treatment and
delay (all p>.05).

3.4. Attention Task 2

As was the case with Attention Task 1, performance measures in
Attention Task 2 showed decrements with increasing pre-cue delay
(main effects of delay: all pb .05 for percent correct, accuracy, percent
premature responses, and percent omission errors). This task was
more challenging than Attention Task 1 in that it utilized briefer
visual cues that also varied unpredictably in duration (200, 500, or

Fig. 1.Mean body weights of control rats (n=24) and rats exposed to 5 mg/kg/day (n=24) or 15 mg/kg/day (n=24) DE-71 at cessation of treatment (PND 12), weaning (PND 21),
and several points throughout the experiment. Error bars=±2 SEM.
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800 ms). As cue duration decreased, percent correct decreased, F(2,
264)=467.53, pb .001, partial ŋ2=.88, percent accuracy decreased,
F(2, 264)=505.04, pb .001, partial ŋ2=.91, and percent omission
errors increased, F(2, 264)=44.58, pb .001, partial ŋ

2=.40 (see
Fig. 4 for effect of cue duration on percent correct), indicating that
the briefer cues were more difficult to detect than were the longer
cues. As with Attention Task 1, there were no significant differences
between the DE-71-exposed and control groups on any of the perfor-
mance or latencymeasures, nor were there any interactions between
treatment and delay or duration (all p>.05).

4. Discussion

Male rats exposed orally to DE-71 from postnatal day 6 to 12, at
doses of 5 and 15 mg/kg/day, demonstrated no impairments in

learning, attention, or impulsivity when compared to controls. The
failure to find effects on attention and impulsivity is consistent with
our previous findings using an acute DE-71 exposure of 30 mg/kg/
day (Dufault et al., 2005). However, whereas we had previously ob-
served slowed acquisition of Visual Task 1 at the higher dose of
30 mg/kg/day, we found no effects on acquisition at the lower DE-
71 doses of 5 or 15 mg/kg/day in this study.

The lack of significant findings in this study suggests that a higher
dose of DE-71 than 15 mg/kg/day may be required in order to impact
performance in these automated tasks. However, because there was
no dose at which behavioral effects were seen in this study, we can
make no conclusions regarding the level at which such a threshold
dose may be. Ideally, the former 30 mg/kg/day dose would have
been included as a positive control in the current study. However, we
did not choose this dose because we expected that the 15 mg/kg/day
dose would be sufficient to produce effects. Several additional possibil-
ities have to be considered in light of these negative findings. Lack of
power is not a likely culprit, as we used 24 animals per treatment
group. Protocols between the current and previous (Dufault et al.,
2005) studies were identical, with the exception of the individuals
who tested the animals. Using different testers may have had an effect;
however, this seems unlikely given the automated assessment. Another
possibility is that the DE-71/corn oil dosing solutions degraded prior
to use (they were between 1 and 2 years old at the time of dosing). To
explore this possibility, the original solutions, which were now 3 years
old,were subjected to gas chromatogram–mass spectrometry for deter-
mination of the presence and amounts of the three most common
congeners in DE-71 (BDE 47, 99, and 100). The analysis verified that
these congeners were still present in amounts consistent with the
amounts that were originally added to the solution, and did not differ
from amounts found in newly prepared dosing solutions (data not
shown).

In contrast to the lack of effects on cognitive endpoints in the current
study, significant effects of developmental PBDE exposure (both com-
mercial mixtures and individual congeners) have often been found on
measures of motor activity (Gee and Moser, 2008; Rice et al., 2009;
Viberg et al., 2003a,b, 2004a,b, 2007). For example, mice exposed to
PND 10 to a single oral dose of BDE47 as low as 1 mg/kg showed in-
creased vertical activity compared to controls when they were tested
at 4 months of age (Gee and Moser, 2008). Other laboratories have
also reported increased hyperactivity in animals exposed to a variety
of PBDE congeners (BDE47: Suvorov, 2009; BDE99: Kuriyama et al.,
2005; BDE209: Rice et al., 2007). Motor alterations of a different sort
(typically hypoactivity compared to controls when the animals are

Fig. 2. Acquisition of Visual Task 1 as a function of DE-71 exposure (0, 5, or 15 mg/kg/day).
(A) Mean number of sessions to criterion; (B) mean number of errors to criterion;
(C) number of animals remaining on task (i.e., performing at below criterion) as a function
of session number. For (A) and (B), error bars=±2 SEM.

