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Abstract (limit is 250 words, currently at 250 words)

Polybrominated diphenyl ethers (PBDEs) are widespread environmental contaminants
associated with adverse neurodevelopmental outcomes in children and preclinical models;
however, the mechanisms by which PBDEs cause developmental neurotoxicity remain
speculative. The structural similarity between PBDEs and non-dioxin-like (NDL) polychlorinated
biphenyls (PCBs) suggests shared toxicological properties. Consistent with this, both NDL
PCBs and PBDEs have been shown to stabilize ryanodine receptors (RyRs) in the open
configuration. NDL PCB effects on RyR activity are causally linked to increased dendritic
arborization, but whether PBDEs similarly enhance dendritic growth is not known. In this study,
we quantified the effects of individual BDE congeners on not only dendritic but also axonal
growth since both are regulated by RyR-dependent mechanisms, and both are critical
determinants of neuronal connectivity. Primary neuronal-glial co-cultures dissociated from the
neonatal rat hippocampus were exposed to BDE-47 or BDE-49 in the culture medium at
concentrations ranging from 20 pM to 2 pM. At these concentrations, neither PBDE congener
altered dendritic arborization. In contrast, at concentrations = 200 pM, both congeners delayed
neuronal polarization resulting in significant inhibition of axonal outgrowth during the first few
days in vitro. The axon inhibitory effects of these PBDE congeners occurred independent of
cytotoxicity, and were blocked by pharmacological antagonism of RyR or siRNA knockdown of
RyR2. These results demonstrate that the molecular and cellular mechanisms by which PBDEs
interfere with neurodevelopment overlap with but are distinct from those of NDL PCBs, and
suggest that altered patterns of neuronal connectivity may contribute to the developmental

neurotoxicity of PBDEs.

Keywords: axon, calcium signaling, developmental neurotoxicity, neuronal morphogenesis,

PBDE, ryanodine receptor
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Introduction (750 word limit, currently at 655 words)

Polybrominated diphenyl ethers (PBDEs), synthetic brominated compounds that were used
extensively as flame retardants in consumer products, have become persistent and ubiquitous
environmental contaminants. PBDE levels in human tissues have increased significantly over
the past three decades (EFSA, 2011; USEPA, 2010), and body burdens are significantly higher
in infants and toddlers relative to adults (Lunder et al., 2010; She et al.,, 2007; Toms et al.,
2009). Epidemiological studies report an association between early-life PBDE exposure and
neurobehavioral deficits, including decreased attention, poorer performance on intelligence
indices, psychomotor deficits and increased activity/impulsivity (Chao et al., 2011; Eskenazi et
al., 2013; Gascon et al., 2012; Herbstman et al., 2010; Hoffman et al., 2012; Roze et al.,
2009; Shy et al., 2011). Preclinical studies confirm that developmental PBDE exposures can
cause persistent neurobehavioral deficits (Costa et al., 2014; Hendriks and Westerink, 2015).

PBDEs have been reported to interfere with thyroid hormone function, alter Ca**
homeostasis, cause oxidative stress and modulate cholinergic, glutamatergic and GABAergic
neurotransmission (Costa et al.,, 2014; Dingemans et al., 2011; Hendriks and Westerink,
2015). However, it is not clear whether or how these molecular effects relate to PBDE-induced
neurobehavioral deficits. One hypothesis is that PBDEs cause developmental neurotoxicity by
interfering with normal patterns of neuronal connectivity (Kodavanti and Curras-Collazo, 2010;
Stamou et al., 2013). This hypothesis is derived from the following observations: (1) thyroid
hormone, Ca®', reactive oxygen species (ROS) and neurotransmitter-dependent signaling
mechanisms are well known to influence the development of neuronal connectivity via dynamic
control of axonal and dendritic morphogenesis (Chandrasekaran et al., 2015; Goldberg, 2003;
Kapfhammer, 2004; Lohmann and Wong, 2005; Valnegri et al., 2015); and (2) dysregulated
axonal or dendritic growth is linked to impaired behavior in preclinical models (Berger-Sweeney

and Hohmann, 1997), and to multiple neurodevelopmental disorders in humans, including
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autism spectrum disorders, attention deficit hyperactivity disorder and schizophrenia (Copf,
2016; Robichaux and Cowan, 2014).

