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ABSTRACT

3,3’-Dichlorobiphenyl (PCB 11), a byproduct of pigment production, is increasingly detected in environmental samples.
While more highly chlorinated PCB congeners are known developmental neurotoxicants, nothing is known about the
potential developmental neurotoxicity of PCB 11. To address this critical data gap, we measured PCB 11 levels in human
maternal plasma and quantified the effects of PCB 11 and its major metabolites on morphometric parameters of neuronal
connectivity in cultured primary neurons. Mass spectrometry analyses of plasma from 241 pregnant women enrolled in the
MARBLES study (University of California, Davis) detected PCB 11 in all samples at concentrations ranging from 0.005 to
1.717 ng/ml. Morphometric analyses of primary neuron-glia co-cultures dissociated from the neocortices or hippocampi of
neonatal Sprague Dawley rats exposed to vehicle or concentrations ranging from 1 attamolar (aM) to 1 micromolar (mM) of
PCB 11, OH-PCB 11, or PCB 11 sulfate indicated that PCB 11 and both metabolites significantly increased axonal and dendritic
growth in cortical and hippocampal pyramidal neurons. PCB 11 significantly altered neuronal morphogenesis at
concentrations as low as 1 femtomolar (fM), which is �0.22 ng/ml. These data suggest the potential for the developing
human brain to be exposed to PCB 11, and demonstrate that environmentally relevant levels of PCB 11 alter axonal and
dendritic growth in neuronal cell types critically involved in cognitive and higher-order behaviors. These findings identify
PCB 11 as a potential environmental risk factor for adverse neurodevelopmental outcomes in humans.

Key words: axonal growth; cell culture; dendritic growth; developmental neurotoxicity; exposure assessment; polychlori-
nated biphenyls.

Polychlorinated biphenyls (PCBs) are highly lipophilic chemicals
resistant to degradation that were synthesized for use in diverse
industrial processes from the 1930s to 1970s. In 1979, PCB pro-
duction was banned because of human health concerns. While
initial research efforts focused on cancer outcomes, the devel-
oping brain has emerged as a primary endpoint of concern for
PCBs. Multiple epidemiological studies have identified a nega-
tive association between developmental exposure to PCBs and
measures of neuropsychological function in infancy or

childhood, and this association has been confirmed in experi-
mental animal models (reviewed in Carpenter, 2006; Korrick
and Sagiv, 2008; Schantz et al., 2003; Winneke, 2011). More re-
cently, PCBs have been proposed as environmental risk factors
for neurodevelopmental disorders (NDD) (Landrigan et al., 2012;
Stamou et al., 2013). In support of this hypothesis, associations
between PCB exposures and increased risk of autism spectrum
disorders (ASD) (Lyall et al., 2016; Rossignol et al., 2014) and
attention deficit/hyperactivity disorder (ADHD) (reviewed in
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Eubig et al., 2010) have been reported. In addition, abnormalities
in dendritic morphology, which are the most consistent patho-
logic correlate of behavioral deficits in heritable and environ-
mentally triggered NDD (Copf, 2016; Garey, 2010; Penzes et al.,
2011; Supekar et al., 2013), are observed in preclinical models of
developmental PCB exposure, and mechanistic studies have
linked PCB effects on dendritic arborization to activation of sig-
naling pathways that map onto genes of susceptibility for NDD
(reviewed in Stamou et al., 2013; and see Lesiak et al., 2014).

PCBs remain a current and significant risk to the developing
human brain. The latest NHANES study confirmed widespread
exposure to PCBs among women of childbearing age living in
the United States (Thompson and Boekelheide, 2013), and re-
cent studies detected PCBs in the indoor air of elementary
schools in the United States at levels that exceed the EPA’s 2009
public health guidelines (Thomas et al., 2012). Legacy PCBs re-
leased from paint, caulking, and electrical transformers contrib-
ute to current human exposures; however, PCB congeners not
found in commercial mixtures synthesized prior to the 1979 ban
have recently been identified in the human chemosphere. In
particular, PCB 11 has emerged as an ubiquitous contemporary
PCB contaminant. PCB 11 has been documented worldwide in
air (Basu et al., 2009; Choi et al., 2008; Du et al., 2009; Heo et al.,
2014; Hu et al., 2008) and water (Du et al., 2008; King et al., 2002;
Litten et al., 2002), and recent studies from California have de-
tected this congener in commercial cow’s milk (Chen et al.,
2017). PCB 11 is an unintentional byproduct of modern pigment
manufacturing processes (Hu and Hornbuckle, 2010; Shang
et al., 2014), with over 1.5 tons of PCB 11 produced in 2006
(Rodenburg et al., 2010). Of concern, PCB 11 was recently de-
tected in serum from women and adolescent children living in
rural Iowa and the greater Chicago area of the United States
(Koh et al., 2015).

