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Polybrominated diphenyl ethers (PBDEs) are ubiquitous, bioaccumulative flame retardants. Much remains to
be learned about their developmental toxicological properties, particularly with regards to chronic exposure.
In two experiments, male Long–Evans rats ingested the commercial pentaBDE mixture DE-71 from birth
onward, first through the milk of lactating dams (who ingested 5 or 7.5 mg DE-71/day in a custom-mixed
chow), then directly via chow consumption (at a dose of 3 or 4.5 mg/day). Control rats consumed the same
brand of chow without DE-71. As adults, the rats were assessed for learning and attention using a series of
five-choice serial reaction time tasks. A challenge with the muscarinic cholinergic antagonist scopolamine
(0, 0.01, 0.03, or 0.05 mg/kg injected s.c.) was conducted on the final attention task. Serum total thyroxine
(T4) levels were obtained at the end of testing. Total T4 was significantly lower in both DE-71 groups than in
controls. Visual discrimination learning was unaffected by DE-71, but rats ingesting 4.5 mg/day DE-71
demonstrated significant impairments in sustained attention and inhibitory control, as evidenced by increased
premature responding and decreased accuracy of responding in Attention Task 1. However, the DE-71-exposed
rats did not respond differentially to the effects of scopolamine on attention compared to controls. These effects
of chronic developmental DE-71 exposure differ from effects seenwith brief postnatal exposure, suggesting that
more research needs to be done on the more environmentally relevant chronic exposure model.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Polybrominated diphenyl ethers (PBDEs) are synthetic flame
retardant chemicals added to polymers for the manufacture of
electrical appliances, carpets, and polyurethane foam. The 209
possible PBDE congeners are named according to the number and
position of bromine atoms attached to the aromatic rings; for
example, the pentabromodiphenyl ether molecules PBDE 99 and
PBDE 100 each have five bromine atoms bound to the ten possible
binding sites on the aromatic rings. Commercial flame retardant
mixtures contain several congeners: the pentaBDE mixture contains
primarily tetra- and penta-BDEs; the octaBDE mixture contains
mostly octaBDEs; and the decaBDE mixture contains primarily PBDE
209, the only decabromodiphenyl ether.

PBDEs are easily released into the environment and are commonly
detected in sediment, surface waters, sewage sludge, house dust, air,
and on computers and electronics (e.g., [20,30,40]). Because they are
lipophilic, PBDEs accumulate in fatty tissue, and they are found in high
concentrations in blood, milk, and adipose tissue inwildlife [8,21] and

humans [3,32,41,45]. PBDE tissue levels in humans increased
exponentially throughout Europe from the 1970s through the late
1990s, with a doubling time of approximately five years [28]. Although
tissue PBDE levels have begun to plateau in Europe, they continue to
increase in North America [41,43], and PBDE levels in North America
are currently one to two orders of magnitude higher than they are in
Europe and Japan [22,32,41]. This is particularly true of lower-
brominated congeners such as BDE 47 (a tetraBDE), and BDE 99 and
100 (pentaBDEs). Until 2003, the U.S. utilized approximately 95% of
the world's tetraBDEs and pentaBDEs [21] in the form of the
commercial BDE mixture DE-71. Although the U.S. manufacturer of
the pentaBDEmixture DE-71 has voluntarily ceased production of this
chemical, lower brominated congeners will be persistent in biota for
decades to come, and the health effects of these compounds remain to
be determined.

PBDEs are structurally similar to polychlorinated biphenyls (PCBs)
and share some of their toxicological properties. Commercial PBDE
mixtures induce phase I (EROD and PROD) and phase II (UDGPT)
hepatic enzyme activities [15,47], increase protein kinase C transloca-
tion, inhibit microsomal and mitochondrial Ca2+ uptake [24], and bind
to both androgen and estrogen receptors [26,46]. Also, as do
polychlorinated biphenyls (PCBs), PBDEs disrupt the activity of thyroid
hormones. Rodents briefly exposed to PBDEs during postnatal
development demonstrate significant decreases in plasma T4 levels
[19,60]. The decrease may be due in large part to PBDEs' upregulation
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of hepatic enzymes, leading to an increased catabolism of T4 [59], or to
disruption of thyroid hormone transport [27].

Of particular interest for the sake of public health is how these
effects of PBDEs influence developing organisms, which absorb PBDEs
in utero [39,40] and consume them in high doses in breast milk [41,42],
in addition to inhaling and ingesting them in house dust [23,58]. For
example, the PBDE-induced disruption of thyroid hormone home-
ostasis can potentially have serious consequences for nervous system
development because thyroid hormones serve an important devel-
opmental role in regulating many other hormones and growth factors
in the brain, in effect modulating the developmental timing of
neuronal and glial proliferation, migration, and differentiation [2]. As
such, rodents with experimentally-induced hypothyroidism in the
perinatal period exhibit general neural abnormalities such as delayed
myelination and decreased synaptic connectivity [14], and aberrations
in the development of the dopaminergic [50] and cholinergic [38]
systems.