In further support of this hypothesis, we previously demonstrated that PBDE congeners with
more than one ortho bromine substitution interact with the ryanodine receptor (RyR) to promote
Ca” release from intracellular stores (Kim et al., 2011). RyRs are Ca®* channels that regulate
Ca?* release from the endoplasmic reticulum (Pessah et al., 2010), and RyR function is required
for activity-dependent dendritic growth (Adasme et al., 2011; Ohashi et al., 2014; Wayman et
al., 2012b) and for axonal growth and guidance (Arie et al., 2009; Gomez et al., 1995;
Jacques-Fricke et al., 2006; Ooashi et al., 2005). Nanomolar concentrations of non-dioxin-like
(NDL) polychlorinated biphenyls (PCBs), which are structurally similar to PBDEs and proposed
to share toxicological modes of action (Kodavanti and Curras-Collazo, 2010), also interact with
RyR1 and RyR2 to sensitize their activation by submicromolar levels of Ca** and attenuate their
inhibition by micromolar levels of Ca** and Mg?* (Wong et al., 1997a; Wong and Pessah, 1996).
NDL PCB interactions with RyR stabilize the receptor in its open configuration (Samso et al.,
2009), which increases intracellular levels of Ca®* (Wayman et al., 2012a). NDL PCB
sensitization of RyRs is causally linked to enhanced dendritic arborization in hippocampal and
cortical neurons (Wayman et al., 2012b; Yang et al., 2014; Yang et al., 2009) via activation of
Ca?*-dependent signaling pathways (Wayman et al., 2012a). While PBDEs were recently
reported to alter axonal growth in larval zebrafish (Chen et al., 2012), whether PBDEs influence
axonal or dendritic morphogenesis in mammalian central neurons via RyR-dependent
mechanisms has not been previously evaluated.

Here, we address this question by exposing primary cultures of rat hippocampal neurons to
either BDE-47, a PBDE congener with weak RyR activity (Kim et al., 2011) that is highly
abundant in human tissues (USEPA, 2010), or BDE-49, a PBDE congener with potent RyR
activity (Kim et al., 2011) that has been detected in gestational tissues from women in southeast

Michigan at levels comparable to BDE-47 (Miller et al., 2009). Our findings indicate that while
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neither congener alters dendritic arborization, both decrease axonal growth with comparable

potency via RyR-dependent mechanisms.

Materials and Methods

Materials

Neat certified BDE-47 (2,2',4,4'-tetrabromodiphenyl ether, > 99% pure) and BDE-49 (2,2',4,5'-
tetrabromodiphenyl ether, > 99% pure) were purchased from AccuStandard Inc. (New Haven,
CT), and verified for purity and composition by GC/MS by the UC Davis Superfund Research
Program Analytical Core. Stock solutions of each BDE were made in dry dimethyl sulfoxide
(DMSO, Sigma-Aldrich, St. Louis, MO). Paraformaldehyde was purchased from Sigma-Aldrich.
FLA365 (4-(2-aminopropyl)-3,5-dichloro-N,N-dimethylaniline) was synthesized as previously
described (Florvall et al., 1977) and confirmed to be > 99% pure by NMR (see Supplemental
File 1). Xestospongin C was purchased from Cayman Chemical (Ann Arbor, Ml); verapamil,
from Sigma-Aldrich. MAP2B-eGFP and pCAG-tomato fluorescent protein (TFP) constructs were
generous gifts from Dr. Gary Wayman (Washington State University, Pullman, WA) and their

synthesis and characterization have been previously published (Wayman et al., 2006).

