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Research

The increasing prevalence of neurodevelop-
mental disorders, including intellectual
retardation, autism, and attention deficit
hyperreactivity disorder (ADHD) cannot be
explained entirely by genetic mechanisms
(Faraone and Khan 2006; Muhle et al. 2004;
Palomo et al. 2003). This has led to an active
search for environmental exposures that modu-
late normal neurodevelopment. From such
efforts, polychlorinated biphenyls (PCBs) have
emerged as a credible risk factor for neuro-
developmental disorders (Tilson and Kodavanti
1998). A recent analysis of epidemiologic data
concluded that the weight of evidence indicates
a negative association between developmental
exposure to environmental PCB levels and
measures of neuropsychological function in
infancy or childhood (Schantz et al. 2003).
Combined in utero and lactational PCB expo-
sure correlates with decreased IQ scores,
psychomotor difficulties, impaired learning
and memory, and attentional deficits. Findings
from experimental animal models are consis-
tent with those in humans including deficits in
learning/memory (Hany et al. 1999; Sable
et al. 2006; Schantz et al. 1989; Widholm
et al. 2004) and sensorimotor (Nguon et al.
2005; Powers et al. 2006; Roegge et al. 2004)
functions. 

The cell and molecular mechanism(s) by
which PCBs derail cognitive and psychomo-
tor development in children remain specula-
tive. Although experimental animal and cell
culture studies have identified specific signal-
ing pathways disrupted by developmental
PCB exposure [reviewed by Kodavanti
(2005)], how these molecular changes relate
to functional deficits has been difficult to
establish, in part because of the paucity of
data describing effects of PCBs on specific
neurodevelopmental events. It is postulated
that PCB-induced neuropsychological deficits
reflect altered patterns of neuronal connectiv-
ity (Gilbert et al. 2000; Seegal 1996). A criti-
cal determinant of neuronal connectivity is
dendritic morphology. The size of the den-
dritic arbor and the density of dendritic
spines determine the total synaptic input a
neuron can receive (Engert and Bonhoeffer
1999; Purves 1988) and influence the types
and distribution of these inputs (Miller and
Jacobs 1984; Schuman 1997; Sejnowski
1997). Dendritic morphology and synaptic
wiring are refined by experience [reviewed by
Grutzendler and Gan (2006); Harms and
Dunaevsky 2006; LeBe and Markram 2006),
and their structural plasticity is necessary for
learning and memory (Hering and Sheng

2001; Leuner and Shors 2004; Sorra and
Harris 2000). Subtle perturbations of tempo-
ral or spatial aspects of dendritic growth are
associated with altered behavior in experi-
mental models, and in humans. Such struc-
tural aberrations are thought to contribute to
deficits observed in a variety of neurodevelop-
mental disorders (Huttenlocher 1991;
Jagadha and Becker 1989; Rubenstein and
Merzenich 2003; Zoghbi 2003). 

PCB exposure modulates several factors
that regulate dendritic development. In cul-
tured neurons, PCBs alter intracellular cal-
cium and protein kinase C signaling [reviewed
by Kodavanti (2005)], whereas in vivo PCB
exposure transiently depletes dopamine levels
(Seegal 1996), alters circulating estrogen levels
and estrogen-related functions (Kaya et al.
2002; Seegal et al. 2005), and interferes with
thyroid hormone signaling via both thyroid
hormone receptor-dependent (Bogazzi et al.
2003; Kitamura et al. 2005; Miyazaki et al.
2004) and -independent (Bansal et al. 2005;
Zoeller et al. 2000) mechanisms. That PCBs
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OBJECTIVE: Perinatal exposure to polychlorinated biphenyls (PCBs) is associated with decreased IQ
scores, impaired learning and memory, psychomotor difficulties, and attentional deficits in children. It
is postulated that these neuropsychological deficits reflect altered patterns of neuronal connectivity.
To test this hypothesis, we examined the effects of developmental PCB exposure on dendritic growth. 

METHODS: Rat dams were gavaged from gestational day 6 through postnatal day (PND) 21 with
vehicle (corn oil) or the commercial PCB mixture Aroclor 1254 (6 mg/kg/day). Dendritic growth
and molecular markers were examined in pups during development. 

RESULTS: Golgi analyses of CA1 hippocampal pyramidal neurons and cerebellar Purkinge cells indi-
cated that developmental exposure to PCBs caused a pronounced age-related increase in dendritic
growth. Thus, even though dendritic lengths were significantly attenuated in PCB-treated animals
at PND22, the rate of growth was accelerated at later ages such that by PND60, dendritic growth
was comparable to or even exceeded that observed in vehicle controls. Quantitative reverse tran-
scriptase polymerase chain reaction analyses demonstrated that from PND4 through PND21, PCBs
generally increased expression of both spinophilin and RC3/neurogranin mRNA in the hippocam-
pus, cerebellum, and cortex with the most significant increases observed in the cortex. 

CONCLUSIONS: This study demonstrates that developmental PCB exposure alters the ontogenetic
profile of dendritogenesis in critical brain regions, supporting the hypothesis that disruption of
neuronal connectivity contributes to neuropsychological deficits seen in exposed children.
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may alter dendritogenesis is further suggested
by recent reports that hydroxylated PCB
metabolites inhibit thyroid hormone-depen-
dent dendritic growth in primary cultures of
mouse cerebellar Purkinje cells (Kimura-
Kuroda et al. 2005). However, whether this
occurs in vivo remains in question, given the
lack of persistent effects on Purkinje cells in
adult rats after developmental exposure
(Roegge et al. 2006). The goal of this study
was to test the hypothesis that developmental
PCB exposure disrupts normal ontogenetic
patterns of dendritic growth in vivo. 

Materials and Methods

Animals and exposure. We obtained timed
pregnant Long-Evans Hooded rats (~ 230 g;
Charles River Laboratories, Portage, OR) on
gestational day 3 (GD3; day of insemination =
GD0) and housed them under regulated tem-
perature (21 ± 2°C), relative humidity (50 ±
10%), and a 12-hr light/dark cycle. Food
(Purina Lab Chow no. 5008 lactation; no.
5001 postweaning; Purina, St. Louis, MO) and
water were provided ad libitum. All experiments
were conducted according to the Institutional
Animal Care and Use Committee–approved
protocols of the National Health Environ-
mental Effects Research Laboratory of the U.S.
Environmental Protection Agency.

The commercial PCB mixture, Aroclor
1254 (Lot no. 124-191; purity > 99%;
AccuStandard, Inc., New Haven, CT), con-
sists primarily of ortho-substituted non-
coplanar congeners (Kodavanti et al. 2001)
and exhibits a congener profile similar to
that found in human tissues, including
breast milk (Hansen 1999). Dams (n = 15)
were dosed daily (8:00–10:00 AM) by oral
gavage (2 mL/kg) with either Aroclor 1254
(6 mg/kg) or vehicle (corn oil) from GD6
through postnatal day (PND) 21. No dosing
occurred on PND1. Dams delivering a litter
of 10–15 pups were used in the study. On
PND4, litters were culled to 10 pups with a
minimum of five males. Pups were weaned on
PND21. The reproductive outcome, general
health, and development of rats used in these
studies have been previously reported
(Bushnell et al. 2002; Geller et al. 2001). 