Despite the fact that PCB 11 is a pervasive environmental
contaminant with documented human exposure, there are cur-
rently no published data regarding its potential developmental
neurotoxicity. To address this critical data gap, we measured
levels of PCB 11 in the blood of pregnant women and used these
data to design in vitro studies as an initial assessment of the po-
tential for environmentally relevant levels of this PCB congener
to cause developmental neurotoxicity. Our data indicate that
PCB 11 and two of its known biological metabolites, 4-OH-PCB
11 and 4-OSO3-PCB 11 (Hu et al., 2014), modulate morphometric
parameters of neuronal connectivity in primary neurons at con-
centrations relevant to PCB 11 levels detected in maternal
plasma of pregnant women enrolled in the Markers of Autism
Risk in Babies – Learning Early Signs (MARBLES) study at UC
Davis in California. These findings identify PCB 11 as a potential
environmental risk factor for adverse neurodevelopmental out-
comes in humans that warrants further investigations in ani-
mal models.

MATERIALS AND METHODS

Materials. PCB 11 (3,30-dichloro-biphenyl), 4-OH-PCB 11 (3,30-
dichloro-biphenyl-40-ol) and 4-OSO3-PCB 11 (3,30-dichloro-40-sul-
fooxy-biphenyl) were synthesized as previously described
(Grimm et al., 2013; Lehmler and Robertson, 2001). All com-
pounds were >99% pure as determined by 1H-NMR, 13C-NMR,
and GC-MS (Supplementary Material). All PCB stock solutions
were made in dry sterile dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, MO).

Human study population. All study protocols were approved by
the UC Davis Institutional Review Committee on Human
Research. Participation of human subjects did not occur until
after informed consent was obtained. Human maternal plasma
samples (n¼ 241) were obtained from the MARBLES study at
University of California, Davis. Details describing this cohort
were recently published (Hertz-Picciotto et al., 2017). In brief,
women recruited into the MARBLES study lived within a 2.5 h
drive of Sacramento, CA, were currently pregnant, and had a
biological child diagnosed with ASD, which significantly
increased their risk for having a second child with a NDD. The
age of mothers in this study ranged from 18 to 50 years old with
most mothers (>75%) over 30 years of age, including 7% over 40.
The study cohort includes 22% Hispanic and another 24% non-
White race subjects. All maternal blood samples were collected
into sodium citrate Vacutainer tubes post-venipuncture. Whole
blood samples were processed within 12 h of collection to sepa-
rate plasma, which was stored at �80�C until thawed on ice for
PCB 11 analysis.

Cell culture. Animals were treated humanely and with regard for
the alleviation of suffering in strict accordance to protocols
approved by the University of California, Davis Institutional
Animal Care and Use Committee. Timed-pregnant Sprague
Dawley rats were purchased from Charles River Laboratory
(Hollister, California) and individually housed in clear plastic
cages with corn cob bedding. Food and water were provided ad
libitum. Temperatures were maintained at 22 6 2�C throughout a
12-h light-dark cycle.

Primary cortical and hippocampal neuron-glia co-cultures
from postnatal day 0 rat pups (sexes were combined) were pre-
pared as previously described (Wayman et al., 2006). Dissociated
cells were plated on glass coverslips (BellCo, Vineland, New
Jersey) precoated with 500 mg/ml poly-L-lysine (Sigma-Aldrich),
and maintained at 37�C in NeuralQ Basal Medium (MTI-
GlobalStem, Gaithersburg, Maryland) supplemented with 2%
GS21 (MTI-GlobalStem) and GlutaMAX (ThermoScientific,
Waltham, Massachusetts) under 5% CO2. Neurons were plated
at 83 000 cells/cm2 for analyses of dendritic morphology and cell
viability, and at 33 000 cells/cm2 for quantification of axon
lengths.