Animals

All procedures involving animals were conducted according to protocols approved by the
Institutional Animal Care and Use Committee of the University of California, Davis. Timed-
pregnant Sprague Dawley rats were purchased from Charles River Laboratory (Hollister, CA)
and individually housed in clear plastic cages with corn cob bedding. Food and water were
provided ad libitum. Temperatures were maintained at 22 + 2 ‘C throughout a 12 h light-dark

cycle.
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Cell Culture

Primary hippocampal cell cultures were prepared from postnatal day (P) O or P1 male and
female rat pups (hippocampi from male and female pups were pooled) as previously described
(Wayman et al., 2006). Briefly, dissociated hippocampal cells were plated on glass coverslips
(Bellco Glass, Vineland, NJ) precoated with poly-L-lysine (0.5 mg/mL, Sigma-Aldrich) and
maintained at 37°C in NeuralQ Basal Medium supplemented with 2% GS21 (MTI-GlobalStem,
Gaithersburg, MD) and GlutaMAX (ThermoScientific, Waltham, MA). For studies of neuronal cell
polarization, axonal morphogenesis and intracellular Ca** levels, cells were plated at 33,000
cells/cm?; for studies of dendritic growth, at 83,000 cells/cm?. Phase contrast images of cultures
grown at either cell density are provided in Supplemental Figure 2. For all PBDE exposure
experiments, cultures were exposed to varying concentrations of BDE-47 or BDE-49 diluted in
culture medium from 1000X stocks; control cultures were exposed to vehicle (DMSO; 1:1000
dilution). For studies of neuronal cell polarization, axonal growth and intracellular Ca®* levels,
cultures were exposed for 48 h beginning 3 h after plating; for dendritic growth studies, cultures

were exposed for 48 h beginning on day in vitro (DIV) 7.

siRNA Knockdown

Construct sequences and specificity of RyR1 siRNA, RyR2 siRNA and control (scrambled)
siRNA were previously published (Wayman et al., 2012b). In this study, siRNA were
fluorescently labeled using LabellT® (Mirus, Madison WI) per the manufacturer’s instructions in
order to identify transfected cells. To transfect hippocampal neurons, freshly dissociated
hippocampal cells were electroporated with siRNA prior to plating using the Amaxa Nucleofector
(Amaxa Biosystems, Lonza) according to the manufacturer’s protocol. Transfection efficiency

was approximately 40%.
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Morphometric analyses

To visualize the dendritic arbor, hippocampal cultures were transfected on DIV 6 with a
pCAGGS expression vector encoding a microtubule-associated protein-2B (MAP2B)-enhanced
green fluorescent protein (eGFP) fusion construct (Wayman et al., 2006), using Lipofectamine-
2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Transfection
efficiency ranged between Dendritic lengths were quantified from digital images of GFP+
neurons using ImagedJ software with the NeurondJ plugin (Meijering et al., 2004) by an individual
blinded to experimental condition. Total dendritic length was measured in at least 30 neurons
from 3 coverslips per treatment group, and the experiment was repeated at least three times
with cultures prepared from independent dissections.

To quantify axonal morphology, cultures were fixed with 4% paraformaldehyde then reacted
with antibody specific for Tau-1 (1:1000, Millipore, Billerica, MA) to visualize axons. Axonal
lengths were quantified in Tau-1 immunopositive neurons by an individual blinded to
experimental condition using ImagedJ software with the Neurond plugin. As previously defined
(Dotti et al., 1988; Lein et al., 1992), a neurite was considered an axon if its length was at least
2.5 times the diameter of the cell body, and it exceeded in length all other neurites extended by
the same neuron. Total axonal length was measured in at least 30 neurons from 3 coverslips
per treatment group, and the experiment was repeated in cultures prepared from three
independent dissections.

To assess neuronal cell polarity, cultures were reacted with GAP-43 antibody (1:1000,
Millipore, Billerica, MA). Polarity was scored in GAP-43 immunopositive neurons by an
individual blinded to treatment using previously described stages (Goslin et al., 1990). The

experiment was repeated in cultures prepared from three independent dissections.
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Cytotoxicity Analyses

Cytotoxicity was assessed by quantifying lactate dehydrogenase (LDH) released into the
culture medium (Mosmann, 1983) using the CytoTox-ONE™ Homogenous Membrane Integrity
Assay (Promega, Madison, WI, USA) per the manufacturer’s directions. Cell viability was also
assessed in independent cultures by reacting cultures with calcein-AM (0.25 uM; Invitrogen) and
propidium iodide (1.25 uyM; Sigma-Aldrich) to identify live and dead cells, respectively. The
percentage of live (calcein-AM labeled) versus dead (propidium iodide-labeled) cells in each
culture was determined using an automated high content imaging system (ImageExpress,
Molecular Devices, Sunnyvale, CA). Cytotoxicity was assayed in 12 wells per treatment and

experiments were repeated using cultures obtained from three independent dissections.