Morphometric analyses of dendritic
growth. On PNDs 22 and 60, we randomly
selected one male pup per litter from six lit-
ters per treatment group. Pups were eutha-
nized, and the cerebral hemispheres and
cerebella removed for Golgi staining. The
hippocampal formation was stained using the
Rapid Golgi protocol (Valverde 1993), and
the cerebellum was stained using a modified
Golgi-Cox staining protocol (Morest 1981)
in tissue sections (100 µm), prepared using a
sliding microtome (American Optical, New
Haven, CT). All samples were coded and
camera lucida drawings obtained using a Zeiss

Universal brightfield microscope equipped
with drawing tube and long-working distance
planapochromat objectives for subsequent
morphometric analyses. 

Dendritic branching was quantified from
camera lucida drawings of the soma and basilar
dendritic arbor of six to seven CA1 pyramidal
neurons randomly selected from each of five to
seven brains per treatment group. Study inclu-
sion criteria included a) well-impregnated neu-
rons with no evidence of incomplete or
artificial staining; b) blood vessels, glia, or non-
descript precipitate did not obscure neuron or
branches; and c) the cell body was located in
the middle third of the thickness of the section.
Neurons were selected without regard to the
number of branches with cut-ends to prevent
bias toward neurons with smaller dendritic
arbors. The complexity of the dendritic arbor
at various distances from the soma was quanti-
fied by Sholl Analysis (Sholl 1953; Uylings and
van Pelt 2002). Concentric circles of 10-µm
increments were centered on the soma, and
intersecting dendritic branches were counted.
The total number of intersections per neuron
estimated the total dendritic length of the
basilar dendritic tree.

The Purkinje cell dendritic field was
quantified in sagittal sections by measuring
the area encompassed by the dendritic arbor
in six to eight randomly chosen Purkinje cells
in each of 12 cerebella per treatment group.
Neurons were examined across all cerebellar
lobules equally between animals, with no spe-
cific attempt to distinguish unique changes
between the different lobules. Study inclusion
criteria included a) location in the cerebellum
vermis; b) planar dendritic arbor largely paral-
lel to the focal plane for maximum area assess-
ment; c) fully stained dendritic arbors
unobscured by cells or precipitate, and d) an
intact dendritic tree with no cut dendritic seg-
ments. The area encompassing the entire den-
dritic arbor was quantified using Neurolucida
software (Microbrightfield, Colchester, VT).
The complexity of the Purkinje cell dendritic
arbor was determined by centering an eye-
piece reticle indexed grid scale over the
Purkinje cell dendritic arbor at 1,008× mag-
nification. The branching density was calcu-
lated as the number of dendritic branches that
intersected the grid lines per 100 µm2.

The number of dendritic spines was deter-
mined along 30-µm-long terminal tip seg-
ments of the basilar dendritic tree of either
CA1 hippocampal pyramidal neurons or
Purkinje cell dendrites. Spines were counted
on four to seven random terminal tips per
neuron from six to seven randomly selected
CA1 or Purkinje neurons from each brain.
Study inclusion criteria included a) well-
impregnated terminal tips with no artifact or
overlapping precipitate, blood vessels, or
other branches; b) terminal tip segments were

not cut; and c) terminal tips were planar in
the section, for example, parallel to the z-axis.
Only spines that extended laterally from the
segments were counted (e.g., flanking spines).
Spines oriented either directly toward or away
from the observer were not counted.

Soma size was determined from camera
lucida drawings of CA1 pyramidal neurons
(PND22 n = 7 rats per group; PND60 n = 6)
and Purkinje cells (n = 12 rats per group 
at both PNDs 22 and 60). Soma area was
digitized and quantified using Neurolucida
software. 

Although we were interested in age-related
changes in dendritic structure as a function of
exposure, the experiment was not designed to
address this question statistically. The require-
ment for rapid Golgi processing resulted in
two distinct times of processing (PNDs 22
and 60) to maintain the use of one cohort.
Therefore, individual statistical comparisons
were conducted between exposure groups at
each age. Sholl data were evaluated using the
Wilcoxon rank-sign test applying a highly
conservative alpha level based on the number
of measurements (Dawson and Trapp, 2004).
Dendritic field areas, soma size, and dendritic
spines were analyzed by Student t-test.
Statistical significance was set at p ≤ 0.05.

Quantitative reverse transcriptase poly-
merase chain reaction (RT-PCR) analysis of
RC3 and spinophilin transcripts. We ran-
domly selected six litters from each treatment
group for molecular studies. On PNDs 4, 7,
14, 21, and 56, one male pup from each litter
was euthanized; the brain excised, frontal cor-
tex, hippocampus, and cerebellum were
rapidly dissected; and samples were stored at
–80°C. Total RNA was isolated (Trizol;
Invitrogen, Life Technology, Carlsbad, CA),
RNA amount was determined by spectropho-
tometry, and quality was determined by gel
electrophoresis. cDNA was synthesized using
Ready-To-Go You-Prime the First-Strand
Beads (Amersham Biosciences, Piscataway,
NJ). Primers and probes (Table 1) specific for
RC3/neurogranin and spinophilin [GeneBank
accession no. U22062 and AF016252, respec-
tively (http://www.ncbi.nih.gov/GenBank);
Primer Express, Applied Biosystems, Foster
City, CA] were purchased from Integrated
DNA Technologies, Inc. (Coraville, IA).
Amplification reactions were performed in
duplicate in 25 µL final volume containing
TaqMan Universal PCR Master Mix (Applied
Biosystems) and 25 ng cDNA and primers
and probes for both target and reference
(GAPDH) genes at final concentrations of
300 and 100 nM, respectively. RT-PCR was
performed using a Stratagene MX3000P
(Stratagene, La Jolla, CA): 10 min at 95°C fol-
lowed by 40 cycles of 30 sec at 95°C, 60 sec at
55°C, and 30 sec at 72°C. The amount of
target gene in experimental samples was
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determined by linear regression analyses using
a standard curve generated for each target
gene. Expression levels of target genes were
normalized against endogenous GAPDH
mRNA levels. Data are expressed as the fold
change relative to the control group (n = 4–6
per treatment group). To determine statisti-
cally significant differences, data were log
transformed to improve symmetry and stabi-
lize variance, then analyzed by two-way analy-
sis of variance (ANOVA) with main variables
of treatment and age. If treatment effects were
found to be significant (p < 0.01), differences
between PCB-treated and control values were
separately evaluated using t-tests based on the
common error term from the ANOVA;
resulting p-values were Hochberg adjusted
(Hochberg and Benjamini, 1990). 

Results

Maternal weight and pregnancy outcome.
Maternal body weights during gestation and
lactation, and pregnancy outcomes as deter-
mined by mean litter size (11.6 pups) and pup

survival were not altered by treatment with
Aroclor 1254 (6 mg/kg/day). Weight gain dur-
ing lactation was slightly reduced in PCB-
exposed pups; however, at PND60, body
weights were not different between treatment
groups. Consistent with our previous report,
preweaning behavioral differences were limited
to a decrease in pup reactivity to handling fol-
lowing PCB exposure (Bushnell et al. 2002).
These previous reports considered data from
animals of both sexes from the cohort used for
this current study.

Developmental PCB exposure alters
dendritic growth and spine density. Golgi
analysis was used to quantify dendritic length,
branching complexity and spine density as
indices of the structural integrity of neuronal
circuitry (Engert and Bonhoeffer 1999;
Kaufmann and Moser 2000). Dendritic
morphology was analyzed at PND22, the day
after weaning, which corresponds to the end
of the exposure period, and at PND60, by
which time the dendritic arbor has reached its
mature size. Since learning and memory

deficits occur in multiple species after expo-
sure to PCBs (Schantz et al. 2003), we exam-
ined dendritic arborization of CA1 pyramidal
neurons in the hippocampus as one primary
brain region implicated in learning and mem-
ory (Squire 1992). The dendritic morphology
of Purkinje cells was examined based upon the
well-established vulnerability of the cerebel-
lum to developmental hypothyroidism (Dong
et al. 2005; Li et al. 2004; Thompson and
Potter 2000; Zoeller and Rovet 2004).

