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Abstract
While both epidemiological and experimental animal studies have demonstrated that perinatal
exposure to polychlorinated biphenyls (PCBs) negatively impacts cognitive and psychomotor
function, there remains considerable uncertainty regarding mechanisms by which PCBs cause
these functional deficits. In vitro studies have shown that PCBs can trigger apoptosis in cultured
neurons and suggest this effect is mediated in part by increased levels of reactive oxygen species
(ROS). However, whether PCBs cause similar effects in vivo in the developing brain has yet to be
reported. In this study, rat pups were exposed to the commercial PCB mixture Aroclor 1254
(A1254) at 0.1 or 1.0 mg/kg/d in the maternal diet throughout gestation and lactation. Apoptosis
and oxidative damage were quantified in three brain regions within several days after birth and at
weaning. Caspase-3 activity was significantly increased in the cortex, hippocampus and
cerebellum of newborn but not weanling rats exposed to A1254 at 1.0 mg/kg/d in the maternal
diet. The most prominent effect was observed in the cerebellum, and PCB-induced apoptosis in
this brain region was confirmed by TUNEL. Western blotting revealed that developmental A1254
exposure also increased levels of 3-nitrotyrosine and 4-hydroxynonenal levels in the cerebellum of
new-born rats, indicating increased oxidative damage of proteins and lipids, respectively. These
findings provide the first in vivo data in support of the hypothesis that PCB-induced oxidative
stress alters spatiotemporal profiles of apoptosis, and suggest that this is an important mechanism
contributing to the developmental neurotoxicity of PCBs.
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Introduction
Polychlorinated biphenyls (PCBs) are a structurally related group of stable, highly lipophilic
chemicals with widespread distribution in the environment [1]. Despite the fact that
production of these compounds ceased over three decades ago, PCBs persist in the
environment and high residue levels are still detected in human tissues [2-4].
Epidemiological data indicate that PCBs negatively impact neuropsychological function in
exposed children [5-7], and experimental animal studies confirm that developmental
exposure to PCBs causes cognitive and psychomotor deficits [8].
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It is widely postulated that these functional deficits reflect subtle perturbations of neuronal
connectivity in the developing brain [9]; however, the cellular and molecular mechanisms by
which PCBs interfere with neuronal connectivity remain an area of active investigation.

One neurodevelopmental event that is a critical determinant of neuronal connectivity is
apoptosis. Apoptosis is essential to normal brain development [10,11], occurring in
proliferative zones and in postmitotic cells in both the fetal and postnatal brain [12].
Disruption of either the timing or the magnitude of apoptosis in a given brain region can
alter cell number and thus connectivity, causing deficits in higher-order function even in the
absence of obvious pathology [11,13,14]. Apoptotic signaling pathways are triggered by
various molecular cues, one of the more common being reactive oxygen species (ROS) [15].
PCBs have been shown to increase ROS in primary neuronal cell cultures [8,16-19] and in
the brain of rats exposed as adults [2-22]. That PCB-induced ROS may be linked to
increased neuronal apoptosis is suggested by reports that PCBs increase apoptosis in
primary neuronal cell cultures [17,23,24], and this pro-apoptotic effect can be blocked by
agents that decrease intracellular levels of ROS [17,23,25].

The data obtained using in vitro models strongly support the hypothesis that the
developmental neurotoxicity of PCBs is mediated at least in part by increased neuronal
apoptosis consequent to elevated levels of ROS. However, whether PCBs increase either
apoptosis or ROS in the developing brain has not yet been reported. The goal of this study,
therefore, was to quantify apoptosis and oxidative damage in various brain regions of rat
pups exposed developmentally to PCBs. To approximate human exposures, rat pups were
exposed throughout gestation and lactation via maternal consumption of Aroclor 1254
(A1254), a commercial PCB mixture that exhibits a congener profile similar to that found in
human tissues including breast milk [26,27]. Our findings indicate that developmental
exposure to A1254 causes a significant increase in apoptosis in the hippocampus, cortex and
cerebellum at early developmental stages and this is coincident with increased expression of
biomarkers of oxidative damage.