Western blot analysis of tau-1

At DIV 5, low density cultures were treated with BDE-47 or BDE-49 for 48 h, then lysed with
ice-cold RIPA buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS in 50
mM Tris, pH 8.0 with Halt protease inhibitor). Protein concentrations of the lysates were
determined using the BCA Protein Assay (Pierce, Rockford IL). An equal amount of protein (10
Mg) of each sample was separated by 12% SDS-PAGE, and transferred to PDVF membrane.
Membranes were blocked for 1 h in Odyssey Blocking Buffer (LI-COR, Lincoln NE) then
incubated overnight with antibodies specific for tau-1 (1:1000, Millipore, Billerica, MA) and
GAPDH (1:1000, Cell Signaling Technology Danvers, MA) prepared in blocking buffer. After
PBS wash, membranes were incubated with secondary antibodies conjugated to infrared dye
IR700 or IR800 for 1 h and then washed with PBS. Membranes were scanned and
densitometric values obtained using the Odyssey Infrared Imaging System (LI-COR, Lincoln
NE). The densitometric value for each tau-1 immunopositive band was normalized to the

densitometric value for the GAPDH immunopositive band within the same sample.
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Calcium Imaging

Spontaneous Ca?* transients were measured in dissociated hippocampal cells cultured on
CoStar® 96-well plates (Corning Inc, Corning, NY). At DIV 2, cells were loaded with the Ca?*-
sensitive dye Fluo-4 AM (4 pM; Invitrogen) in Locke’s buffer (8.6 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 5.6 mM KCI, 154 mM NaCl, 5.6 mM glucose, 1.0 mM MgCl,, 2.3
mM CaCl,, and 0.0001 mM glycine, pH 7.4) at 37°C for 30 min. Cultures were washed with
Locke’s Buffer and transferred to the ImageXpress Micro XLS high content imaging system. The
temperature was maintained at 37°C throughout the recording period. Fluorescence was
recorded every 15 s over the 26 min experiment. After 5 min of baseline recording, vehicle,
BDE-47 or BDE-49 was added to the cultures and data captured for an additional 20 min. At the
conclusion of the 20 min recording, viable neurons were identified by adding 30 mM KCI to the
medium to depolarize neurons; any neurons that did not respond with a transient Ca®* spike
were not included in the subsequent analyses. The transient amplitude of Ca®" fluorescence
was measured by normalizing peak change in Fluo-4 AM fluorescence (AF) to the baseline
fluorescence (FO) and presented as the mean AF/FO per neuron. Area under the curve (AUC)
measurements were calculated via the trapezoid method using Graphpad Prism version 4.0
(San Diego, CA). Baseline levels were held constant at zero and peaks less than 10% of total
amplitude were excluded. Levels of calcium flux within each cell were collected throughout the
experimental time from all treatments. Within each field of view, > 30 cells were identified for
analysis; 1 field was imaged per well in 2 wells per experimental group. Statistical comparisons
were made on mean values per group with cultures obtained from four independent dissections

(e.g., N=4 per group).

Immunocytochemical localization of RyR
To confirm RyR expression in the axonal growth cone, cultures were fixed with 4%

paraformaldehyde on DIV 2, permeabilized with 0.1% Triton X-100 for 5 min, incubated in
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blocking buffer containing 5% fetal bovine serum, 0.05 M NH,CI, 2% glycerol, and 2% goat
serum for 1 h and then reacted overnight with RyR1-selective antibody 34C (1:100,
Developmental Studies Hybridoma Bank, lowa City, IA) or RyR2-selective antibody C3-33
(1:100, Abcam, Cambridge, MA). After PBS wash, Alexa Fluor dyes (1:1000, Molecular Probes,

Invitrogen) and Oregon-Green phalloidin (1:1000, ThermoScientific) were applied for 1 h.