Given the in vitro and in vivo neural and hormonal effects of PBDEs,
it is not surprising that rodents briefly exposed to commercial PBDE
mixtures or single congeners during the perinatal period demonstrate
neurobehavioral effects, such as altered locomotor activity
[4,16,55,56] and learning impairments in the Morris water maze
[55] and a food-motivated visual discrimination task [11]. Brief
exposures also appear to perturb behavioral responses to cholinergic
drugs, such as locomotor responses to nicotine in mice [54] and
attentional impairments in response to the muscarinic cholinergic
antagonist scopolamine in rats [11]. It remains to be determined
whether functional alterations in other neurotransmitter systems also
occur in response to PBDE exposure.

This emerging information on the neurobehavioral effects of acute
developmental PBDE exposure is valuable for understanding the
initial mode of action of PBDEs on the nervous system. However, brief
exposure paradigmsmay not accuratelymodel the lower-level chronic
environmental exposure that is experienced by humans and wildlife.
Very few studies of chronic effects have appeared in the literature. In
the ranch mink, the pentaBDE mixture DE-71, administered in feed at
doses of 0.1, 0.5, or 2.5 µg/g of chow to dams prior to gestation and in
pups through 27 weeks of age, did not alter nicotinic or muscarinic
receptor binding or acetylcholine or cholinesterase levels [6]. How-
ever, further examination of potential effects of chronic exposure
should be conducted, particularly with higher doses, to fill the void in
our understanding of the effects of acute and chronic PBDE exposures.

The current experiments were designed to explore the effects of
chronic postnatal PBDE exposure on cognitive functions modulated by
the cholinergic system, including the detection, sustained attention to,
and processing of visual stimuli [5,25], and the ability to learn
visuospatial discrimination problems [35]. In the current experiments,
rodents were administered the pentaBDE mixture DE-71 in their
laboratory chow; dams of the experimental subjects began ingestion
24 hours following birth, and the subjects themselves were weaned
onto the same chow, which they consumed throughout the experi-
ment. In adulthood, visual learning and attention tasks were
administered, followed by a cholinergic challenge on the final
attention task with the muscarinic antagonist scopolamine. Serum
total thyroxine (T4) wasmeasured in a subset of the animals at the end
of behavioral testing. Because chronic DE-71 exposure may impose
longer-term and more extensive neurobehavioral effects than brief
exposure, it was hypothesized that both learning and attentional
deficits would be observed in the current experiments, and that the
DE-71-exposed animals would demonstrate altered cholinergic
modulation of attentional processes. It was also expected that the
exposed animals, as adults, would demonstrate significantly reduced
total T4 levels compared to controls. Because adult-onset hypothyr-
oidism, even at a subclinical level, can disrupt attention, working
memory, and other aspects of executive functioning in humans
(57,61), it is possible that any behavioral effects of chronic DE-71

exposure observed in this study could be due in part to this mixture's
effects on thyroid hormone homeostasis.

Described below are two separate experiments conducted in
separate cohorts of animals. In Experiment 1, animals exposed to a
lower daily dose of DE-71 in their chowwere compared to controls; in
Experiment 2, the exposed animals received 1.5 times the daily DE-71
dose as did the animals in Experiment 1. These experiments do not
comprise a true dose–response study, as the data from the two cohorts
could not be combined and compared directly. However, each exposed
group could be compared to its own littermate-matched control
group.

2. Methods

2.1. Animals and DE-71 exposure

Nulliparous female Long Evans rats (Harlan Sprague–Dawley, Blue
Spruce stock; Indianapolis, IN) were bred with male Long Evans rats
that were born at Colorado College. Dams were housed singly and
given unlimited access to tap water and standard laboratory chow
(LabDiet 5001; PMI Nutrition International, Richmond, IN). Twenty-
four hours following parturition, on postnatal day 1 (PND1), the litters
were culled to nine pups, while attempting to maintain a fairly equal
sex ratio. Also at this time, one male pup from each biological litter
was cross fostered to a litter of the same age, and the litter receiving
this pup contributed one male pup to the donor litter. Therefore, each
biological litter contributed two male pups for the behavioral testing:
one that remained in its original litter, and one that was fostered to the
sister litter. In this way, matched biological littermates were
represented in both treatment groups, and litter was treated as the
unit of analysis. All animal care and experimental procedures were
conducted in accordance with guidelines published in the Guide for
the Care and Use of Laboratory Animals (National Research Council,
1996).

Immediately following fostering, the primary investigator (LLD)
assigned each litter (which now contained one foster pup in addition
to the original pups) to a treatment group and coded the litters so that
the testers remained blind to subjects' treatment status. The control
dams (n=8) received an ad libitum diet of standard laboratory rat
chow and tap water. The experimental dams (n=8) were placed on an
ad libitum diet of the same rodent chow (LabDiet 5001; Dyets, Inc;
Bethlehem, PA) adulterated with the commercial pentaBDE mixture
DE-71 at a concentration of 300 mg/kg (Experiment 1) or 450 mg/kg
(Experiment 2) of chow. These concentrations resulted in dams' daily
consumptions of approximately 4.5–5.5 mg (Experiment 1) or 7.0–
8.0 mg (Experiment 2) DE-71. The DE-71 (lot 7550OK20A), generously
donated by Dr. Kevin Crofton of the U.S. Environmental Protection
Agency, contains approximately 25% tetra-BDE, 50–60% penta-BDE,
and 4–8% hexa-BDE [44].