Materials and Methods
Animals and PCB exposures

Animals were treated humanely and with regard for alleviation of suffering. All protocols
involving animals were approved by the Institutional Animal Care and Use Committees of
the John Hopkins University (Baltimore, MD) and Oregon Health & Science University
(Portland, OR) prior to the initiation of experimentation. Adult female rats were housed
individually, except during breeding, in standard plastic cages with Alpha-Dri bedding
(Shepherd Specialty Papers, Watertown, TN, USA) in a temperature-controlled (22 ± 2°C)
room on a 12-hour reverse light–dark cycle. Food and water were provided ad libitum.
Dams delivered litters of 10–12 pups on average (n = 5 dams per treatment group). Litters
were culled to five males and five females at PND1 and pups were weaned on PND21.

Dams were dosed with A1254 (lot #124-191; AccuStandard, New Haven, CT, USA)
beginning 2 weeks prior to breeding and continuing throughout gestation and lactation until
weaning. A1254 was diluted in corn oil and pipetted onto one-half of a Keebler® Golden
Vanilla Wafer (Kellogg Company, Battle Creek, MI, USA). Control animals received wafers
dosed with an equal volume (500μl) of vehicle. Doses were adjusted daily to account for
changes in body weight of the dams. Dams were fed the wafers in a separate cage to prevent
the pups from accessing the wafers and were watched carefully to ensure that the entire
wafer was consumed (typically within 5 min).
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Samples used in these studies were obtained from two different cohorts. In cohort 1, adult
Long Evans rats were Current Neurobiology Volume 1 Issue 1 purchased from Charles
River Laboratories (Hollister, CA, USA), dams were exposed to vehicle or A1254 at 1.0 mg/
kg/d, and pups were euthanized on postnatal day 1 (PND1) or PND21 to obtain whole
brains, which were flash frozen and stored at −80°C until homogenized for caspase-3
activity measurements. In cohort 2, adult Wistar rats were purchased from Charles River
Laboratories, dams were exposed to vehicle or A1254 at 0.1 or 1.0 mg/kg/d and pups were
euthanized at PND3. Two pups of each gender from each treatment group were perfused
sequentially with saline and 4% paraformaldehyde (PFA), their brains dissected and stored
in 4% PFA until further analyzed by TUNEL. An additional 10-15 pups from each treatment
group were not perfused prior to harvesting their brains, which were rapidly dissected on ice
to obtain specific brain regions, which were flash frozen and stored at −80°C until used for
analyses of caspase 3 activity or oxidative damage. We have previously published data
collected from these same cohorts demonstrating that these exposures did not negatively
impact developmental outcomes or cause overt signs of intoxication in dams or pups as
determined by lack of treatment-related changes in maternal weight gain during gestation,
maternal body weight during lactation, length of gestation, litter size, and weight gain of
offspring during lactation [28,29].

Caspase-3 assay
Caspase-3 activity was measured using the ApoAlert™ Caspase Fluorescent Assay Kit (BD
Biosciences, Palo Alto, CA, USA), which is a fluorometric assay that detects formation of
the fluorescent product 7-amino-4-trifluoromethyl coumarin (AFC) following hydrolysis of
the non-fluorescent substrate DEVD-AFC by activated caspase-3. Briefly, frozen brain
samples were quickly thawed, homogenized in lysis buffer provided in the kit, and cell
lysates centrifuged at 20,800 × g for 10 min at 4°C to precipitate cellular debris.
Supernatants were reacted with DEVD-AFC as described in the kit instructions and
fluorescence detected using a SPECTRAmax plate reader (Molecular Device, Sunnyvale,
CA, USA) equipped with a 400 nm excitation filter and 505 nm emission filter. To confirm
that fluorescence in samples was in fact due to caspase-3 activity, negative control reactions
were performed by adding a caspase-3 inhibitor (DEVD-CHO) to a subset of samples per
the manufacturer’s directions.