Statistical analysis

All data are presented as mean £ SE. Graphs and statistical analyses were performed with
GraphPad Prism 4.0. Data were analyzed using one-way ANOVA with Tukey’s or Dunnett’s
post-hoc or with Kruskal-Wallis with Dunn’s post-hoc as appropriate. Datasets were log

transformed for statistical analysis if they did not pass the Shapiro-Wilk test of normality.

Results
BDE-47 and BDE-49 selectively interfere with axonal growth in primary hippocampal
neurons

We have previously shown that RyR-active NDL-PCBs enhance dendritic arborization in
cultured hippocampal neurons (Wayman et al., 2012b; Yang et al., 2014). Therefore, we initially
predicted that BDE-47 and BDE-49, which exhibit relatively low versus relatively high RyR
activity, respectively (Kim et al., 2011), would exhibit weak versus robust dendrite promoting
activity. To visualize dendritic arbors of individual neurons in high-density neuron-glia co-
cultures dissociated from P0-P1 rat hippocampi, cultures were transfected with a MAP2B-EGFP
construct under the control of the neuron-specific CAG promoter (Wayman et al., 2006).
Expression of MAP2B-eGFP is restricted to the somatodendritic compartment in cultured
hippocampal neurons and does not alter their intrinsic dendritic growth patterns (Wayman et al.,
2006). Under the culture conditions used for these experiments, the dendritic arbor expands

most rapidly between DIV 5-10 (Wayman et al., 2006); therefore, cultures were transfected with
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MAP2B-eGFP on DIV 6, then exposed from DIV 7-9 to varying concentrations of BDE-47 or
BDE-49. Control cultures were exposed to vehicle (DMSO at 1:1000 dilution) or, as a positive
control, to PCB 95 (200 nM). PCB 95 is a NDL-PCB with potent activity at the RyR that we
previously demonstrated significantly enhances dendritic arborization in cultured hippocampal
neurons (Wayman et al., 2012b). Consistent with previous studies (Wayman et al., 2012b),
neurons exposed to PCB 95 had a more complex dendritic arbor (Figure 1A), evidenced as a
significant increase in total dendritic length per neuron relative to vehicle control neurons (Figure
1B). In contrast, the dendritic arborization of neurons exposed to either BDE-47 or BDE-49 at
concentrations ranging from 200 pM to 2 yM was not significantly different from that of neurons
exposed to vehicle (Figure 1A, B).

RyRs are expressed not only in dendrites (Seymour-Laurent and Barish, 1995; Wayman et
al., 2012b), but also in axons (Hertle and Yeckel, 2007), and RyR activity has been implicated in
the regulation of axonal growth and guidance (Ooashi et al., 2005; Welshhans and Rehder,
2007). Therefore, we examined whether PBDEs alter axonal growth in primary hippocampal
neurons. For studies of axonal growth, primary hippocampal cell cultures were plated at a lower
cell density and exposed to BDE-47 or BDE-49 for 48 h beginning 3 h after plating in order to
visualize the complete axonal plexus of individual neurons (Yang et al., 2014). At the end of the
exposure period, cultures were fixed and immunostained for tau-1, which is an axon-selective
cytoskeleton-associated protein (Hayashi et al., 2002). Exposure to either BDE-47 or BDE-49
did not change the number of axons extended by cultured hippocampal neurons but did
significantly decrease the length of axons (Figure 2A). Morphometric analyses indicated that at
concentrations ranging from 200 pM to 2 uM, both PBDE congeners significantly decreased
axonal length by 15-25% relative to vehicle control values (Figure 2B). Exposure to BDE-47 or
BDE-49 at 20 pM did not significantly alter axonal length relative to vehicle controls.