Pyramidal neurons of the CA1 hippocam-
pal formation. Representative camera lucida
drawings of hippocampal CA1 pyramidal neu-
rons from control (Figure 1A) and PCB-
exposed (Figure 1B) rats demonstrate that
developmental PCB exposure decreases den-
dritic length and branching complexity at
PND22. Sholl analysis (Figure 1C) demon-
strates no significant differences between PCB-
exposed and control groups in the proximal
one-third of the basilar dendritic arbor.
However, PCB treatment caused a significant
reduction in the distal two-thirds of the basilar
dendritic arbor of CA1 pyramidal neurons (p <
0.005). Comparison of CA1 pyramidal neu-
rons from PCB-exposed animals (Figure 2B)
versus controls at PND60 (Figure 2A)
revealed a prolonged effect of developmental
PCB exposure on dendritic morphology.
Similar to the pattern seen in weanling rats,
Sholl analysis (Figure 2C) indicates no signifi-
cant difference in the proximal one-third of
the basilar dendritic arbor, but differences in
the distal two-thirds were characterized as a
significant increase (p < 0.005) in the distal
portion of the basilar arbor of CA1 pyramidal
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Table 1. Sequence of primers and probes used in real-time RT-PCR analyses.
RC3

Forward primer 5´GCCAGACGACGATATTCTAGACATC–3´
Reverse primer 5´–TTTATCTTCTTCCTCGCCATGTG–3´
Probe VIC-CCCGGAGCCAACGCCGCT-TAMRA 

Spinophilin
Forward primer 5´–AAGGCGGCCCACCATAA–3´
Reverse primer 5´–GCCCATCTGCAGGAACATACTT–3´
Probe FAM-TATGGCTCCAACGTCCA-TAMRA

GAPDH
Forward primer 5´–GGCACAGTCAAGGCTGAGAAT–3´
Reverse primer 5´–TCTCGCTCCTGGAAGATGGT–3´
Probe VIC-AGCTGGTCATCAACGGGAAACCCA-TAMRA 

Figure 1. Dendritic complexity of CA1 pyramidal neurons is decreased in PND22 rat pups exposed to PCBs during gestation and lactation. Camera lucida drawings
of CA1 pyramidal neurons from PND22 rat pups born to dams exposed daily to corn oil vehicle (A) or Aroclor 1254 at 6 mg/kg (B) by oral gavage from GD6 through
PND21. Dendritic complexity of the basilar tree of these neurons (outlined in blue in A and B) was quantified using Sholl analysis (C). Statistical analysis of Sholl
data indicates that the distal two-thirds of the dendritic arbor in CA1 pyramidal neurons of PND22 rats exposed to Aroclor 1254 is significantly less than that of
age-matched controls (Wilcoxon test, W = 78, p < 0.005). Vertical line in C indicates separation from proximal to distal portion of dentritic arbor. Asterisk on hori-
zontal arrow indicate the effect of Aroclor 1254 at p < 0.005.
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neurons in PCB-exposed rats relative to age-
matched controls. 

Although the experimental protocol did
not allow for a direct statistical comparison
between ages, data from the current study
were consistent with previous reports that
dendritic growth of CA1 pyramidal neurons
reaches adult levels by PND22 (Jacobson et al.
1988). The estimated dendritic length of the
distal CA1 basilar dendritic arbor in control
animals did not appear to change from
PND22 to PND60, whereas an increase was
suggested in the PCB-treated animals
(Figure 3A). There was no evidence of a gen-
eralized hypotrophic or hypertrophic cellular
response, as soma size of CA1 pyramidal neu-
rons was not affected by PCB exposure at
either age (PND22: controls, 190 µm2 ± 7;
PCB-treated, 190 µm2 ± 6; PND60: controls,
178 µm2 ± 6; PCB- treated, 174 µm2 ± 8).

Analysis of spine density on the terminal
tips of dendrites in CA1 pyramidal neurons
(Figure 3B) shows significantly fewer spines
(7% decrease, t = 2.835, p < 0.05) per unit
length in the PCB-exposed rats at PND22
compared with age-matched controls. Given
the general increase in dendritic spine density
with age (Figure 3B), the loss of any signifi-
cant differences between the two groups at
PND60 suggests enhanced dendritic growth
in the PCB-exposed animals from PND22 to
PND60. 

Cerebellar Purkinje cells. As illustrated in
photomicrographs of Golgi-stained Purkinje
cells from PN22 rats (Figure 4), PCB exposure
caused a 13% decrease in the area encompass-
ing the Purkinje cell dendritic arbor relative to

that in controls (Figure 4E). The size of the
Purkinje cell soma was not affected by PCB
exposure (PND22: controls, 406 µm2 ± 11;
PCB-treated, 386 µm2 ± 9; PND60: controls,
334 µm2 ± 12; PCB-treated, 334 µm2 ± 7),
suggesting that the decreased dendritic field was
not due to general cellular atrophy. Consistent
with previous reports (Takacs and Hamori
1994), a general maturation with an increase in
the dendritic arbor and spine density was seen
in both groups (Figure 4). At PND60, the dif-
ference between the two groups was no longer
evident and there were no significant differ-
ences in Purkinje cell dendritic area between
treatment groups (Figure 4E). This suggests a
stimulation of dendritic growth in the PCB-
exposed animals with the cessation of active

exposure. PCB exposure did not alter age-
related increases in dendritic branch density of
Purkinje cells between PND22 and PND60
(PND22: controls, 49 µm2 ± 1.0; PCB-treated
45.5 µm2 ± 1.2; PND60: controls, 56.0 µm2

± 1.7; PCB-treated, 57 µm2 ± 1.2). No signifi-
cant differences were observed in spine density
between controls and PCB-exposed rats at
either age. However, consistent with previous
data (Takacs and Hamori 1994), control
groups showed a significant increase in den-
dritic spine density between PND22 and
PND60 (Figure 4). 

Developmental exposure to PCBs alters the
ontogenetic pattern of RC3/neurogranin and
spinophilin mRNA levels. In conjunction with
Golgi analysis, we employed quantitative
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Figure 3. Developmental exposure to PCBs alters dendritic morphogenesis in CA1 pyramidal neurons.
(A) Comparison of the estimated cumulative length of the distal two-thirds of the basilar trees as a function
of age expressed as a percent of control at PND22. Relative to age-matched controls, the CA1 pyramidal
neurons in rats exposed developmentally to Aroclor 1254 (6 mg/kg in the maternal diet) exhibit 20% less
dendritic arbor at PN22 (t = 2.136, p < 0.05). While elevated by 15%, no statistical significant difference was
seen in the dendritic arbor at PND60. (B) Quantification of dendritic spine density on the terminal tip seg-
ments of CA1 pyramidal neurons indicates that developmental exposure to Aroclor 1254 causes decreased
spine density at PND22 but has no effect on spine density at PND60. Data expressed as the mean percent
of age-matched control ± SE (seven rats per group and six neurons per hippocampus).
*Significantly different from age-matched control (t = 2.835, p < 0.05).