Morphometric analyses. For dendritic analyses, cultures were
transfected at day in vitro (DIV) 6 with plasmid encoding
microtubule-associated protein-2B-protein red fusion (MAP2B-
FusRed) construct (provided by Dr. Gary Wayman, Washington
State University, Pullman, Washington) using Lipofectamine-
2000 (Invitrogen, Carlsbad, California) according to the manu-
facturer’s protocol. At DIV 7, cultures were exposed for 48 h to
vehicle (DMSO; 1:1,000 dilution) or concentrations ranging from
1 attamolar (aM) to 1 micromolar (mM) of PCB 11, 4-OH-PCB 11,
or 4-OSO3-PCB 11 diluted directly into culture media from 1000�
stocks. Dendritic morphology was quantified from digital
images of FusRed-positive neurons acquired via an unbiased
automated imaging system (ImageXpress, Molecular Devices,
Sunnyvale, California). ImageJ software (U.S. National Institutes
of Health, Bethesda, Maryland, Version 1.49s) was used for Sholl
analysis (Sholl, 1953) with rings set at 5 pixel increments from
the soma (1 pixel ¼ 0.65 micrometers); dendritic tips and pri-
mary dendrites were quantified manually.

For quantification of axon length, cultures were exposed to
vehicle (DMSO; 1:1,000 dilution) or concentrations ranging from
1 aM to 1 mM of PCB 11, 4-OH-PCB 11 or 4-OSO3-PCB 11 for 48 h
beginning 3 h after plating. Cultures were fixed with 4%
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paraformaldehyde and reacted with Tau-1 antibody (1:1000,
Millipore, Billerica, Massachusetts). Axon lengths were quanti-
fied using ImageJ software with the NeuronJ plugin (Meijering
et al., 2004). Hippocampal and cortical neurons have a single
axon, identified as a Tau-1 immunopositive neurite whose
length was at least 2.5 times the diameter of the cell body, and
exceeded that of all other neurites from the same neuron (Dotti
et al., 1988; Lein et al., 1992). Only neurons with a clearly defined
axon were included in the analysis.

Cell viability. Cell viability was assessed by measuring lactate
dehydrogenase (LDH) release (Mosmann, 1983) using the
CytoTox-ONE Homogenous Membrane Integrity Assay
(Promega, Madison, Wisconsin, USA) per the manufacturer’s
directions. In addition, separate cultures were incubated with
calcein-AM (0.25 lM, Invitrogen) and propidium iodide (1.25 lM,
Sigma-Aldrich) to quantify the number of live and dead cells,
respectively, by the same automated imaging system
(ImageXpress). 0.2% Triton X-100 (Fisher Scientific, Pittsburgh,
Pennsylvania) was used as a positive control for both assays.

Analysis of PCB 11. Detailed descriptions of methods used to
extract and quantify PCB 11 are provided in the Supplementary
Material. In brief, previously described methods were used to
extract PCB 11 from human maternal plasma (Lin et al., 2013),
and from tissue culture plates, cells, and medium (Yang et al.,
2014). PCB 11 levels were quantified as described previously (Lin
et al., 2013) using a Bruker Scion TQ triple quadruple mass spec-
trometer (Bruker, Fremont, California). 13C12-2,20,30,4,5-penta-
chloro-biphenyl (Cambridge Isotope Laboratories, Inc,
Tewksbury, Massachusetts, USA) was used as a surrogate inter-
nal standard throughout the extraction and analytical proce-
dures. Mirex was added after extraction to monitor any shifts in
instrument performance during analysis. PCB 11 concentrations
were calculated based on 7-point calibration curves.

Statistical analyses. Statistical analyses were performed using
GraphPad Prism v6.07 (San Diego, California). Data were ana-
lyzed by nonparametric one-way ANOVA with significance set
at P� .05. Differences between groups were identified by post-
hoc Dunnett’s test.

RESULTS

PCB 11 Is Detected in Human Maternal Plasma of California Women
To determine the potential for the developing human nervous
system to be exposed to PCB 11, we used mass spectrometry to
analyze PCB 11 content in plasma samples collected from
women enrolled in the MARBLES study at UC Davis. MARBLES is
a longitudinal study of pregnant women who have a biological
child diagnosed with ASD, and thus are at increased risk for
having a second child with NDD. PCB 11 was detected in all of
the 241 samples that were analyzed. The mean concentration
was 0.490 ng/mL, with concentrations ranging from a minimum
of 0.005 ng/ml to a maximum of 1.717 ng/ml (Table 1).