To determine whether PBDE effects on axonal growth are a secondary effect of cytotoxicity,

cell viability was assessed in PBDE-exposed cultures using two assays that measure different
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parameters of cell health: LDH release (Lobner, 2000) and cellular uptake of calcein AM and
propidium iodide (Vaughan et al., 1995). Under the same culture conditions and PBDE
exposure paradigms used for axonal growth studies, neither BDE-47 nor BDE-49 significantly
altered LDH release (Figure 3A) or calcein AM and propidium iodide uptake (Figure 3B) relative
to vehicle controls.

To determine whether the differential effects of BDE-47 and BDE-49 on axonal vs. dendritic
growth reflect differential susceptibility of immature (DIV 2) vs. more mature (DIV 7-9) cell
cultures, respectively, we tested the effects of these PBDE congeners on axonal growth
following the same exposure paradigm used for the dendritic growth assay. Because it is
technically challenging to quantify axonal lengths of individual neurons in mature cultures using
morphometric analyses, we used western blotting to quantify expression levels of the axon-
selective cytoskeletal protein tau-1 in hippocampal cultures exposed to BDE-47 or BDE-49 from
DIV 7-9. Levels of tau-1 protein in BDE-exposed cultures were not significantly different from
those in vehicle control cultures (Figure 4).

The observation that PBDEs did not significantly alter tau-1 expression in mature neurons
but did decrease axonal length in immature neurons (Figure 2) suggests that these compounds
interfere with very early events of axonal morphogenesis in hippocampal neurons. Previous
studies have shown that hippocampal neurons in culture undergo a well-defined sequence of
morphological changes to transition from an unpolarized cell with multiple “minor” neurites that
are neither axonal or dendritic into the characteristic polarized neuron with a single axonal
process and multiple dendrites (Dotti et al., 1988). Polarization of these neurons typically occurs
over the first 24-48 h in culture, and is marked by the differentiation of one of multiple “minor”
neurites into a definable axon (Wiggin et al., 2005). To assess whether PBDE effects on axon
length were mediated by changes in the rate of neuronal cell polarization, hippocampal cell
cultures were immunostained for GAP-43, a biomarker of axonal growth cones (Goslin and

Banker, 1990; Goslin et al., 1990). To score the different stages of neuronal cell polarization,
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we used previously described criteria based on neuronal cell morphology and the subcellular
distribution of GAP-43 immunoreactivity (Goslin and Banker, 1990; Goslin et al., 1990; Harrill
et al., 2013). Briefly, polarization was scored as Stage 1 if GAP-34 immunoreactivity was
localized to the cell body with no discernable immunostaining of neurites; Stage 2, if GAP-43
immunoreactivity was obvious in all neurites and no one neurite was significantly longer than the
others; or Stage 3, if GAP-43 immunoreactivity was most robust in the growth cone of a single
neurite that was significantly longer than the remaining neurites (Figure 5A). Stage 3 marks the
initial polarization of the neuron when the GAP-43 immunopositive neurite becomes the axon
(Dotti et al., 1988; Goslin and Banker, 1990). Under the culture conditions used for our studies
of PBDE effects on axonal growth, the majority of neurons (> 75%) reached Stage 3, or become
polarized, within 48 h after plating (Figure 5B). Therefore, in experiments examining the effects
of PBDE exposure on neuronal cell polarization, we examined cultures at DIV 2. In cultures
exposed to either BDE-47 or BDE-49 at 200 nM for 48 h beginning 3 h after plating, there were
significantly fewer neurons that had reached stage 3 (or become polarized) by DIV 2 relative to

vehicle control cultures (Figure 5C).