Due to concern that the DE-71-adulterated chow would not be
palatable to the exposed dams, all dams' bodyweightsweremonitored
daily. At no point were bodyweights, or the changes in bodyweight
from the beginning to the end of lactation, different between the two
groups (data not shown). Although specific food consumption
amounts were not directly measured, colony keepers reported that
food hoppers were replenished at equal rates for the two treatment
groups.

2.2. Maintaining motivation

On the day of weaning (PND 21), each pup to be used for behavioral
testing was moved to a cage with its non-biological, same-treatment
littermate. Extra pups were retained for breeding, blood sampling, or
pedagogical purposes. Pups were gradually food restricted to 15 g of
chow per day on PND 25 and 10 g of chow per day on PND 28;
therefore, by adulthood, the subjects were consuming 3 mg
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(Experiment 1) or 4.5 mg (Experiment 2) DE-71 per day. From PND 40
onward, all pups were housed singly.

From the onset of behavioral testing (PND 40) through the end of
the experiment (ranging from PND 115–PND 125), daily food
allotments, consisting of a combination of the control or DE-71-
adulterated chow and non-adulterated reward pellets received during
testing, were adjusted individually based on behavioral trial comple-
tion rates to maintain motivation while still allowing for normal
growth (at least 2 g per day). This food restriction procedure resulted
in bodyweights that were ≥85% of ad libitum weights. By the end of
the study, 84% (27/32) of the rats were receiving 13 g of food daily, and
the remaining rats (3 controls and 2 exposed) were receiving 12 g
daily. However, for most of the DE-71-exposed rats, the amount of
adulterated chow consumed daily was still approximately 10 g, as the
mean weight of non-adulterated reward pellets consumed per day
was 2.5 g.

2.3. Apparatus

Testing was conducted in four Plexiglas chambers (ENV-008, Med
Associates, Inc.; St. Albans, VT), eachmeasuring 30.5×24×34.5 cm and
enclosed in an opaque sound-attenuating exterior box. The chambers
were modeled after the 5-choice serial reaction time task chambers
[7]. Embedded in one wall of the main chamber, 2.5 cm above the
floor, was a square alcove (5 cm tall×5 cm wide), into which a
sweetened 45 mg reward pellet (Noyes formula AIN-76A; Research
Diets, Inc.; Lancaster, PA) was dispensed (automated pellet dispenser
ENV-203-451R, Med Associates) on each trial in which a correct port
nosepoke was made. A motorized guillotine-type door controlled
nosepokes into the alcove. Extending 1 cm deep from the curved wall
opposite the alcove were five square ports (2.5×2.5 cm), 2.5 cm above
the floor. Nosepokes into the alcove and the ports were detected by
infrared photodiodes positioned just inside the openings of each. Each
port was outfitted with a yellow light-emitting diode (LED) embedded
in the back wall. Illumination of these LEDs constituted the visual cue
to which animals were trained to respond. A house light, situated
above and to the left of the alcove, was illuminated for most of the
session but was extinguished for 5 s upon the commission of an error
(an event termed a “timeout”). 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. An infrared video
camera was located above each chamber to monitor behavior.

2.4. Behavioral testing

Testing began on PND40 and took place six days per week, with
each testing session lasting 100 trials or 60 min, whichever came first.
Each trial began with the opening of the guillotine door and the rat's
nosepoke into the alcove (initiation) and ended with either a timeout
or the rat's retreat from the alcove after reward delivery.

Each rat was first given a series of four training tasks to shape the
sequence of responses that constituted a trial: initiation of the trial by
poking into the alcove, followed by turning around and making a
nosepoke into one of the ports, followed by receipt of reward in the
alcove. The criterion to proceed from one step to the next was the
attainment of 100 reward pellets within a single 60-minute session. In
the first task, the animal was trained to poke its head into the alcove to
obtain reward, with the door remaining open throughout the session.
In the second task, the animal learned that the opening of the door
signaled availability of reward. The door closed 3 s after the pellet was
dispensed and reopened 2 s later for the beginning of the next trial.
The third shaping task trained the animal to initiate a trial at the
alcove, turn around, and make a nosepoke into any of the five ports
before being rewarded. The purpose of the fourth and last shaping
task was to give the rat equal experiencewith each of the five ports, so
that port biases (i.e., responding preferentially to some ports over

others) could beminimized. Four of the five ports were covered during
each session, forcing the rat to poke into the same port for all 100
trials. A different port was uncovered on each subsequent training
session until the rat reached the performance criterion of 100 total
responses for each of the five ports.

Once reliable nosepoke responding had been established, the rats
progressed through a series of five-choice visual discrimination tasks.
For these and subsequent tasks, initiation at the alcove was followed
by a 2 s delay before any visual cues were presented in order to allow
the animal time to turn around and orient itself toward the ports. For
the first discrimination task, the light cue appeared inside one of the
five ports for 15 s or until a response was made, whichever came first.
To receive a reward, the rat was required to poke in the illuminated
port at any time between the cue onset and within 5 s after the cue
offset (the “limited hold” period). The location of the visual cue on a
given trial was pseudo-randomized such that each port was chosen
randomly without replacement until all five ports were chosen; the
cycle was then reset for the next five trials. The animals were required
to obtain a performance criterion of at least 80% correct for two out of
three sessions of 100 trials each before advancing. The two subsequent
tasks were similar to the visual discrimination task but had briefer cue
durations of 5 s and 1 s. The rat received one and three sessions on
each of these tasks, respectively.