PCB 11 Alters Neuronal Morphogenesis in Cortical and Hippocampal
Neurons
Higher chlorinated PCB congeners, specifically PCB 95 and PCB
136, have been shown to enhance dendritic growth in primary
cortical and hippocampal neuron-glia co-cultures derived from
neonatal rat brain (Wayman et al., 2012; Yang et al., 2009, 2014).
Thus, we first investigated whether PCB 11 influences dendritic

growth in these same in vitro models. Under the culture condi-
tions used for these experiments, the dendritic arbor expands
most rapidly between DIV 5 and 10 (Wayman et al., 2006); there-
fore, cultures were transfected with MAP2B-FusRed on DIV 6,
then exposed from DIV 7-9 to vehicle (DMSO at 1:1000 dilution)
or varying concentrations of PCB 11. Compared with the den-
dritic morphology of neurons in vehicle control cultures, corti-
cal (Figure 1) and hippocampal (Figure 2) neurons exposed to
PCB 11 had significantly more complex dendritic arbors, as
determined by Sholl analyses and the number of dendritic tips
per neuron. Interestingly, PCB 11 did not significantly change
the number of primary dendrites per neuron at any concentra-
tion tested except 1 mM, suggesting that exposure to this PCB
congener increased dendritic complexity by increasing branch-
ing. In cortical cell cultures, the dendrite promoting effects of
PCB 11 were observed at concentrations as low as 1 femtomolar
(fM) (Figure 1), while in hippocampal cell cultures, PCB 11-
enhanced dendritic growth was observed at concentrations
�1 pM (Figure 2). PCB 11 had no effect on dendritic growth in
either neuronal cell type at concentrations �100 aM.

PCB 11 is metabolized within minutes upon entering the
body, and the major metabolite formed is 4-OH-PCB 11 (Hu et al.,
2013), referred to hereafter as OH-PCB 11. This hydroxylated
metabolite is susceptible to further metabolism by sulfotrans-
ferases (Grimm et al., 2013) to form 4-OSO3-PCB 11, referred to
hereafter as PCB 11 sulfate. Thus, we also tested whether OH-
PCB 11 and PCB 11 sulfate influence dendritic growth. Exposure
to the hydroxylated metabolite significantly increased dendritic
arborization in cortical and hippocampal cells as determined by
an upward shift of the Sholl plots (Figs. 3B and 3E) and an
increased number of dendritic tips per neuron (Figs. 3D and 3G)
relative to vehicle controls. The number of primary dendrites
per neuron was not significantly altered in either cortical neu-
rons (Figure 3C) or hippocampal neurons (Figure 3F) exposed to
the hydroxylated metabolite, with the exception of cortical neu-
rons exposed to OH-PCB 11 at 100 fM, which exhibited a signifi-
cantly increased number of primary dendrites relative to
vehicle controls. PCB 11 sulfate also significantly increased den-
dritic growth in cortical (Figs. 4B and 4D) and hippocampal (Figs.
4E and 4G) neurons, as determined by an upward shift in Sholl
plots and an increased number of dendritic tips per neuron rela-
tive to vehicle controls. As observed for the parent compound
and hydroxylated metabolite, PCB 11 sulfate had no significant
effect on the number of primary dendrites in either cortical
(Figure 4C) or hippocampal neurons (Figure 4F). Collectively,
these data indicate that OH-PCB 11 and PCB 11 sulfate increased
dendritic complexity by increasing dendritic branching.

Axonal growth is another critical determinant of neuronal
connectivity in the developing brain that is susceptible to per-
turbation by environmental contaminants (Barone et al., 2000;
Chen et al., 2016; Coullery et al., 2016). Therefore, we tested
whether PCB 11, OH-PCB 11 or PCB 11 sulfate influenced axon
outgrowth in our primary neuron-glia co-culture model. In
order to visualize the complete axonal plexus of individual neu-
rons (Yang et al., 2014), dissociated cortical and hippocampal
cells were plated at a lower cell density than was used for the
dendritic outgrowth studies, and exposed to PCBs for 48 h begin-
ning 3 h after plating. Exposure to PCB 11, OH-PCB 11, or PCB 11
sulfate significantly increased axonal growth in both cortical
(Figure 5) and hippocampal (Figure 6) neurons. The PCB 11
parent compound increased axonal lengths by 15%–35% in corti-
cal neurons exposed to PCB 11 at concentrations ranging from
100 fM to 100 nanomolar (nM) (Figure 5B). In hippocampal neu-
rons, the effects of the parent PCB 11 compound were more
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variable across this same concentration range, but significantly
increased axonal growth was observed at concentrations as low
as 1 fM (Figure 6B). OH-PCB 11 significantly increased axonal
growth in cortical neurons by 20%–35% at all concentrations

tested, except 1 nM and 1 mM (Figure 5B), but only significantly
increased axonal growth in hippocampal neurons at 1 pM
(Figure 6B). With the exception of cortical cultures exposed to
PCB 11 sulfate at 100 nM, the sulfated metabolite significantly