Terminal deoxynucleotidyl transferase biotin-d-UTP nick end-labeling (TUNEL)
Apoptosis was quantified in the cerebellum of PND3 pups using the DeadEnd™
Colorimetric TUNEL System (Promega, Madison, WI, USA) per the manufacturer’s
instructions. Parasagittal cryosections (12μm thickness) were cut from both hemispheres of
fixed PND3 brains starting 1mm from the midline. Sections were coded so that individuals
doing the morphometric analyses were blinded to experimental conditions. Two different
visual fields (400X magnification) from each of 2 sections per animal in 4 animals per
treatment group (n = 16 total fields per experimental group) were randomly chosen and cells
with dark brown nuclei were counted as TUNEL-positive or apoptotic.

Quantification of 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE)
Levels of 3-NT and 4-HNE in the cerebellum were quantified by western blotting. Briefly,
cerebella were homogenized in cold lysis buffer (20 mM HEPES, 150 mM NaCl, 1%
TritonX-100, 10% glycerol, 1× complete protease inhibitor cocktail, pH 7.4) using a glass
homogenizer. Lysates were centrifuged at 15,300 × g for 2 min and protein concentrations in
the supernatants were determined using the BCA protein assay reagent (Thermo Scientific,
Rockford, IL, USA). Samples (30 μg protein per lane) were separated by SDS–PAGE on
12% polyacrylamide gels then transferred to polyvinylidene difluoride membranes. After
incubation in Licor blocking buffer (Licor Biosciences, Lincoln, NE, USA) diluted 1:1 in
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PBS, membranes were reacted overnight at 4°C with anti-bodies specific for α-tubulin
(1:20,000; Sigma, St. Louis, MO), 4-HNE (1:3,000; Chemicon, Temecula, CA, USA) or 3-
NT (1:3,000; Upstate Biotechnology, Lake Placid, NY, USA) diluted in Licor blocking
buffer containing 0.1% Tween-20. After four 5 min washes in PBS with 0.1% Tween-20,
membranes were reacted with infrared dye-conjugated secondary antibodies (1:2000,
Rockland Immunochemicals, Gilbertsville, PA, USA) for 90 min at room temperature.
Membranes were then washed and bands visualized and quantified using the Odyssey
Infrared Imaging System (Licor Biosciences). Densitometric values obtained for bands
recognized by antibodies specific for 3-NT and 4-HNE were normalized against
densitometric values obtained for bands recognized by α-tubulin antibodies in the same
sample.

Statistical Analysis
All data are presented as the mean ± SEM and analyzed using unpaired t-test or one-way
ANOVA. If significant effects were identified in the ANOVA (p < 0.05), post-hoc analyses
were performed using the Newman-Keuls Multiple Comparison Test.

Results
PCBs induce apoptosis in the developing brain

Caspase-3 is an active cell death protease involved in the execution phase of apoptosis,
during which cells undergo morphological changes such as DNA fragmentation, chromatin
condensation and apoptotic body formation [30]. Thus, as a first test of the hypothesis that
PCBs induce apoptosis in the developing brain, we determined whether developmental
exposure to environmentally relevant levels of PCBs increases caspase-3 activity in the
whole brain, and if so, whether vulnerability varies as a function of developmental stage. In
the normal developing rodent brain, apoptosis peaks in most brain regions on PND1 and
then falls rapidly to background levels; however, in the cerebellum, apoptosis peaks again
on PND21 [12]. Thus, we chose to examine caspase-3 activity at PND1 and PND21.
Exposure to A1254 at 1 mg/kg/d in the maternal diet throughout gestation and lactation
significantly increased caspase-3 activity in whole brain homogenates from PND1 rat pups
relative to age-matched vehicle controls (Figure 1). By weaning at PND21, however, there
was no difference in caspase-3 activity between vehicle and A1254-exposed pups (Figure 1).