In the sustained attention task that followed (Sustained Attention
Task 1), the 1 s visual cue occurred unpredictably, with a pre-cue delay
of 0, 3, or 6 s (in addition to the 2 s “turnaround” period), thus
requiring the animal to sustain attention across the five ports for an
indeterminate period of time. The delay on a given trial varied pseudo-
randomly, as did the location of the cue. The animals were given ten
sessions on this task. The final sustained attention task, Sustained
Attention Task 2, included the same variable pre-cue delays but also
incorporated variable cue durations of 200 ms, 500 ms, and 800 ms.
After ten sessions on this task, the rats were administered the drug
challenge.

2.5. Scopolamine challenge

For the drug challenge phase, the rats were injected subcuta-
neously with scopolamine hydrochloride (0, 0.01, 0.03, or 0.05 ml/kg
body weight; Sigma-Aldrich), dissolved in sterile water and filtered
through a 2 µm filter, then run on Sustained Attention Task 2. The
injections, administered at a volume of 1 ml/kg body weight, took
place 30 min prior to testing to allow time for peak plasma levels to be
achieved [1]. Each animal received each of the four doses twice; the
dosing order was randomized according to a Latin-square design.
Because receptor upregulation can occur with closely-spaced scopo-
lamine administrations [49], drug administrations took place only
twice per week (on Tuesday and Friday). Animals completed one
testing session without drug administration the day before each drug
testing session. Differences in the response to scopolamine between
control and DE-71-exposed rats were interpreted as evidence for DE-
71-induced alterations in the cholinergic modulation of performance
in the task.

2.6. Performance measures

Percentages of specific response types were calculated in each
behavioral task. A premature response was one made before the onset
of the cue light, indicating a failure of inhibitory control. A response
made after the onset of the cue light but at a non-illuminated port was
termed an inaccurate response. Finally, a failure to make a nosepoke
response into any port within 5 s after cue onset was scored as an
omission error. Both omission errors and inaccurate responses
reflected lapses of attention. Percent accuracy was defined as the
number of correct responses divided by the number of all “timely”
responses (i.e., responsesmade after cue onset and before 5 s following
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cue offset). In addition to the above measures, total trials and errors to
criterion were calculated for the Visual Discrimination task.

Three latency measures were also recorded. Initiation (alcove)
latency, the duration of time between the end of the previous trial and
the rat's initiation of a new trial, reflected the animal's motivation, as
did the reward latency, the time between the animal's correct response
and its retrieval of the reward pellet. The time between cue onset and
the animal's nosepoke in the correct port, the correct response latency,
revealed the animal's information processing speed and motivation.

2.7. Blood serum total thyroxine (T4) levels

Following behavioral testing, blood samples to test for serum total
thyroxine (T4) levels were taken via cardiac puncture from a randomly
selected subset of the rats (n=7 per treatment) following anesthesia
overdose with pentobarbital sodium (100 mg i.p.; Sigma-Aldrich, Inc;
St. Louis, MO). Determination of total T4 was conducted by the
Colorado State University Veterinary Diagnostic Laboratory using the
Immulite chemiluminescent immunoanalyzer system (Siemens
Healthcare Diagnostics, Inc.; Deerfield, IL). The Veterinary Diagnostic
Laboratory is accredited by the American Association of Veterinary
Laboratory Diagnosticians, and acts as a consultant to the United
States Animal Health Association on uniform diagnostic criteria
involved in regulatory animal disease programs.

2.8. Statistical analyses

The Statistical Package for the Social Sciences (version 15 for
Windows; SPSS Inc., Chicago, IL) was used to analyze the data. Litter
was used as the unit of analysis, with one DE-71/control pair per litter.
Paired t-tests were used to analyze treatment differences in body-
weights, total T4 levels, and criterionmeasures (mean number of errors
and trials to criterion) for the Visual Discrimination task. Repeated
measures analyses of variance (ANOVAs) were used on performance
measures for the first four sessions of the Visual Discrimination task to
examine treatment differences in learning rate. Repeated measures
ANOVAs were also used to analyze the dependent measures for
Sustained Attention Tasks 1 and 2 and the Drug Challenge, with the
following included as within-subjects factors: treatment, session block
(mean performance across every two days to illustrate improvement in
performance), and pre-cue delay for Attention Task 1; treatment, pre-
cue-delay, and cue duration for AttentionTask 2; and treatment, pre-cue
delay, cue duration, and scopolamine dose for the Drug Challenge. All
significant main effects in ANOVA were followed by Bonferroni-
corrected post hoc tests. When significant effects involving treatment
were found, effect sizes (partial eta squared or partial ŋ2)were calculated
in addition to traditional F and p values.

3. Results

3.1. Bodyweights

For both Experiment 1 and Experiment 2, bodyweights of DE-71-
exposed rats did not differ significantly from those of controls at
weaning (PND21), nor did they differ at any point during behavioral
testing (weights compared once per day from PND21-PND40, then
once per week through PND105, all pN .05; data not shown).