Figure 1. PCB 11 enhances dendritic arborization in primary rat cortical neurons. (A) Representative photomicrographs of DIV 9 cortical neurons after 48 h exposure to

vehicle (0.1% DMSO) or varying concentrations of PCB 11. (B) Diagram illustrating Sholl rings used to quantify dendritic arborization. (C) Sholl data. Dendritic arboriza-

tion was also assessed by quantifying the following morphometric parameters per neuron: (D) number of primary dendrites and (E) number of dendritic tips, as deter-

mined by dividing the number of dendritic tips by the number of primary dendrites. Data presented as the mean 6 SE (n>70 neurons from 3 independent cultures).

*P <.05, **P <.01, ***P <.001 relative to vehicle control. 1 Pixel¼0.65 micrometers.

Figure 2. PCB 11 promotes dendritic growth in primary rat hippocampal neurons. (A) Representative photomicrographs of DIV 9 hippocampal neurons after 48 h expo-

sure to vehicle (0.1% DMSO) or varying concentrations of PCB 11. (B) Chemical structure of PCB 11. Dendritic morphology was assessed using (C) Sholl analysis and by

(D) quantifying the number of primary dendrites per neuron and (E) the number of dendritic tips per neuron. Data presented as the mean 6 SE (n> 70 neurons from 3

independent cultures). *P< .05, **P <.01, ***P <.001 relative to vehicle control. 1 Pixel¼0.65 micrometers.

Table 1. PCB 11 Concentrations in Plasma Samples Collected from Pregnant Women in the UC Davis MARBLES Study

Sample Type Minimum 25th Percentile Meana 75th Percentile Maximum

Maternal 0.005 ng/ml 0.181 ng/ml 0.490 ng/ml 0.757 ng/ml 1.717 ng/ml
Plasma 0.02 nM 0.81 nM 2.20 nM 3.39 nM 7.70 nM

Summary data of 241 unique samples collected during the 1st, 2nd, and 3rd trimester of pregnancy and at birth from 126 participants.
aArithmetic mean.
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increased axonal growth by 15%–30% in cortical neurons
(Figure 5B), and by 25%–35% in hippocampal neurons (Figure 6B)
at all concentrations tested.

To determine whether the effects of PCB 11 and its metab-
olites on axonal and dendritic growth were secondary to
cytotoxicity, cell viability was assessed in both cortical and
hippocampal cultures exposed to these PCB congeners at 7
DIV for 48 h using 2 assays that measure different parameters
of cell health: cellular uptake of calcein AM and propidium
iodide (Vaughan et al., 1995) and LDH release (Lobner, 2000).
Exposure to PCB 11 at concentrations ranging from 0.1 to
100 mM had no significant effect on either measure of cell via-
bility in cortical or hippocampal cultures (Figure 7). Similarly,
exposure to OH-PCB 11 or PCB 11 sulfate at concentrations
ranging from 0.1 to 10 mM did not alter cell viability in either
culture type (Figure 7).

Quantification of PCB 11 in Primary Neuron-Glia Co-Cultures
PCB 11 was quantified in the culture medium and cell pellets
after 48 h exposure to determine the actual concentration of the
parent compound in cells. PCBs have been shown to adsorb to
plastic surfaces (Pepe and Byrne, 1980; Yang et al., 2014), so we
also measured levels of PCB 11 adsorbed to the plastic cell cul-
ture plates. The percentage of total PCB 11 recovered from the
plate, media, and cellular fraction decreased as the initial con-
centration of PCB 11 added to the culture medium increased,
with �25% recovered from cultures exposed to PCB 11 at an ini-
tial concentration of 100 nM in the culture medium; 20% in cul-
tures exposed to 1 mM PCB 11; and 15% in cultures exposed to
10 mM PCB 11. Conversely, the amount bound to the tissue cul-
ture plastic increased with increasing concentrations of PCB 11
added to the culture medium (Figure 8). While the concentra-
tion of PCB 11 in the cell pellet increased with increasing

Figure 3. Hydroxylated PCB 11 increases dendritic growth in primary cortical and hippocampal neurons. (A) Chemical structure of 40-OH-PCB 11. Dendritic morphology

was assessed in DIV 9 cortical (B–D) and hippocampal (E–G) neurons after 48 h exposure to vehicle (0.1% DMSO) or varying concentrations of OH-PCB 11 using Sholl

analysis (B, E) and by quantifying the number of primary dendrites per neuron (C, F) and the number of dendritic tips per neuron (D, G). Data presented as the

mean 6 SE (n>70 neurons from 3 independent cultures). *P <.05, **P <.01, ***P <.001 relative to vehicle control. 1 Pixel¼0.65 micrometers.