PBDE effects on axonal growth are mediated by RyR-dependent mechanisms

Cytosolic Ca®** plays an important role in axonal growth and guidance (Zheng and Poo,
2007). Since it has previously been shown that PBDEs disrupt Ca®* homeostasis (Dingemans et
al., 2010b; Dingemans et al., 2011; Kim et al., 2011), we hypothesized that PBDE effects on
axonal growth are mediated by changes in intracellular Ca** levels ([Ca®']). To test this
hypothesis, hippocampal neurons at DIV 2 were acutely exposed to vehicle or concentrations of
BDE-47 or BDE-49 that inhibit axonal growth. At 2 nM or 2 uM, neither PBDE congener elicited

]

changes in [Ca”"]; that were detectable using high content imaging of cells loaded with Fluo-4

AM (Supplemental file 3). To confirm that our approach was sensitive enough to detect

2+]i

previously reported changes in [Ca“’]; following acute exposures to higher PBDE concentrations
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(Dingemans et al., 2010a; Dingemans et al., 2011), we quantified the effects of acute
exposures to BDE-47 or BDE-49 at 20 uM on [Ca®], (Figure 5A). Both PBDE exposures

significantly increased [Ca®'];

in the neuronal soma relative to vehicle controls as quantified by
the maximum amplitude of transient [Ca®"] spikes, and the area under the curve (Figure 5B).
Ca* transients localized to axonal growth cones were significantly increased by acute exposure
to BDE-47 but not BDE-49 (Figure 5C).

As an alternate approach for determining whether the inhibitory effects of PBDE on axonal
growth are mediated by Ca®*-dependent mechanisms, we used pharmacological antagonists to
investigate the role of various Ca?" ion channels in PBDE neurotoxicity. Hippocampal cultures
were pre-incubated 30 min prior to PBDE treatment with the L-type voltage Ca®* channel
blocker verapamil (30 uM), the IP; receptor blocker xestospongin C (1 uM) or the RyR blocker
FLA365 (10 uM). These concentrations of verapamil (Keith et al., 1994; Kodavanti et al., 1994),
xestospongin C (Gafni et al., 1997; Inglefield et al., 2001) and FLA365 (Chiesi et al., 1988;
Mack et al., 1992) have previously been shown to block neuronal Ca?* signaling. In the absence
of PBDEs, none of these pharmacological blockers altered basal levels of axonal growth relative
to vehicle controls (Figure 7A). Pretreatment of PBDE-exposed cultures with either verapamil or
xestospongin did not prevent the inhibitory effects of BDE-47 and BDE-49 on axonal growth; in
contrast, pretreatment with FLA365 blocked the inhibitory effects of both PBDE congeners on
axonal growth (Figure 7B).

FLA365 selectively blocks RyR Ca?* channels, but has been reported to also interfere with
L-type Ca** channels in aterial smooth muscle cells (Ostrovskaya et al., 2007). Therefore, to
confirm that FLA365 antagonizes the axon inhibiting activity of PBDEs via RyR Ca** channel
blockade, we determined whether siRNA knockdown of RyR phenocopies FLA365 treatment.
While all three RyR isoforms are expressed in the brain, we had previously shown that RyR1
and RyR2 are predominantly expressed in primary neuron-glia co-cultures derived from PO-1 rat

hippocampi (Wayman et al., 2012b). To determine whether these two RyR isoforms are



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

expressed in axonal growth cones, DIV 2 hippocampal cultures were immunostained using
antibodies selective for RyR1 or RyR2 and co-labeled with phalloidin to identify axonal growth
cones. Puncta immunoreactive for both RyR1 and RyR2 were obvious throughout the cytoplasm
of the axonal growth cone and even out along the tips of the phalloidin-labeled filopodia (Figure
8A). Expression of RyR1, RyR2 or scrambled (control) siRNA did not alter axon length in vehicle
control cultures. In cultures exposed to PBDEs, expression of the control siRNA did not block
the axon inhibitory effect of BDE-47 or BDE-49. In contrast, expression of RyR2 siRNA blocked
inhibitory effects of both BDE-47 and BDE-49 on axon length (Figure 8B). Expression of RyR1
siRNA appeared to partially block the inhibitory effect of these PBDEs on axon growth as
evidenced by the fact that axon lengths of PBDE-exposed neurons expressing RyR1 siRNA
were not significantly different from either vehicle control neurons expressing RyR1 siRNA or

PBDE-exposed neurons expressing control siRNA.