A B
120

100

80

60
PND22

Es
tim

at
ed

 d
en

dr
iti

c 
le

ng
th

 (%
)

Control
Aroclor 1254

PND60

*

140

120

100

80

60

40

20

0

Sp
in

e 
de

ns
ity

 (%
)

PND22 PND60

*

Control
Aroclor 1254

Figure 2. Dendritic complexity of CA1 pyramidal neurons is increased in PND60 rat pups exposed to PCBs during gestation and lactation. Camera lucida drawings
of CA1 pyramidal neurons from PND60 rat pups born to dams exposed daily to corn oil vehicle (A) or Aroclor 1254 at 6 mg/kg (B) by oral gavage from GD6 through
PND21. Dendritic complexity of the basilar tree of these neurons (outlined in blue in panels A and B) was quantified using Sholl analysis (C). Statistical analysis of
Sholl data indicates that the distal two-thirds of the dendritic arbor in CA1 pyramidal neurons of PND60 rats exposed to Aroclor 1254 is significantly greater than
that of age-matched controls (Wilcoxon test, W = 78, p < 0.005). Vertical line in C indicates separation from proximal to distal portion of dentritic arbor. Asterisks
on horizontal arrow indicate the effect of Aroclor 1254 at p < 0.005.
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RT-PCR to examine time- and region-specific
effects of PCBs on spinophilin and RC3/
neurogranin expression in the hippocampus,
cerebellum, and cortex. Spinophilin, an actin-
binding protein localized primarily to dendritic
spines (Satoh et al. 1998; Allen et al. 1997) is
implicated in spine maturation (Terry-Lorenzo
et al. 2005) and used as a marker of spine den-
sity in many brain regions, particularly the
hippocampus (Law et al. 2004; Li et al. 2004;
Ouimet et al. 2004). RC3/neurogranin is a
brain-specific protein kinase C substrate
involved in the regulation of calcium signaling
and neuronal plasticity (Pak et al. 2000) and is
expressed at high levels in the somatodendritic
domain of neurons (Neuner-Jehle et al. 1996;
Represa et al. 1990; Watson et al. 1994). RC3/
neurogranin has been proposed as a molecular
indicator of dendritic arborization (Li et al.
2000), and its expression at the mRNA level
has been demonstrated previously to be sensi-
tive to developmental PCB exposure (Zoeller
et al. 2000).

Regional differences were observed in the
developmental profile of both spinophilin and
RC3/neurogranin mRNA levels during the
period of extensive and rapid dendritic growth
(the first 3 weeks after birth) and in the adult
brain. In control animals, levels of spinophilin
mRNA steadily increased with age from
PND4 to PND56 in the hippocampus and
cerebellum and from PND4 to PND21 in the
cortex (Figure 5). Comparisons between these
distinct brain regions showed that during early
postnatal development, levels of spinophilin
mRNA were not significantly different across
all three brain regions, but with increasing age,
levels of spinophilin mRNA were increasingly
higher in the hippocampus relative to the cere-
bellum and cortex. By PND56, higher levels of
spinophilin mRNA were seen in the hippo-
campus compared with the other two brain
regions. These data are consistent with obser-
vations that in the rat, extensive synaptogenesis
occurs in these brain regions after weaning
(Rice and Barone 2000) and with our Golgi
analyses, showing an age-related increase in
hippocampal dendritic spine density. The
developmental pattern for RC3/neurogranin
mRNA was more complex. In the hippocam-
pus, RC3/neurogranin mRNA levels increased
significantly during the period of rapid den-
dritic growth to reach maximal levels at
PND14 and remained at this maximal level at
PND56 (Figure 5). Similarly, in the cerebel-
lum and cortex, RC3/neurogranin mRNA
levels increased significantly during early post-
natal development. In the cerebellum, the
maximum level was observed at PND14; in
the cortex this was at PND21. However,
unlike the hippocampus, in the cortex and
cerebellum, these maximal RC3/neurogranin
mRNA levels were not maintained at PND56
but rather decreased to levels observed at very

early postnatal ages (Figure 5). Consistent
with previous reports (Singec et al. 2003), the
RC3/neurogranin mRNA levels in the cere-
bellum were much lower relative to those
detected in the hippocampus and frontal
cortex at all ages. 

Developmental exposure to Aroclor 1254
generally increased both spinophilin and
RC3/neurogranin mRNA levels (Figure 5).
With respect to RC3/neurogranin, two-way
ANOVA using PCB treatment and age as
main effects identified no significant differ-
ences in the hippocampus between control and
PCB-treated animals. Single treatment effects
were observed in the cerebellum [F(1,36) =
4.48, p < 0.04]. A significant interaction
between age and treatment was detected in the
cortex [F(4,38) = 4.98, p < 0.003] with signifi-
cant treatment differences at 4, 7, and 14 days
(adjusted two-sided p < 0.04). Interestingly,

PCB treatment decreased RC3/neurogranin
levels at PND4 but increased levels at PNDs 7
and 14. With respect to spinophilin transcript
levels, in the hippocampus there was a signifi-
cant effect due to age [F(4,38) = 65; p <
0.001], but there were no significant effects
because of treatment either as an interaction
with age or as a main effect. In the cerebellum,
an interaction between age and treatment was
identified [F(4,39) = 4.10, p < 0.007], with the
only significant difference indicated at PND4
(adjusted two-sided p < 0.0004). A significant
interaction between age and treatment was also
indicated for spinophilin levels in the cortex
[F(4,37) = 4.64, p < 0.004). PCB treatment
significantly decreased spinophilin transcript
levels at PND4 (adjusted two-sided p < 0.05),
and significantly increased spinophilin mRNA
levels at PNDs 7, 14, and 21 (adjusted
two-sided p < 0.05).
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Figure 4. Developmental exposure to PCBs
decreases the dendritic branching area of Purkinje
cells at PND22, but not at PND60. Photomicrographs
of representative Golgi-stained Purkinje cells from
the cerebellum of PND22 (A,B) and PND60 (C,D) rat
pups exposed developmentally to either vehicle
(A,C) or Aroclor 1254 at 6 mg/kg via maternal gavage
(B,D). (E) Quantitative assessment of the branching
area of Purkinje cells in vehicle control and Aroclor
1254–treated rat pups as a function of age. Data are
expressed as mean ± SE (n = 5 for control and n = 6
for PCB-treated rats at PND22; n = 5 for control and
n = 7 for PCB-treated rats at PND60; eight neurons
analyzed per cerebellum). Scale bars = 20 µm.
*Significantly different from age-matched control (t = 3.013,
p < 0.005). 



Discussion
Our findings support the hypothesis that
PCBs perturb neuronal connectivity in the
developing brain by interfering with dendri-
togenesis. Developmental PCB exposure
caused an apparent delay in dendritic growth
in hippocampal CA1 pyramidal neurons at
weaning as evidenced by a significant decrease
in branching complexity of the distal basilar
dendritic trees at PND22. However, this ini-
tial impairment of dendritic growth was fol-
lowed by subsequent enhanced dendritic
growth, allowing for a mature dendritic
aborization that was increased relative to con-
trols. Similar patterns of initial dendritic
growth impairment followed by enhanced
dendritic growth have been observed in hippo-
campal CA1 pyramidal neurons after develop-
mental exposure to ethanol (McMullen et al.
1984) or application of tetanus toxin (Groc
et al. 2003). The response seen in cerebellar

Purkinje cells was similar although less robust.
Unlike the observations made of CA1 pyra-
midal neurons, the dendritic area in the adult
was similar between the two groups, and no
PCB effects were seen on dendritic branching
complexity or spine density. A recent study
similarly reported that PCBs did not alter the
branching density of Purkinje cells (Roegge
et al. 2006). However, in contrast to our find-
ings, previous studies reported that Aroclor
1254 (identical lot and dose) had no effect on
dendritic area (Roegge et al. 2006) or den-
dritic length (Yang et al. 2006) in Purkinje
cells using a different dosing regimen.
Although we exposed pregnant dams from
GD6 until PND21, both these studies initi-
ated exposure of dams preconception, with
continued exposure through PND21.
Beginning PCB exposure before gestation
may have changed the profile of metabolic
enzyme induction, thereby altering the

metabolism and excretion of PCBs. That
seemingly slight difference in the timing of
exposure to PCBs can affect the neurologic
consequences of exposure is supported by
observations of impaired radial arm maze per-
formance in rats if exposure begins on GD6
(Roegge et al. 2000) but not if exposure begins
before conception (Roegge et al. 2006). 