Figure 4. Sulfated PCB 11 promotes dendritic arborization in primary cortical and hippocampal neurons. (A) Chemical structure of 40-OSO3-PCB 11. Dendritic morphol-

ogy was assessed in DIV 9 cortical (B–D) and hippocampal (E–G) neurons after 48 h exposure to vehicle (0.1% DMSO) or varying concentrations of PCB 11 sulfate using

Sholl analysis (B, E) and by quantifying the number of primary dendrites per neuron (C, F) and the number of dendritic tips per neuron (D, G). Data presented as the

mean 6 SE (n>70 neurons from 3 independent cultures). *P <.05, **P <.01, ***P <.001 relative to vehicle control. 1 Pixel¼0.65 micrometers.
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concentrations added to the cell medium (Figs. 8A and 8C), the
percentage of PCB 11 detected in the cell pellet was relatively
constant across groups, ranging from 1.7 to 2.1. There were no
significant differences in the ratio of PCB 11 in the medium to
that in the cell pellet across initial concentrations in the
medium (Figure 8B).

DISCUSSION

The data from these studies are the first to suggest that PCB
11 poses a potential risk to the developing human brain. A
key observation in support of this conclusion is that PCB 11

was detected in the plasma of pregnant women enrolled in
the MARBLES cohort (Hertz-Picciotto et al., 2017). These data
confirm and extend recent publications documenting the
presence of PCB 11 in serum from mothers and their adoles-
cent children living in rural and urban areas of Midwestern
United States (Koh et al., 2015; Marek et al., 2013). In these ear-
lier reports, PCB 11 was detected in �40% of study subjects; in
contrast, the detection frequency of PCB 11 in plasma from
241 MARBLES subjects was 100%. The reason(s) for the more
than 2-fold difference in detection frequency in MARBLES sub-
jects versus the subjects in the midwestern cohorts are not
known, but may reflect geographic differences between study
cohorts, methodological differences in sample collection and/

Figure 5. PCB 11 and its major metabolites increase axonal growth in primary cortical neurons. (A) Representative photomicrographs of DIV 2 cortical neurons after

48 h exposure to vehicle (0.1% DMSO) or varying concentrations of PCB 11, OH-PCB 11, or PCB 11 sulfate. (B) Quantification of axonal length as a percent of control

(vehicle). Data presented as the mean 6 SE (n¼60–90 neurons from 2 to 3 independent cultures). *P <.05, **P <.01, ***P <.001 relative to vehicle control.

Figure 6. PCB 11 and its major metabolites promote axonal growth in primary hippocampal neurons. (A) Representative photomicrographs of DIV 2 hippocampal neu-

rons after 48 h exposure to vehicle (0.1% DMSO) or varying concentrations of PCB 11, OH-PCB 11, or PCB 11 sulfate. (B) Quantification of axonal length as percent of con-

trol (vehicle). Data presented as the mean 6 SE (n¼60–90 neurons from 2 to 3 independent cultures). *P <.05, **P <.01, ***P <.001 relative to vehicle control.
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or analyses between studies, or differences in study popula-
tions. With respect to the latter, the women enrolled in the
MARBLES study are at significantly increased risk for having a
child with a NDD (Hertz-Picciotto et al., 2017). When consid-
ered in the context of recent epidemiological data indicating
an association between PCB exposures and increased risk of
ASD (Lyall et al., 2016; Rossignol et al., 2014) and ADHD
(reviewed in Eubig et al., 2010), these data suggest the possi-
bility that exposure of the developing brain to PCB 11 may
increase susceptibility to a NDD.