3.2. Acquisition of visual discrimination

3.2.1. Experiment 1
Performance improved steadily as the rats acquired the visual

discrimination task, as evidenced by a significant increase across
session (data for the first four sessions only) for response accuracy, F
(3,15)=23.51, pb .001 (see Fig. 1A), and significant decreases across
session for percent premature responses, F(3,15)=6.02, pb .01, and

percent omission errors, F(3,15)=8.26, pb .01. 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 between
the DE-71-exposed rats and the control rats, t(15)=−1.13, pN .05, nor
did the number of errors to criterion, t(15)=−1.50, pN .05 (data not
shown). There were also no main treatment effects or treatment by
session interactions for accuracy (see Fig. 1A), percent premature
responses, percent omission errors, initiation latency, correct response
latency, or reward latency (all pN .05).

3.2.2. Experiment 2
Visual discrimination task performance improved across sessions,

although the animals in this cohort acquired the task more slowly than
did the animals in the previous cohort. Main effects of sessionwere seen
for accuracy, F(3,15)=29.05, pb .001 (see Fig. 1B), percent omission
errors, F(3,15)=6.06, pb .01, and percent premature responses, F(3,15)=
8.82, pb .001. As before, the treatment groups did not differ in number of
errors to criterion, t(15)=.91, pN .05, or trials to criterion, t(15)=.45,
pN .05 (data not shown). There were also no main treatment effects or
treatment by session interactions for accuracy (see Fig. 1B), percent
premature responses, percent omission errors, initiation latency, correct
response latency, or reward latency (all pN .05).

3.3. Attention Task 1

3.3.1. Experiment 1
In Attention Task 1, the imposition of unpredictable 0, 3, or 6 s pre-

cue delays affected the rats' ability to wait for, detect, and respond

Fig. 1. Percentage of accurate responses in the Visual Discrimination Task as a function
of task session for control rats and rats exposed to DE-71 at daily doses of 3.0 mg/day (A)
or 4.5 mg/day (B). No acquisition deficits were observed in the DE-71-exposed rats
compared to controls. Error bars=+\−2 SEM.
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accurately to the 1 s visual cues. Declines in accuracy, F(2,30)=
37.87, pb .001 (see Fig. 2A), and increases in percent premature
responses, F(2,30)=16.13, pb .001 (see Fig. 3A), and percent omission
errors, F(2,30)=235.12, pb .001 (data not shown) were seen with
increasing pre-cue delay. However, the effect of this manipulation on
performance decreased as the rats progressed through the task, as was
evidenced by main effects of block on accuracy, F(4,60)=24.14, pb .01,
percent premature responses, F(4,60)=3.30, pb .05, and percent
omission errors, F(4,60)=60.53, pb .001 (data not shown). Block by
delay interactions were seen for accuracy, F(8,120)=2.53, pb .05, and
for percent omission errors, F(8,120)=34.93, pb .001, indicating that
the effects of delay on these performancemeasures were largest in the
first block of sessions and became attenuated as the blocks progressed.

There were no main effects of treatment on any performance or
latency measure in this task, nor were there any interactions between
treatment and block, treatment and delay, or treatment, block, and
delay (all pN .05).

3.3.2. Experiment 2
Improvement in performance across the five blocks of the task was

evidenced by significant effects of block on accuracy, F(4,60)=33.08,
pb .001, percentpremature responses,F(4,60)=67.45,pb .001, andpercent
omission errors, F(4,60)=9.32, pb .001 (data not shown). In addition,
main effects of pre-cue delay were observed for accuracy, F(2,30)
=79.76, pb .001 (see Fig. 2B), percent premature responses, F(2,30)

=283.04, pb .05 (see Fig. 3B), and percent omission errors, F(2,30)
=9.40, pb .01 (data not shown), indicating that the rats had difficulty
waiting for and attending to the unpredictable visual cues. There were
also block by delay interactions for accuracy, F(8,120)=2.55, pb .05,
percent prematures, F(8,120)=44.75, pb .001, and omission errors, F
(8,120)=2.20, pb .05. In all three cases, performance improved and error
types decreased from the first to the final block of sessions.

The DE-71-exposed rats demonstrated significantly lower accuracy
in Attention Task 1 than did controls, F(1,15)=4.61, pb .05, partial
η2 = .24 (see Fig. 2B). Treatment also interacted with pre-cue delay,
F(2,30)=4.11, pb .05, partial η2= .22, and pairwise comparisons
revealed that the deficit in accuracy in the DE-71-exposed rats was
significant at the 6 s delay (p= .033), marginally significant at the 3 s
delay (p= .077), and nonsignificant at the 0 s delay (p= .34) (Fig. 2B).
The treatment by block interaction was not significant.

Overall, the DE-71-exposed rats tended to make a higher
percentage of premature responses than controls, F(1,15)=3.70,
p= .074 (see Fig. 3B). There was also a significant treatment by delay
interaction for premature responses, F(2,30)=4.79, pb .05, partial
η2= .21; pairwise comparisons revealed significantly increased pre-
mature responding in the exposed rats compared to controls at the
longest pre-cue delay of 6 s (p= .047), but not at the 0 s or 3 s delays
(p= .77 and .12, respectively) (Fig. 3B). Treatment did not interact with
block on this measure.