Developmental PCB exposure also caused
region-specific changes in the ontogenetic pro-
file of transcripts encoding the dendrite-specific
proteins spinophilin and RC3/neurogranin.
Previous in situ hybridization studies (Zoeller
et al. 2000) demonstrated increased RC3/
neurogranin mRNA expression at early postna-
tal ages after developmental exposure to Aroclor
1254 at concentrations comparable to those
used in this study. Based on our molecular
observations, we would predict developmental
PCB exposure to increase dendritic growth
and/or spine formation. Although our
RT-PCR analyses were not predictive of the
structural outcome in the hippocampus or cere-
bellum at weaning, they were consistent with
the normal dendritic growth that occurs with
maturation and support the suggestion of
enhanced dendritic growth between PNDs 22
and 60. These data also suggest that the cortex
may be more sensitive to effects of PCBs on
dendritic growth than either the hippocampus
or cerebellum. Given the critical involvement of
cortical functioning in learning and memory,
Golgi analyses of cortical cell morphology is
warranted; however, further refinement of a
possible localized cortical target would signifi-
cantly improve the ability to detect biologically
meaningful changes. 

The molecular and morphologic evalua-
tions of dendritic arborization were not consis-
tent across all ages. Previous reports, in which
changes in spinophilin and RC3/neurogranin
expression were found to correlate with
changes in dendritic spine density or dendritic
arborization (Law et al. 2004; Li et al. 2000;
2004), were based on data obtained from
adult subjects. Considered with our findings,
these data suggest that spinophilin and RC3/
neurogranin mRNA levels may provide a good
estimate of changes in dendritic growth in
adult animals and may reflect changes in the
rate of dendritic growth in the rapidly develop-
ing postnatal brain but may not be reliable
indicators of dendritic structure during
dynamic stages of dendritic arborization in the
rapidly developing postnatal brain. One possi-
ble explanation of the disconnect between
PCB effects on molecular markers of dendritic
morphogenesis versus structural correlates of
dendritic morphology at weaning, is that while
PCBs increase transcription of spinophilin and
RC3/neurogranin genes, translation of these
markers was not increased. Based upon obser-
vations in spinophilin-deficient mice indicating
that the protein is not necessary for spine
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Figure 5. Developmental exposure to PCBs alters RC3/neurogranin (A,C,E) and spinophilin (B,D,F) mRNA lev-
els in the developing rat brain. Total RNA was isolated from the hippocampus (A,B), cerebellum (C,D), and
frontal cortex (E,F) of rat pups at varying ages after birth to dams exposed to vehicle or Aroclor 1254 (6 mg/kg)
daily via gavage from GD6 through PND21. RC3/neurogranin, spinophilin, and GAPDH mRNA were deter-
mined using real-time RT-PCR. RC3/neurogranin and spinophilin mRNA values were normalized against
endogenous GAPDH mRNA levels, log-transformed and expressed as mean ± SE. Transcript levels were
analyzed by two-way ANOVA followed by post hoc analysis of differences at each time point by t-test. 
*p < 0.05, ***p < 0.001.
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formation or removal (Feng et al. 2000), one
may not expect a direct correlation between
mRNA and protein levels and dendritic mor-
phogenesis. Interestingly, spinophilin and
RC3/neurogranin have been implicated in the
regulation of dendritic plasticity (Terry-
Lorenzo et al. 2005; Pak et al. 2000), raising
the possibility that although PCB effects on
spinophilin and RC3/neurogranin mRNA lev-
els do not consistently correlate with PCB
effects on dendritic structure, they may be
suggestive of PCB interference with dendritic
or spine plasticity. 

Dendritic growth and spine formation are
regulated by multiple environmental cues,
including hormonal status (Cooke and
Woolley 2005; Kapfhammer 2004) and neu-
ronal activity (Lohmann et al. 2005).
Experimental evidence indicates that develop-
mental PCB exposure influences each of these
factors, but of these, the effects on thyroid sig-
naling are the most extensively characterized.
PCBs are known to perturb thyroid hormone
function in experimental animals via reduction
of circulating thyroid hormone levels or modu-
lation of thyroid hormone signaling (Gauger
et al. 2004; Zoeller et al. 2000). Given the
known adverse nature of thyroid hormone dys-
regulation on the developing nervous system
(Thompson and Potter 2000; Zoeller and
Rovet 2004), together with evidence that
PCBs influence circulating levels of thyroid
hormone in infants (Hagmar 2003; Koopman-
Esseboom et al. 1994; Persky et al. 2001; Sala
et al. 2001), this has been considered a primary
mechanism for adverse neurodevelopmental
effects seen in children exposed to PCBs
(Hagmar 2003; Koopman-Esseboom et al.
1994; Sala et al. 2001). Neonatal hypo-
thyroidism has been linked to dysmorphic den-
dritic development in the cortex (Nicholson
and Altman 1972; Ruiz-Marcos et al. 1994),
hippocampus (Rami et al. 1986), and cerebel-
lum (Kimura-Kuroda et al. 2005; Nunez et al.
1992). Since a PCB exposure paradigm com-
parable to that used in the current study has
been shown to decrease circulating thyroid
hormone levels (Crofton et al. 2000) and to
exert thyroidlike actions in the developing
brain (Zoeller et al. 2000), as confirmed by our
observations of PCB-induced upregulation of
RC3/neurogranin mRNA, disruption of thy-
roid hormone signaling is a plausible mecha-
nism to explain the PCB effects on both
molecular and structural correlates of dendritic
growth reported in the current study. 

Dendritic structure is also dynamically
shaped by neuronal activity, and decreased
neuronal activity can result in dendritic retrac-
tion (Kater and Mills 1991). Developmental
PCB exposure has been shown to interfere
with neuronal activity, specifically decreasing
cholinergic input (Corey et al. 1996; Provost
et al. 1999), dopaminergic signaling (Seegal

1996), and glutamatergic signaling (Gafni
et al. 2004). In addition, PCBs inhibit growth
of afferent mossy fibers in the hippocampus
(Pruitt et al. 1999). Such effects could also
contribute to the impaired dendritic matura-
tion observed in PND22 animals exposed to
PCBs. The effects of neuronal activity on
dendritic growth are primarily mediated by
calcium-dependent signaling pathways
(Lohmann et al. 2005), and studies of cultured
neurons demonstrate that PCBs perturb intra-
cellular calcium signaling pathways down-
stream of neuronal depolarization (Kodavanti
et al. 1993; Shafer et al. 1996; Wong et al.
1997). Whether and how PCB effects on cal-
cium signaling contribute to PCB effects on
dendritic growth are difficult to predict in light
of emerging evidence that calcium can either
increase or decrease dendritic growth, depend-
ing on the nature of the signal (global versus
local calcium changes) and the developmental
stage of the neuron (Lohmann et al. 2005).
Additional studies will be necessary to deter-
mine the relationships between PCB-induced
perturbations of afferent input, intracellular
calcium and dendritic growth. However, it
seems likely that the outcome of developmen-
tal PCB exposure on dendritic morphogenesis
represents the net balance between PCB effects
that could enhance dendritic growth (increased
spinophilin and/or RC3/neurogranin expres-
sion, enhanced thyroid hormone or estrogen
signaling, moderate increases in intracellular
calcium signaling) and those that potentially
restrict dendritic growth (antiestrogenic effects,
hypothyroidism, decreased neuronal activity
consequent to reduced afferent input, or
extreme increases in intracellular calcium), and
this balance is likely to change as a function of
the timing and duration of exposure.