Our findings also identify modulation of neuronal morpho-
genesis as a plausible biological mechanism by which PCB 11
may interfere with normal neurodevelopment. Specifically, we
observed that PCB 11 and its major metabolites, OH-PCB 11 and
PCB 11 sulfate, enhanced dendritic arborization and increased
the rate of axonal growth in primary cortical and hippocampal
neurons dissociated from the developing rat brain. Under the
culture conditions used for these studies, significant morpho-
genic changes were observed at PCB concentrations that had no
effect on cell viability, as assessed using two different

Figure 7. PCB 11 and its major metabolites do not decrease cell viability at concentrations that alter neuronal morphogenesis. Cell viability was assessed in primary

cortical (A, C) and hippocampal (B, D) neurons at DIV 9 after 48 h exposure to vehicle (0.1% DMSO) or PCBs by quantifying cellular uptake of calcein AM and propidium

iodide (A, B) or LDH release (C, D). Triton X-100 (TX-100, 0.2%) was used as a positive control for each assay. Data presented as the mean 6 SE (n¼3 independent cul-

tures). *P <.05, **P <.01, *** P <.001 relative to vehicle control. RFU, relative fluorescence unit.

Figure 8. Quantification of PCB 11 in cell cultures. PCB 11 was quantified in the culture media, cell pellets, and the plastic plates from primary cortical cell cultures at

DIV 9 after 48 h exposure to varying concentrations of PCB 11. (A) Amount of PCB 11 in the cellular fraction after exposure to PCB 11 at varying concentrations in the cell

medium. (B) Ratio of PCB 11 concentration in the medium to cell pellet. (C) PCB 11 content in the cell pellets, cell media and plates of cultures exposed to varying con-

centrations of PCB 11 in the medium. Data are presented as mean 6 SE (n¼6 separate wells from 2 independent dissections).
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measures, indicating that the morphogenic effects were not due
to cytotoxic effects. While the parent compound and both
metabolites had a significant effect on neuronal morphogenesis
in both neuronal cell types at concentrations as low as 1 fM, the
concentration-response relationship for specific morphogenic
effects varied as a function of neuronal cell type, neurite type,
and chemical structure. Cortical neurons were more sensitive
than hippocampal neurons to the dendrite promoting effects of
PCB 11 and the axon promoting effects of OH-PCB 11. However,
hippocampal neurons were more sensitive than cortical neu-
rons to the axon promoting effects of PCB 11. Within cortical
neurons, dendrites were more sensitive than axons to PCB 11,
yet within hippocampal neurons, the relationship was reversed
with axons being more sensitive than dendrites to PCB 11. The
latter relationship did not appear to be an inherent property of
hippocampal axons since the dendrites of hippocampal neu-
rons were more sensitive than their axons to OH-PCB 11. When
all outcomes were considered in aggregate, PCB 11 sulfate
appeared to be more potent than either the parent or hydroxy-
lated metabolite in that it enhanced both dendritic and axonal
growth in both cortical and hippocampal neurons at concentra-
tions as low as 1 fM; in contrast, higher concentrations of PCB 11
or OH-PCB 11 were required to have an effect on a subset of
these outcomes. These findings suggest that metabolism of PCB
11 is not solely a detoxification process.

Previous studies of higher chlorinated PCBs, such as PCB 95
and PCB 136, demonstrated that these PCB congeners similarly
promote dendritic growth in these same in vitro model systems
(Wayman et al., 2012; Yang et al., 2009, 2014). However, the
dendrite-promoting activity of PCB 11 is more potent than that
of PCB 95 and PCB 136, with the higher chlorinated PCBs eliciting
increased dendritic arborization in primary cultures at low pM,
but not low fM concentrations. The orders of magnitude differ-
ence in potency between PCB 11 and these higher chlorinated
PCB congeners is not likely due to differences in cellular uptake
since the media to cell ratio of PCB 11 in cultures exposed to this
congener at 100 nM was �8; whereas, the media to cell ratio of
PCB 136 in cultures exposed to PCB 136 at the same concentra-
tion was �14 (Yang et al., 2014). A caveat of this interpretation is
that cellular uptake may not be linear at the much lower (fM)
concentrations of PCB 11 observed to alter neurite outgrowth
(DeVito et al., 1998; Kania-Korwel et al., 2008, 2012), but unfortu-
nately we were not able to test this because the levels in the cul-
tures exposed to fM concentrations were below the limit of
detection. The morphogenic effects of PCB 11 also differed from
those of PCB 95 and PCB 136 in that the latter had no effect on
axonal growth. Collectively, these observations suggest that
mechanism(s) underlying the morphogenic effects of PCB 11 dif-
fer from those that mediate the dendritic promoting activity of
PCB 95 and PCB 136. Consistent with this hypothesis, the effects
of PCB 95 and PCB 136 on dendritic arborization have been cau-
sally linked to binding of these congeners to the ryanodine
receptor (Wayman et al., 2012; Yang et al., 2014); however, PCB 11
has recently been shown to not bind the ryanodine receptor
(Holland et al., 2017). Testing the hypothesis that PCB 11 influen-
ces dendritic and axonal outgrowth via mechanism(s) inde-
pendent of the ryanodine receptor is the focus of future studies.