No main effects of treatment, and no interactions including
treatment, were observed for percent omission errors, initiation latency,
correct response latency, or reward latency in Attention Task 1.

Fig. 2. Percentage of accurate responses in Attention Task 1 as a function of the delay
between trial onset and 1 s cue presentation. Overall, response accuracy declined on
trials in which a delay preceded the cue. (A) Rats exposed to 3.0 mg/day DE-71
(Experiment 1) responded as accurately as controls for all pre-cue delay conditions.
(B) Rats exposed to 4.5 mg/day DE-71 (Experiment 2) performed as well as controls
when there was no delay between trial onset and cue presentation, but their response
accuracy was worse than that of controls on trials with a 6 s pre-cue delay (⁎pb .05), and
marginally worse than that of controls on trials with a 3 s pre-cue delay (+p= .077). Error
bars=+\−2 SEM.

Fig. 3. Percentage of premature responses in Attention Task 1 as a function of the delay
between trial onset and 1 s cue presentation. Overall, premature responses increased on
trials in which a delay preceded the cue. (A) Premature response rate did not differ
between controls and rats exposed to 3.0 mg/day DE-71 (Experiment 1). (B) Rats
exposed to 4.5 mg/day DE-71 (Experiment 2) made a higher percentage of premature
responses than control rats specifically on trials inwhich a 6 s delay preceded the visual
cue (⁎pb .05). Error bars=+\−2 SEM.
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3.4. Attention Task 2

3.4.1. Experiment 1
As was the case with Attention Task 1, the parameter of pre-cue

delay in this task significantly affected all performance measures
(pb .05 for accuracy, percent premature responses, and percent
omission errors). In addition, performance varied significantly with
the duration of the visual cue: accuracy decreased on trials with
shorter cue durations, F(2,30)=145.94, pb .001, and percent omission
errors increased, F(2,30)=115.61, pb .001 (data not shown).

As with Attention Task 1, there were no significant differences
between the DE-71-exposed and control groups on any of the
performance or latency measures, nor were there any interactions of
delay or duration with treatment (all pN .05).

3.4.2. Experiment 2
As before, accuracy, percent premature responses, and percent

omission errors were significantly affected by the delay prior to cue
onset (main effects of delay, all pb .05). Performance also varied as a
function of cue duration, with lower accuracy, higher percent
premature responses, and higher omission errors on trials with the
shortest cue durations (all pb .05). Delay by duration interactions were
seen for accuracy, F(4,60)=11.74, pb .001, and percent omission errors,
F(4,60)=12.31, pb .001; in both cases, the effect of duration was
strongest at the shortest pre-cue delay (data not shown).

The DE-71-exposed rats were not significantly impaired relative to
controls in this task. There were no main effects of treatment on any
performance or latency measure (all pN .05). There was a significant
treatment by duration interaction for accuracy, F(2,30)=4.12, pb .05,
partial η2= .22. However, the treatment groups did not differ
significantly at any of the cue durations (p= .25, .55, and .85 for the
200, 500, and 800 ms cues, respectively). No other interactions with
treatment were observed on any measure in this task.

3.5. Attention Task 2 with scopolamine challenge

3.5.1. Experiment 1
Scopolamine dose-dependently impaired accuracy, F(3,39)=16.29,

pb .001, and increased the percentage of premature responses, F(3,39)=
15.19, pb .001, in Attention Task 2 (data not shown). It did not
significantly alter the percentage of omission errors (pN .05). There
was a significant effect of dose on initiation latency, F(3,39)=8.24,
pb .001, but no scopolamine dose differed significantly from the vehicle
dose. Correct response latency was affected by scopolamine as well, F
(3,39)=11.33, pb .001; the .03 and .05 mg/kg doses produced faster
latencies than those seen with the vehicle dose (pb .05 and pb .001 for
the medium and high doses vs. vehicle, respectively) (data not shown).
The high dose of scopolamine also decreased reward latencies with
respect to the vehicle, pb .05.

There were no treatment by dose interactions on any performance
or latency measures, indicating that the DE-71-exposed rats were not
differentially sensitive to scopolamine compared to controls. No
higher order interactions involving treatment and dose were seen.

3.5.2. Experiment 2
Scopolamine impaired accuracy, F(3,39)=6.19, pb .01 and increased

premature responding, F(3,39)=3.62, pb .05, in a dose-dependent
manner (data not shown). No significant effects of the drug were
observed for omission errors or initiation latencies, but scopolamine
affected correct response latencies, F(3,39)=5.23, pb .01, with the
highest dose producing significantly faster latencies than the vehicle
(pb .05). A main effect of drug dose was also observed for reward
latencies, F(3,39)=7.56, pb .001, although none of the scopolamine
doses differed significantly from vehicle (data not shown).

As was the case in Experiment 1, the DE-71-exposed rats did not
show differential sensitivity to scopolamine compared to controls:

there were no significant treatment by dose interactions for any
dependent measure, nor were there any higher-order interactions
involving treatment.

3.6. Serum total T4 levels

3.6.1. Experiment 1
Serum total T4 levels, measured in a subset of the animals at the

end of the experiment, were significantly lower in the DE-71 exposed
rats than in the control rats, t(6)=−3.59, p=.011, r2= .68 (see Fig. 4A).
Mean T4 levels in the exposed animals (22.14 ng/ml) were approxi-
mately 50% of the mean control levels (44.57 ng/ml).