In summary, our findings support the
hypothesis that developmental PCB exposure
disrupts neuronal connectivity as evidenced by
significant alterations in dendritic structure and
expression of transcripts encoding dendritic
proteins in the hippocampus and cerebellum of
both developing and mature brains. The hippo-
campus has long been implicated in learning
and memory (Squire 1992), and emerging evi-
dence indicates that cerebellar function criti-
cally influences cognitive functions as well
(Hernandez-Muela et al. 2005). Given the
influence of dendritic morphology on neuronal
function (Engert and Bonhoeffer 1999; Purves
1988; Schuman 1997; Sejnowski 1997) and
the role of dendritic plasticity in learning and
memory (Hering and Sheng 2001; Leuner and
Shors 2004; Sorra and Harris 2000), the dys-
morphic pattern of dendritic development and
maturation observed in these neuronal cell
populations following developmental PCB
exposure could be an important factor in the
cognitive impairment observed following
developmental PCB exposure. 

REFERENCES

Allen PB, Ouimet CC, Greengard P. 1997. Spinophilin, a novel
protein phosphatase 1 binding protein localized to den-
dritic spines. Proc Natl Acad Sci USA 94:9956–9961.

Bansal R, You SH, Herzig CT, Zoeller RT. 2005. Maternal thyroid
hormone increases HES expression in the fetal rat brain:
an effect mimicked by exposure to a mixture of polychlori-
nated biphenyls (PCBs). Dev Brain Res 156:13–22. 

Bogazzi F, Raggi F, Ultimieri F, Russo D, Campomori A, McKinney
JD, et al. 2003. Effects of a mixture of polychlorinated
biphenyls (Aroclor 1254) on the transcriptional activity of
thyroid hormone receptor. J Endocrinol Invest 26:972–978.

Bushnell PJ, Moser VC, MacPhail RC, Oshiro WM, Derr-Yellin
EC, Phillips PM, et al. 2002. Neurobehavioral assessments
of rats perinatally exposed to a commercial mixture of
polychlorinated biphenyls. Toxicol Sci 68:109–20. 

Cooke BM, Woolley CS. 2005. Gonadal hormone modulation of
dendrites in the mammalian CNS. J Neurobiol 64:34–46.

Corey DA, Juarez de Ku LM, Bingman VP, Meserve LA. 1996.
Effects of exposure to polychlorinated biphenyl (PCB) from
conception on growth, and development of endocrine,
neurochemical, and cognitive measures in 60 day old rats.
Growth Dev Aging 60:131–43.

Crofton KM, Kodavanti PR, Derr-Yellin EC, Casey AC, Kehn LS.
2000. PCBs, thyroid hormones, and ototoxicity in rats:
cross-fostering experiments demonstrate the impact of
postnatal lactation exposure. Toxicol Sci 57:131–140.

Dawson B, Trapp RG. 2004. Basic and Clinical Biostatistics 4th
ed. New York:Lange Medical Books. 

Dong H, Wade M, Williams A, Lee A, Douglas GR, Yauk C. 2005.
Molecular insight into the effects of hypothyroidism on the
developing cerebellum. Biochem Biophys Res Commun
330:1182–1193.

Engert F, Bonhoeffer T. 1999. Dendritic spine changes associ-
ated with hippocampal long-term synaptic plasticity. Nature
399:66–70.

Faraone SV, Khan SA. 2006. Candidate gene studies of attention-
deficit/hyperactivity disorder. J Clin Psychiatry 67(suppl 8):
13–20.

Feng J, Yan Z, Ferreira A, Tomizawa K, Liauw JA, Zhuo M, et al.
2000. Spinophilin regulates the formation and function of
dendritic spines. Proc Natl Acad Sci USA 97:9287–9292. 

Gafni J, Wong PW, Pessah IN. 2004. Non-coplanar 2,2´,3,5´,6-
pentachlorobiphenyl (PCB 95) amplifies ionotropic gluta-
mate receptor signaling in embryonic cerebellar granule
neurons by a mechanism involving ryanodine receptors.
Toxicol Sci 77:72–82.

Gauger KJ, Kato Y, Haraguchi K, Lehmler HJ, Robertson LW,
Bansal R, et al. 2004. Polychlorinated biphenyls (PCBs)
exert thyroid hormone-like effects in the fetal rat brain but
do not bind to thyroid hormone receptors. Environ Health
Perspect 112:516–23.

Geller AM, Oshiro WM, Haykal-Coates N, Kodavanti PRS,
Bushnell PJ. 2001. Gender-dependent behavioral and sen-
sory effects of a commercial mixture of polychlorinated
biphenyls (Aroclor 1254) in rats. Toxicol Sci 59:268–277.

Gilbert ME, Mundy WR, Crofton KM. 2000. Spatial learning and
long-term potentiation in the dentate gyrus of the hippo-
campus in animals developmentally exposed to Aroclor
1254. Toxicol Sci 57:102–111. 

Groc L, Petanjek Z, Gustafsson B, Ben-Ari Y, Khazipov R, Hanse E.
2003. Compensatory dendritic growth of CA1 pyramidal cells
following growth impairment in the neonatal period. Eur J
Neurosci 18:1332–1336. 

Grutzendler J, Gan WB. 2006. Two-photon imaging os synaptic
plasticity and pathology in the living mouse brain. NeuroRx
3:489–496.

Hagmar L. 2003. Polychlorinated biphenyls and thyroid status in
humans: a review. Thyroid 11:1021–1028.

Hansen LG. 1999. The ortho Side of PCBs: Occurrence and
Disposition. Boston:Kluwer Academic Publishers.

Hany J, Lilienthal H, Roth-Harer A, Ostendorp G, Heinzow B,
Winneke G. 1999. Behavioral effects following single and
combined maternal exposure to PCB 77 (3,4,3´,4´- tetra-
chlorobiphenyl) and PCB 47 (2,4,2´,4´-tetrachlorobiphenyl) in
rats. Neurotoxicol Teratol 21:147–156.

Harms KJ, Dunaevsky A. 2006. Dendritic spine plasticity: looking
beyond development. Brain Res Apr 4 [Epub ahead of print]. 

Hernandez-Muela S, Mulas F, Mattos L. 2005. The contribution of
the cerebellum to cognitive process. Rev Neurol 40:S57–S64.

Hering H, Sheng M. 2001. Dendritic spines: structure, dynamics
and regulation. Nat Rev Neurosci 2:880–888. 

Lein et al.

562 VOLUME 115 | NUMBER 4 | April 2007 • Environmental Health Perspectives



PCBs disrupt dendritic development

Environmental Health Perspectives • VOLUME 115 | NUMBER 4 | April 2007 563

Hochberg Y and Benjamini Y. 1990. More powerful procedures
for multiple significance testing. Stat Med 9:811–818.