A key question raised by our findings is whether the concentra-
tions at which PCB 11 altered axonal and dendritic growth in vitro
are relevant to levels that are present in the human gestational
environment. In humans, it has been shown that PCBs, which are
extremely lipophilic, are present in the developing fetus through-
out in utero development (Lanting et al., 1998), and it is estimated
that �30% of the PCB burden in maternal blood crosses the

placenta into the fetus (Soechitram et al., 2004). Studies of PCB dis-
position in mice determined that pups exposed during gestation
and lactation to PCB 95 in the maternal diet have detectable levels
of PCB 95 in their serum and brain, and that PCB 95 levels in the
brain are either equal to, or slightly greater than, levels in the blood
(Kania-Korwel et al., 2012, 2015). While PCB 11 is a lower chlorinated
congener than PCB 95, it is still a highly lipophilic molecule, and
thus, its disposition in the body is likely similar to that of the
higher chlorinated PCB congeners. As determined in this study, the
lowest PCB 11 level detected in the plasma from pregnant women
in the MARBLES study was �20 pM. Assuming a 30% transfer rate
to the fetus, the resulting concentration in fetal blood would be
�6 pM. If the concentration of PCB 11 in blood approximates the
level of PCB 11 in the brain, then concentrations of PCB 11 in the
developing brain would be well within the range that promoted
significant dendritic and axonal growth in primary cortical and
hippocampal neurons in vitro.

It should also be noted that the levels of PCB 11 detected in
mothers in the Chicago area were strongly and significantly
associated with levels of PCB 11 present in their adolescent chil-
dren (Koh et al., 2015), suggesting that PCB 11 is also present in
the brain during critical periods of postnatal neurodevelopment.
While we did not measure levels of OH-PCB 11 or PCB 11 sulfate
in the plasma of pregnant women enrolled in the MARBLES
study, both the hydroxylated and sulfated forms of PCB 11 have
been detected in human serum (Grimm et al., 2016; Marek et al.,
2014; ZHu et al., 2013). Disposition studies in rodent models
have shown that hydroxylated PCBs can cross the placenta and
the blood brain barrier (Meerts et al., 2002), and that PCB 11 sul-
fate also crosses the blood brain barrier (Grimm et al., 2015).
Collectively, these data suggest that not only the parent com-
pound but also its major metabolites are likely present in the
developing brain, potentially at levels shown to modulate neu-
ronal morphogenesis in vitro.

The potential relevance to human health of in vitro data
demonstrating that PCB 11 and its metabolites alter neuronal
morphogenesis is suggested by experimental evidence that
altered spatiotemporal patterns in axonal and dendritic growth
can cause persistent changes in brain patterning and synaptic
connectivity in rodent models (Berger-Sweeney and Hohmann,
1997; Cremer et al., 1997; Maier et al., 1999). Moreover, structural
aberrations in axonal and dendritic number, length and branch-
ing are thought to contribute to clinical manifestations of
diverse NDD in humans (Copf, 2016; Engle, 2010; Garey, 2010;
Penzes et al., 2011; Robichaux and Cowan, 2014; Supekar et al.,
2013). Thus, inherent imbalances in synaptic connectivity in
children at risk for NDD likely provide the biological substrate
for enhanced susceptibility to environmental triggers that con-
verge on pathways that modulate axonal and dendritic growth
during development (Stamou et al., 2013).

In conclusion, this study is the first to report the presence of
PCB 11 in pregnant women, and to demonstrate that PCB 11 and
2 of its major metabolites promote dendritic and axonal growth
in vitro in neuronal cell types critically involved in cognitive and
higher-order behaviors. Since altered dendritic and axonal mor-
phogenesis are associated with human NDD, our findings iden-
tify PCB 11 as a potential environmental risk factor for adverse
neurodevelopmental outcomes in humans that warrants fur-
ther investigation in preclinical models.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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