3.6.2. Experiment 2
Total T4 levels were significantly lower in the DE-71-exposed rats

than in controls at the end of behavioral testing, t(6)=−7.92, pb .001,
r2= .91 (see Fig. 4B). Mean levels in the exposed animals (9.86 ng/ml)
were approximately 25% of the mean levels in controls (42.75 ng/ml).

4. Discussion

In the current experiments, the behavioral effects of chronic
postnatal DE-71 exposure, first via the dams' milk, and then directly
through chow consumption, were examined in adult rats. The lower
concentration of DE-71 (300 mg/kg chow), which resulted in
consumptions of approximately 5.0 mg DE-71 per day by dams and
3.0 mg per day by subjects, produced no deficits (compared to
controls) in learning, attention, or inhibitory control. Rats exposed to
the higher concentration of DE-71 (450 mg/kg chow, with an

Fig. 4. Serum total thyroxine (T4) measured at the end of behavioral testing
(approximately PND120). (A) Experiment 1 T4 levels in controls were significantly
higher than in rats exposed to 3.0 mg/day DE-71 (p= .011). (B) Experiment 2 T4 levels in
controls were significantly higher than in rats exposed to 4.5 mg/day DE-71 (pb .001).
Error bars=+\−2 SEM.
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approximate dose of 7.5 mg per day for dams and 4.5 mg per day for
subjects) also demonstrated no learning impairments. However, on
Sustained Attention Task 1, which featured unpredictable pre-cue
delays of 0, 3, and 6 s, these rats made a lower percentage of accurate
responses and a higher percentage of premature responses to the
visual cues than did controls, particularly on trials in which the pre-
cue delay was long. These deficits were specific to Sustained Attention
Task 1; they did not persist in the more attentionally demanding
Sustained Attention Task 2, in which both pre-cue delay and cue
duration were randomly variable. In addition, neither the lower nor
the higher DE-71-exposed rats demonstrated an altered sensitivity to
the attention-impairing effects of scopolamine on Sustained Attention
Task 2.

The pattern of behavioral effects observed in this study differs from
the pattern of effects observed in animals exposed briefly (daily from
PND 6–12 via oral gavage) to 30 mg/kg/day DE-71 in early postnatal
life [11], which included intact attention but impaired learning and a
blunted response to the effects of the muscarinic cholinergic
antagonist scopolamine on sustained attention. The reason for these
differences is unclear, but two key differences in the exposure
paradigms may provide important information about relative sensi-
tivities of different processes to different types of exposure. First, it is
possible that a chronic exposure and/or a higher lifetime body burden
of DE-71, such as that provided by the higher dose in Experiment 2, is
required to produce attentional deficits in adulthood. Second, even
though the overall lifetime exposure to DE-71 was higher in the
current study than in Dufault et al. [11], it is very likely that the
exposure during the early postnatal period, particularly during the
sensitive period known as the “brain growth spurt” [9], was greater in
Dufault et al. [11] than in the current study. In Experiment 2, the dams,
which weighed approximately 275 g, consumed approximately 7.5 mg
of DE-71 per day, which is a dose of approximately 27 mg/kg body
weight per day. However, each pup likely received a lower dose than
this indirectly through the dam's milk. Therefore, the higher “pulse” of
DE-71 administered directly via gavage in Dufault et al. [11] (30 mg/
kg/day) during early postnatal life, and particularly during the brain
growth spurt, may be necessary to produce learning impairments and
lasting effects on the cholinergic modulation of attention.

In the current experiments, the impairments in attention and
inhibitory control in the high dose DE-71 group were observed in
Sustained Attention Task 1 but not Sustained Attention Task 2, which
is interesting given that the only difference between the tasks was the
increasing challenge of shorter and variable cue durations. It is
possible that the unpredictable delays in Attention Task 1 taxed the
attentional resources of the exposed rats more than the control rats,
but the addition of shorter and unpredictable cue durations in
Attention Task 2was necessary to sufficiently tax attentional resources
of both groups. However, it is also possible that the impairments in
sustained attention and inhibitory control seen during Sustained
Attention Task 1 in the higher dose DE-71 rats were actually due to
slowed acclimation to the new attentional requirements of the task
(i.e., the cue appears after a delay of unpredictable length on 2/3 of the
trials instead of immediately on all trials) rather than to difficulties
with attention or inhibitory control per se. The fact that the deficits
were specific to trials with the longer pre-cue delays supports this
hypothesis. However, if this were the case, interactions between
treatment and session block in Sustained Attention Task 1 should have
occurred, and they did not.

The DE-71-exposed animals in the current experiments showed no
deficiencies in motor functioning, information processing speed, or
motivation, as their latencies to initiate trials, respond to cues, and
collect rewards, respectively, did not differ from control latencies. The
increase in premature responding in Attention Task 1 could have been
due to hyperactivity, which would be consistent with reports of
increased locomotor activity observed in animals exposed to PBDE
mixtures and individual congeners for a brief period in postnatal life

[12,13,16,51–54,56], or it could also be indicative of impaired
inhibitory control. The latter is a more likely explanation, given that
the treatment groups did not differ in latencies to initiate trials,
respond to visual cues, or collect rewards.