Huttenlocher PR 1991. Dendritic and synaptic pathology in
mental retardation. Pediatr Neurol 7:79–85.

Jacobson CD, Antolick LL, Scholey R, Uemura E. 1988. The influ-
ence of prenatal phenobarbital exposure on the growth of
dendrites in the rat hippocampus. Dev Brain Res 44:233–239.

Jagadha V, Becker LE. 1989. Dendritic pathology: an overview
of Golgi studies in man. Can J Neurol Sci 16:41–50.

Kapfhammer JP. 2004. Cellular and molecular control of den-
dritic growth and development of cerebellar Purkinje cells.
Prog Histochem Cytochem 39:131–182.

Kater SB, Mills LR. 1991. Regulation of growth cone behavior
by calcium. J Neurosci 11:891–899.

Kaufmann WE, Moser HW. 2000. Dendritic anomalies in disor-
ders associated with mental retardation. Cereb Cortex
10:981–991.

Kaya H, Hany J, Fastabend A, Roth-Harer A, Winneke G,
Lilienthal H. 2002. Effects of maternal exposure to a recon-
stituted mixture of polychlorinated biphenyls on sex-depen-
dent behaviors and steroid hormone concentrations in rats:
dose-response relationship. Toxicol Appl Pharmacol 78(2):
71–81. 

Kimura-Kuroda J, Nagata I, Kuroda Y. 2005. Hydroxylated metabo-
lites of polychlorinated biphenyls inhibit thyroid-hormone-
dependent extension of cerebellar Purkinje cell dendrites.
Brain Res Dev Brain Res 154:259–263.

Kitamura S, Jinno N, Suzuki T, Sugihara K, Ohta S, Kuroki H,
et al. 2005. Thyroid hormone-like and estrogenic activity of
hydroxylated PCBs in cell culture. Toxicology 208:377–387.

Kodavanti PRS. 2005. Neurotoxicity of persistent organic pollu-
tants: possible mode(s) of action and further considera-
tions. Dose Response 3:273–305.

Kodavanti PRS, Kannan N, Yamashita N, Derr-Yellin EC, Ward
TR, Burgin DE, et al. 2001. Differential effects of two lots of
Aroclor 1254: congener-specific analysis and neurochemi-
cal end points. Environ Health Perspect 109:1153–1161.

Kodavanti PRS, Shin DS, Tilson HA, Harry GJ.1993. Comparative
effects of two polychlorinated biphenyl congeners on cal-
cium homeostasis in rat cerebellar granule cells. Toxicol
Appl Pharmacol 123:97–106. 

Koopman-Esseboom C, Morese DC, Weisglas-Kuperus N, Lutke-
Schipholt IJ, Van der Paauw CG, Tuinstra LG, et al. 1994.
Effects of dioxins and polychlorinated biphenyls on thyroid
hormone status of pregnant women and their infants.
Pediatr Res 36:468–473.

Law AJ, Weickert CS, Hyde TM, Kleinman JE, Harrison PJ. 2004.
Reduced spinophilin but not microtubule-associated protein
2 expression in the hippocampal formation in schizophrenia
and mood disorders: molecular evidence for a pathology of
dendritic spines. Am J Psychiatry 161:1848–1855.

Le Be JV, Markram H. 2006. Spontaneous and evoked synaptic
rewiring in the neonatal neocortex. Proc Natl Acad Sci USA
103:13214–13219.

Leuner B, Shors TJ. 2004. New spines, new memories. Mol
Neurobiol 29:117–30.

Li C, Brake WG, Romeo RD, Dunlop JC, Gordon M, Buzescu R,
et al. 2004. Estrogen alters hippocampal dendritic spine
shape and enhances synaptic protein immunoreactivity and
spatial memory in female mice. Proc Natl Acad Sci USA
101:2185–2190.

Li GL, Farooque M, Lewen A, Lennmyr F, Holtz A, Olsson Y. 2000.
MAP2 and neurogranin as markers for dendritic lesions in
CNS injury. An immunohistochemical study in the rat.
APMIS 108:98–106.

Lohmann C, Finski A, Bonhoeffer T. 2005. Local calcium tran-
sients regulate the spontaneous motility of dendritic
filopodia. Nat Neurosci 8:305–312.

McMullen PA, Saint-Cyr JA, Carlen PL. 1984. Morphological
alterations in rat CA1 hippocampal pyramidal cell dendrites
resulting from chronic ethanol consumption and withdrawl.
J Comp Neurol 225:111–118.

Miller JP, Jacobs GA. 1984. Relationships between neuronal
structure and function. J Exp Biol 112:129–145. 

Miyazaki W, Iwasaki T, Takeshita A, Kuroda Y, Koibuchi N.
2004. Polychlorinated biphenyls suppress thyroid hormone
receptor-mediated transcription through a novel mecha-
nism. J Biol Chem 279:18195–18202.

Morest DK. 1981. The Golgi methods. In: Techniques in
Neuroanatomical Research (Heym C, Fresmann NG, eds).
Heidelberg:Springer-Verlag, 124–138.

Muhle R, Trentacoste SV, Rapin I. 2004. The genetics of autism.
Pediatrics 113:472–486.

Neuner-Jehle M, Denizot JP, Mallet J. 1996. Neurogranin is
locally concentrated in rat cortical and hippocampal
neurons. Brain Res 733:149–154.

Nicholson JL, Altman J. 1972. The effects of early hypo- and
hyperthyroidism on the development of the rat cerebellar
cortex. II. Synaptogenesis in the molecular layer. Brain
Res 44:25–36. 

Nunez J, Couchie D, Aniello F, Bridoux AM. 1992. Thyroid hor-
mone effects on neuronal differentiation during brain
development. Acta Med Austriaca 19(suppl 1):36–39.

Nguon K, Baxter MG, Sajdel-Sulkowska EM. 2005. Perinatal
exposure to polychlorinated biphenyls differentially affects
cerebellar development and motor functions in male and
female rat neonates. Cerebellum 4:112–122. 

Ouimet CC, Katona I, Allen P, Freund TF, Greengard P. 2004.
Cellular and subcellular distribution of spinophilin, a PP1
regulatory protein that bundles F-actin in dendritic spines.
J Comp Neurol 479:374–88. 

Pak JH, Huang FL, Li J, Balschun D, Reymann KG, Chiang C,
Westphal H, et al. 2000. Involvement of neurogranin in the
modulation of calcium/calmodulin-dependent protein kinase
II, synaptic plasticity, and spatial learning: a study with
knockout mice. Proc Natl Acad Sci USA 97:11232–11237.

Palomo T, Beninger RJ, Kostrzewa RM, Archer T. 2003. Brain
sites of movement disorder: genetic and environmental
agents in neurodevelopmental perturbations. Neurotox
Res 5:1–26.

Persky V, Turyk M, Anderson HA, Hanrahan LP, Falk C, Steenport
DN, et al. 2001. The effects of PCB exposure and fish con-
sumption on endogenous hormones. Environ Health
Perspect 109:1275–1283.

Powers BE, Widholm JJ, Lasky RE, Schantz SL. 2006. Auditory
deficits in rats exposed to an environmental PCB mixture
during development. Toxicol Sci 89:415–422.

Provost TL, Juarez de Ku LM, Zender C, Meserve LA. 1999. Dose-
and age-dependent alterations in choline acetyltransferase
(ChAT) activity, learning and memory, and thyroid hormones
in 15- and 30-day old rats exposed to 1.25 or 12.5 PPM poly-
chlorinated biphenyl (PCB) beginning at conception. Prog
Neuropsychopharmacol Biol Psychiatry 23:915–928.