Fig. 3. Percentage of correct responses in Attention Task 1 as a function of the delay
between trial onset and 1 s cue presentation. Although overall performance decreased
as the delay between trial initiation and cue onset increased (from 3 to 9 s), there was
no significant effect of DE-71 exposure (0, 5, or 15 mg/kg/day) on performance in this
task, nor was there an interaction between treatment and pre-cue delay.
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first placed in an open field, followed by relative hyperactivity after con-
trol animals have habituated) have been reported in rats and mice ex-
posed to single doses of individual PBDE congeners on PND 10
(BDE209 in mice, Viberg et al., 2003b; BDE209 in rats, Viberg et al.,
2007; BDE99 in mice, Viberg et al., 2004a,b). It is possible that locomo-
tor functions are more sensitive to the effects of developmental PBDE
exposure than are cognitive functions. However, if this is the case, not
all motor functions are equally sensitive, as we have never found signif-
icant effects of DE-71 exposure on latency measures (initiation latency,
response latency, reward latency) in any of our tasks, whether exposure
is brief (Dufault et al., 2005; current study) or chronic (Driscoll et al.,
2009). In our task, subjects' nosepoke responses aremade in the context
of standing and turning around in a small chamber, sominimal locomo-
tion is required. Thismay be the crucial difference between our task and
tasks that have revealed motor effects of PBDE exposure.

It is also possible that some behavioral effects of early postnatal
PBDE exposure do not become manifest until later in life or are exac-
erbated with age. For example, locomotor effects of PBDE exposure
are often reported to be greater in older than in younger animals
(Gee and Moser, 2008; Rice et al., 2009; Viberg et al., 2003a, 2004a,b).
This form of delayed neurotoxicity might also hold true for cognitive
performance, as one recent experiment suggests (Rice et al., 2007).
When mice were exposed to daily doses of BDE209 for 2 weeks (from
PND 2 through 15), no effects on fixed-interval responding and only
minimal effects on a light–dark discrimination task were observed if
the animals were tested as young adults. However, learning deficits, in-
creased perseverative responding, and slowed response latencies were
observed when the testing was conducted in aged (16 month old)mice
(Rice et al., 2007). Our animals were only 2–4 months old at the time of
testing, so it is unknown whether cognitive effects would have
expressed themselves had we delayed testing until later in life. Delayed
neurotoxicity is a phenomenon that has been observed in animals ex-
posed to methylmercury (Rice, 1996). Although the mechanisms of
such effects are unclear, they may be a result of latent damage to sys-
tems that do not normally reach their full expression until later in de-
velopment. The possibility of delayed neurotoxicity as a result of
developmental exposure to PBDEs should be explored in more detail.

In summary, early postnatal exposure to DE-71 at doses of 5 or
15 mg/kg/day for 1 week produced no effects on learning, attention,
or inhibitory control in the current study. However, effects have pre-
viously been found on these tasks with acute exposure at higher
doses of DE-71 (30 mg/kg/day; Dufault et al., 2005), or with chronic
low-level exposure (Driscoll et al., 2009). The magnitude and nature
of the effects varies depending upon the exposure paradigm, with

learning deficits being more pronounced after higher-level acute ex-
posure and attention deficits appearing when the exposure is contin-
ued into adulthood. Understanding the circumstances under which
cognitive effects of exposure to PBDEs can be found, as well as
when in adulthood these effects become manifest, is of great impor-
tance for understanding the course of neurotoxicity in humans. It is
particularly important to continue to explore the effects of develop-
mental exposure to PBDEs, as children have been shown to carry larg-
er burdens of these toxins than do adults living in the same
environment (Lunder et al., 2010).
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