To further characterize the pro-apoptotic activity of PCBs, we examined the effects of two
different doses of A1254 on caspase-3 activity in three different brain regions. Since
learning, memory and psychomotor deficits occur in multiple species following exposure to
PCBs (Schantz et al. 2003), we examined apoptosis in brain regions implicated as primary
anatomic substrates of these functions, including the hippocampus [32], cortex [33,34] and
cerebellum [35]. Relative to age-matched vehicle controls, developmental exposure to
A1254 at 1.0, but not 0.1 mg/kg/day, increased caspase-3 activity in the cortex, cerebellum
and hippocampus of PND3 rats (Figure 2A-C). The percent increase in caspase-3 activity in
A1254-treated pups relative to brain-region matched vehicle controls was significantly more
in the cerebellum relative to either the cortex or hippocampus (Figure 2D). Therefore, all
further studies focused on this more vulnerable brain region.

To corroborate findings obtained using caspase-3 activity as a biochemical marker of
apoptosis; we assessed the effects of developmental A1254 exposure on apoptosis in the
cerebellum of PND3 rats using TUNEL. TUNEL is a histological method for detecting
DNA fragmentation, which is a characteristic feature of apoptosis that occurs downstream of
caspase-3 activation [30,31]. Relative to age-matched vehicle controls, the number of
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TUNEL-positive cells was significantly increased in cerebellar sections obtained from pups
exposed to A1254 at 1 mg/kg/d in the maternal diet (Figure 3).

Discussion
Our in vivo data confirm that PCBs modulate apoptosis in the developing brain. Consistent
with previous in vitro studies demonstrating that PCBs induce caspase-dependent cell death
and DNA fragmentation in primary cerebellar granule cells [17,25] and hippocampal
neurons [23], we observed that exposure to A1254 at 1.0 but not 0.1 mg/kg/d in the maternal
diet throughout gestation and lactation significantly increased caspase-3 activity and the
number of cells labeled by TUNEL in both the cerebellum and hippocampus. Previous in
vitro studies of primary cortical neuronal cultures have yielded contradictory results: while
one study reported that apoptosis was induced in primary cortical neuron cultures exposed to
Aroclors 1248 and 1260 [24], two other studies suggested that this neuronal cell type is
refractory to the pro-apoptotic effects of A1254 [23,40]. Our in vivo data, however, indicate
that A1254 increased apoptosis in the cortex of developmentally exposed rat pups. The
reason(s) underlying differential susceptibility to the proapoptotic effects of A1254 of
cortical neurons exposed in vitro versus in vivo are not known. Plausible explanations
include: 1) A1254 induces apoptosis in a subset of cells under-represented in primary
cortical neuron cultures; 2) differences in the composition of the cellular milieu, particularly
the ratio of neurons to glial and other non-neuronal cells; and 3) the influence of systemic
factors. The latter two factors would be expected to contribute to differences in metabolic
capacity between in vitro and in vivo models, the importance of which is suggested by a
recent report that the hydroxylated metabolites of PCBs are equally or more potent than the
parent compounds in inducing apoptosis in cultured cerebellar granule cells [17].

Our observation that developmental A1254 exposure increased caspase-3 activity in whole
brain homogenates at PND1 but not at PND21 suggests that developmental age influences
the effect of PCBs on apoptosis in the brain. Possible explanations include age-related
changes in xenobiotic metabolism or in the expression and/or activity of molecular
components that mediate the pro-apoptotic activity of PCBs. While the mechanisms
underlying PCB-induced apoptosis in vivo have yet to be determined, in vitro studies have
demonstrated that this pro-apoptotic activity can be blocked in cultured neurons by agents
that decrease intracellular levels of ROS [17,23,25]. Our observations that A1254 exposures
that increased apoptosis in the developing brain also significantly increased bio-markers of
oxidative damage, specifically levels of 4-HNE and 3-NT, are supportive of a similar
mechanism contributing to PCB-induced apoptosis in vivo. Establishing a causal
relationship between PCB effects on ROS and apoptosis in the developing brain is the focus
of future studies. If PCB-induced ROS are found to be causally related to the pro-apoptotic
effect of PCBs, then developmental changes in antioxidant capacity [41-44] and/or the
vulnerability of neurons to oxidative stress [45] could influence the critical window(s) of
exposure for PCB-induced apoptosis.