Pruitt DL, Meserve LA, Bingman VP. 1999. Reduced growth of
intra- and infra-pyramidal mossy fibers is produced by con-
tinuous exposure to polychlorinated biphenyl. Toxicology
138:11–17. 

Purves D.1988. Body and Brain: A Trophic Theory of Neural
Connections Cambridge, MA:Harvard University Press.

Rami A, Patel AJ, Rabie A. 1986. Thyroid hormone and develop-
ment of the rat hippocampus: morphological alterations in
granule and pyramidal cells. Neurosci 19:1217–1226.

Represa A, Deloulme JC, Sensenbrenner M, Ben-Ari Y, Baudier
J. 1990. Neurogranin: immunocytochemical localization of a
brain-specific protein kinase C substrate. J Neurosci 10:
3782–3792.

Rice DC, Barone S Jr. 2000. Critical periods of vulnerability for the
developing nervous system: evidence from humans and ani-
mal models. Environ Health Perspect 108(suppl 3):511–533.

Roegge CS, Morris JR, Villareal S, Wang VC, Powers BE,
Klintsova AY, et al. 2006. Purkinje cell and cerebellar effects
following developmental exposure to PCBs and/or MeHg.
Neurtoxicol Teratol 28:74–85.

Roegge CS, Seo BW, Crofton KM, Schantz SL. 2000. Gestational-
lactational exposure to Aroclor 1254 impairs radial-arm
maze performance in male rats. Toxicol Sci 57:121–130.

Roegge CS, Wang VC, Powers BE, Klintsova AY, Villareal S,
Greenough WT, et al. 2004. Motor impairment in rats
exposed to PCBs and methylmercury during early devel-
opment. Toxicol Sci 77:315–324.

Rubenstein JL, Merzenich MM. 2003. Model of autism:
increased ratio of excitation/inhibition in key neural sys-
tems. Genes Brain Behav 2:255–267.

Ruiz-Marcos A, Cartagena-Abella P, Martinez-Galan JR, Calvo R,
Morreale de Escobar G, Escobar del Rey F. 1994. Thyroxine
treatment and the recovery of pyramidal cells of the cere-
bral cortex from changes induced by juvenile-onset
hypothyroidism. J Neurobiol 25:808–818.

Sable HJ, Powers BE, Wang VC, Widholm JJ, Schantz SL. 2006.
Alterations in DRH and DRL performance in rats develop-
mentally exposed to an environmental PCB mixture.
Neurotoxicol Teratol 28:548–556.

Sala M, Sunyer J, Herrero C, To-Figueras J, Grimalt J. 2001.
Association between serum concentrations of hexa-
chlorobenzene and polychlorobiphenyls with thyroid hor-
mone and liver enzymes in a sample of the general
population. Occup Environ Med 58:172–177.

Satoh A, Nakanishi H, Obaishi H, Wada M, Takahashi K, Satoh
K, et al. 1998. An actin filament-binding protein with one
Pdz domain localized at cadherin-based cell-cell adhesion
sites. J Biol Chem 273:3470–3475.

Schantz SL, Levin ED, Bowman RE, Heironimus MP, Laughlin
NK. 1989. Effects of perinatal PCB exposure on discrimina-
tion-reversal learning in monkeys. Neurotoxicol Teratol
11:243–250. 

Schantz SL, Widholm JJ, Rice DC. 2003. Effects of PCB expo-
sure on neuropsychological function in children. Environ
Health Perspect 111:357–576. 

Schuman EM. 1997. Synapse specificity and long-term informa-
tion storage. Neuron 18:339–342.

Seegal RF. 1996. Epidemiological and laboratory evidence of
PCB-induced neurotoxicity. Crit Rev Toxicol 26:709–737.

Seegal RF, Brosch KO, Okoniewski RJ. 2005. Coplanar PCB con-
geners increase uterine weight and frontal cortical
dopamine in the developing rat: implications for develop-
mental neurotoxicity. Toxicol Sci 86:125–131. 

Sejnowski TJ. 1997. The year of the dendrite. Science
275:178–179. 

Shafer TJ, Mundy WR, Tilson HA, Kodavanti PRS. 1996. Disruption
of inositol phosphate accumulation in cerebellar granule
cells by polychlorinated biphenyls: a consequence of altered
Ca2+ homeostasis. Toxicol Appl Pharmacol 141:448–455.

Sholl DA. 1953. Dendritic organization in the neurons of the
visual and motor cortices of the cat. J Anat 87:387–406.

Singec I, Knoth R, Ditter M, Frotscher M, Volk B. 2003. Neuro-
granin expression by cerebellar neurons in rodents and
non-human primates. J Comp Neurol 459:278–289.

Sorra KE, Harris KM. 2000. Overview on the structure, composi-
tion, function, development, and plasticity of hippocampal
dendritic spines. Hippocampus 10:501–511.

Squire LR. 1992. Memory and the hippocampus: a synthesis from
findings with rats, monkeys and humans. Psychol Rev
99:195–231.

Takacs J, Hamori J. 1994. Developmental dynamics of Purkinje
cells and dendritic spines in rat cerebellar cortex. J Neurosci
Res 38:515–530.

Terry-Lorenzo RT, Roadcap DW, Otsuka T, Blanpied TA,
Zamorano PL, Garner CC, et al. 2005. Neurabin/protein phos-
phatase-1 complex regulates dendritic spine morphogenesis
and maturation. Mol Biol Cell 16:2349–2362.

Thompson CC, Potter GB. 2000. Thyroid hormone action in
neural development. Cerebral Cortex 10:939–945.

Tilson HA, Kodavanti PRS. 1998. The neurotoxicity of polychlo-
rinated biphenyls. Neurotoxicology 19:517–526.

Uylings HBM, van Pelt J. 2002. Measures for quantifying dendritic
arborizations. Network Comput Neural Syst 13:397–414.

Valverde F. 1993. The rapid Golgi technique for staining CNS
neurons: light microscopy. Neurosci Protocols 1:1–9.

Watson JB, Szijan I, Coulter PM. 1994. Localization of RC3
(neurogranin) in rat brain subcellular fractions. Mol Brain
Res 27:323–328.

Widholm JJ, Villareal S, Seegal RF, Schantz SL. 2004. Spatial
alternation deficits following developmental exposure to
Aroclor 1254 and/or methylmercury in rats. Toxicol Sci
82:577–589.

Wong PW, Brackney WR, Pessah IN. 1997. Ortho-substituted
polychlorinated biphenyls alter microsomal calcium trans-
port by direct interaction with ryanodine receptors of
mammalian brain. J Biol Chem 272:15145–15153. 

Yang D, Kim K, Phimister A, Pessah I, Lein P. 2006. Developmental
exposure to Aroclor 1254 impairs dendritic plasticity and
functional expression of ryanodine receptors in weanling
rats [Abstract 1450]. Toxicologist 90:296.

Zoeller RT, Dowling AL, Vas AA. 2000. Developmental exposure
to polychlorinated biphenyls exerts thyroid hormone-like
effects on the expression of RC3/neurogranin and myelin
basic protein messenger ribonucleic acids in the develop-
ing rat brain. Endocrinology 141:181–189.

Zoeller RT, Rovet J. 2004. Timing of thyroid hormone action in
the developing brain: clinical observations and experimen-
tal findings. J Neuroendocrinol 16:809–818.

Zoghbi HY. 2003. Postnatal neurodevelopmental disorders:
meeting at the synapse? Science 302:826–830.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (U.S. Prepress Defaults)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