Significant decreases in total serum T4 levels were observed at the
end of the study in both the 3 and 4.5 mg/day DE-71 groups compared
to controls. Total T4 levels were 50% of control levels in the former
group and 25% of control levels in the latter group. These reductions
are consistent with previous reports of significantly reduced T4 levels
in rats exposed to PBDE congeners and commercial mixtures in the
early postnatal period [33,59,60] and in adulthood [15,18,19,34].
However, the reductions are noticeably more dramatic in this study
than have been reported previously. For example, after four days of
oral exposure to 100 mg/kg/day of BDE 47, 9-week-old mice
demonstrated reductions in serum T4 of only 43% when compared
to controls [34]. The greater reductions observed in the current study
may be due to the fact that the animals consumed DE-71 chronically
from birth, resulting in both developmental and concurrent effects on
systems responsible for the maintenance of thyroid hormone home-
ostasis. It is also possible that long-term bioaccumulation of DE-71
resulted in greater effects on T4 than have been seen with much
briefer exposures. To our knowledge, no other studies have examined
total T4 levels in adult laboratory animals exposed to DE-71
developmentally as well as chronically, so replication of the current
data would be useful.

Adult-onset hypothyroidism in humans has long been known to
produce a wide spectrum of cognitive deficits, from reductions in
general intelligence and psychomotor functioning (see [10] for
review) to alterations in attention, working memory, and other
executive functions [57,61]. In rodents, experimentally-induced
hypothyroidism, resulting in very dramatic reductions of T4 and
sometimes also T3, produces depressive-like behaviors [29] and
perturbations in hippocampal neuronal morphology [36] and phy-
siology [48]. Therefore, the attentional deficits observed in the
animals exposed to the higher dose of DE-71 in the current study
could potentially be due to the effects of this mixture on thyroid
hormone homeostasis. In fact, it is surprising that greater deficits were
not seen, and that the animals exposed to the lower DE-71 dose in
Experiment 1 showed no behavioral deficits. Unfortunately, assess-
ments of higher cognitive functioning in animals with less severe
forms of induced hypothyroidism (i.e., T4 levels that are 50% of control
levels or more) have not been conducted, so a direct comparison of
such effects with those seen in our DE-71-exposed animals cannot be
made.

It is also interesting that this chronic postnatal exposure paradigm
affected T4 but had no detectable effect on the muscarinic cholinergic
modulation of sustained attention, given that early hypothyroidism
can produce lasting aberrations in cholinergic system development
[17,31,38]. However, the propylthiouracil-induced hypothyroidism in
most of these studies resulted in the near elimination of T4 levels,
whereas the reductions in T4 in the current experiments were far less
dramatic, even after several months of DE-71 consumption. Measure-
ments of T4 levels during lactation and weaning would have provided
important information about how dramatic the DE-71-induced
reductions in T4 were during development, but these measurements
were not taken in the current study, so the severity of the effects is
unknown.

Because the deficits in attention and inhibitory control in the
4.5 mg/kg/day DE-71 group were not accompanied by an altered
sensitivity to the effects of scopolamine on performance in Sustained
Attention Task 2, it seems likely that the neural bases of DE-71's effects
with this exposure paradigmwere not cholinergic in nature. Similarly,
chronic DE-71 from gestation through adulthood, albeit at a lower
dose, also failed to affect cholinergic parameters, including muscarinic
and nicotinic receptor binding, acetylcholinesterase activity, and
acetylcholine activity, in the cerebral cortex of ranch minks [6]. It is
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unexpected, then, that much briefer exposures to PBDE mixtures or
individual congeners are capable of altering behavioral sensitivity to
cholinergic drugs [11,51,54] and cholinergic receptor numbers [53].
There is no clear explanation for the discrepancy, as some of the
studies employing the brief exposure paradigm used a single PBDE
dose that was likely to be in the range of the dose consumed by the
pups in the current experiments. However, because lactational DE-71
intake was not measured in the current experiments, it cannot be
stated with certainty that the pups consumed daily doses that would
be sufficient to perturb development of cholinergic parameters during
the period encompassing the brain growth spurt.

Although DE-71 is composed almost entirely of PBDE congeners, it
is important to note that these commercial mixtures also contain
small amounts of compounds such as dioxins and furans that have
their own biological effects (see [37]). Therefore, it is possible that any
or all of the effects reported here are due in part to these impurities as
well as to one or more of the PBDE congeners themselves.

Conclusions regarding dose–response relationships cannot be
made with the current experiments because the two DE-71 doses
were administered at different time points in separate cohorts of
animals. Great care was taken to conduct the experiments as similarly
as possible, but as can be seen in Fig. 1, learning rates differed between
the two cohorts, which further limits the ability to compare data across
the two experiments. In addition, because the DE-71was administered
in the chow, doses were approximate rather than exact, and they
varied slightly between individual animals. Despite these limitations,
the current experiments provide important information about the
impact of chronic postnatal DE-71 exposure on neurobehavioral
outcomes in adulthood, and suggest that inferences about the impact
of PBDEs on health and behavior should not be made solely on data
from acute exposure studies, as humans and non-human animals are
exposed to these compounds throughout life. Additional investigations
of this environmentally-relevant exposure paradigm are warranted.
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