The relevance of these studies to human health is suggested by several considerations. First,
while these PCB exposure levels are higher than current background levels, they are about
three-fold lower than those reported in children exposed prenatally to PCB-contaminated
seafood [46]. Second, even seemingly modest increases in apoptosis in the developing brain
are thought to interfere with normal neurodevelopment. For example, exposure of the
developing rat brain to concentrations of NMDA antagonists associated with functional
deficits increases the density of apoptotic neurons from background levels of 1-2 to 15-26%
of the total neuronal density in layer II of parietal, frontal and cingulated cortices and to 12%
in the late-rodorsal thalamus [47]. Similarly, mercury compounds increase the density of
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apoptotic neurons in embryonic brain cell aggregates from 5 to 15%, which correlates with a
significant decrease in the overall size of the aggregate [48].

It is believed that removal of even a small number of postmitotic neurons during
synaptogenesis can significantly alter patterns of connectivity [10,11], resulting in functional
deficits in the absence of obvious pathology. Consistent with this proposal, separate studies
of litter-mates of the pups used in the current study demonstrated that A1254 at 1 mg/kg/d in
the maternal diet throughout gestation and lactation, the exposure paradigm that increased
apoptosis, also interfered with dendritic growth and plasticity coincident with deficits in
spatial learning and memory in the Morris water maze [29].

In summary, the findings reported herein provide the first in vivo data in support of the
hypothesis that PCB-induced oxidative stress alters spatiotemporal profiles of apoptosis, and
suggest that this may be an important mechanism contributing to the developmental
neurotoxicity of PCBs.
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Figure 1. Developmental exposure to PCBs increases caspase-3 activity in the brain of newborn
rats
Exposure to A1254 at 1 mg/kg/d in the maternal diet through-out gestation and lactation
significantly increases caspase activity in the brain of newborn pups (PND1) but not in the
brain of weanling pups (PND21). Data presented as the mean ± SEM (N = 6 per treatment
group); ***p<0.001 (unpaired t-test).
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Figure 2. Developmental PCB exposure dose-dependently increases caspase-3 activity in multiple
brain regions
Exposure to A1254 at 1.0 but not 0.1 mg/kg/d in the maternal diet throughout gestation and
lactation increases caspase-3 activity in the cortex (A), cerebellum (B) and hippocampus (C)
of rats at PND3. Comparison between brain regions of the percent increase in caspase-3
activity in a specific brain region among A1254-treated pups relative to caspase-3 activity in
the same brain region among vehicle control pups indicates that developmental PCB
exposure causes the greatest percentage increase in caspase activity in the cerebellum (D).
Data presented as the mean ± SEM (N = 10-15 per treatment group); *p<0.05; **p<0.01
(One-way ANOVA with Newman-Keuls post hoc).
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Figure 3. Developmental PCB exposure increases cerebellar apoptosis as detected by TUNEL
Representative photomicrographs of TUNEL staining in sections of cerebellum from PND3
rats exposed developmentally to vehicle (A) or A1254 at 1 mg/kg/d in the maternal diet (B).
Quantification of the number of cells labeled by TUNEL, which detects DNA
fragmentation, confirms significantly increased apoptosis in the cerebellum of A1254-
exposed rats relative to vehicle controls (C). Data presented as the mean ± SEM (N = 16
fields per treatment group); ***p<0.001 (unpaired t-test).
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Figure 4. Developmental PCB exposure increases levels of oxidative stress biomarkers in the
cerebellum
Representative western blots (A,B) and corresponding densitometric analyses (C,D) of 4-
hydroxynonenal (4-HNE, A,C) and 3-nitrotyrosine (3-NT, B,D) in homogenates of whole
cerebellum from PND3 rats. Exposure to A1254 at 1.0 but not 0.1 mg/kg/d in the maternal
diet throughout gestation and lactation increases 4-HNE, a biomarker of oxidized lipids and
3-NT, a biomarker of oxidized proteins, with the former effect reaching statistical
significance. Data presented as the mean ± SEM (N = 4 per treatment group); ***p<0.001
(One-way ANOVA with Newman-Keuls post hoc).
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