Discussion (Word Limit: 1500; currently at 1489 words)

Our findings support the hypothesis that PBDEs cause developmental neurotoxicity by
interfering with cellular and molecular mechanisms that regulate neuronal connectivity in the
developing brain. Specifically, our data demonstrate that BDE 47 and BDE 49 inhibit the early
stages of axonal growth in primary cultures of perinatal rat hippocampal neurons. These data
extend previous reports demonstrating that commercial PBDE mixture, DE-71, decreases
neurite length in primary mouse cortical cultures (Bradner et al., 2013), and that BDE-47 inhibits
neurite outgrowth in human embryonic stem cell-derived neurons (Behl et al, 2015), and
decreases the length of axons of motor neurons in larval zebrafish (Chen et al., 2012). In our
model, exposure to BDE-47 or BDE-49 significantly inhibits axonal growth at concentrations that
have no effect on cell viability, indicating that decreased axonal growth is not due to
compromised cell viability. Exposure of hippocampal cultures to the same concentration range

of BDE-47 or BDE-49 does not alter dendritic arborization. This suggests that PBDEs do not
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inhibit general mechanisms of neurite outgrowth, but rather they selectively target axon-specific
mechanisms of growth. This observation extends previous reports demonstrating that the
organophosphorus pesticide chlorpyrifos (Howard et al., 2005) and the NDL PCB 136 (Yang et
al., 2014) differentially modulate axonal vs. dendritic growth.

In contrast to axon inhibition observed when primary hippocampal neurons were exposed to
BDE-47 or BDE-49 during the first 48 h in culture, exposure from DIV 7-9 did not inhibit axonal
growth, as quantified by western blot analyses of tau 1. This raises several considerations: (1)
western blotting does not have the sensitivity to detect subtle but significant differences in
axonal growth; (2) mature neurons are more resistant to the growth inhibitory effects of PBDEs;
or (3) PBDEs interfere with early stages of axonal morphogenesis. Our data provide direct
support for the third possibility: we observed that BDE 47 and BDE 49 delay the polarization of
hippocampal neurons. This was evident as a significant decrease at 48 h after plating in the
percentage of neurons exhibiting redistribution of GAP-43 into a single neurite that was
noticeably longer than the remaining “minor” neurites, marking its differentiation as the neuron’s
axon (Dotti et al., 1988; Goslin et al., 1990; Yamamoto et al., 2012). This is in line with
previous studies demonstrating that MARCKS, an actin-binding protein enriched in axons that
co-distributes with GAP-43, is markedly decreased in rats exposed perinatally to BDE-71
(Kodavanti et al., 2015; Ouimet et al., 1990). Collectively, these observations support a model
in which PBDEs inhibit axonal growth, at least in part, by delaying neuronal polarization.

Neuronal polarization is controlled by [Ca**];, and Ca®" ionophores completely suppress axon
formation in primary hippocampal neurons (Mattson et al., 1990). Axonal growth requires an

. in the axonal growth cone, and [Ca®] levels on either side of this optimum inhibit

optimal [Ca
axonal growth (Kater and Mills, 1991). PBDEs have been shown to alter [Ca®"]; in neurons via
mechanisms involving voltage-gated calcium channels, IP;Rs and RyRs (Costa et al., 2016;

Dingemans et al., 2010a; Dingemans et al., 2010b; Gassmann et al., 2014; Kim et al., 2011).

Pharmacological block of RyRs, but not L-type calcium channels or IP;Rs, and siRNA
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knockdown of RyR2 prevents BDE-47 and BDE-49 inhibition of axonal growth, suggesting that
these PBDEs inhibit axonal growth by sensitizing RyRs. Interestingly, RyR2 siRNA completely
blocks, while RyR1 siRNA only partially blocks, the axon inhibitory effects of BDE 47 and BDE
49. While immunohistochemical localization data indicate that both RyR isoforms are expressed
in axonal growth cones, the siRNA knockdown data suggest that RyR regulation of neuronal
polarity and/or axonal growth is isoform specific.

When considered in the context of previous reports that acute exposure to BDE-47 or BDE-
49 increases [Ca®']; in primary neurons (Dingemans et al., 2010a; Gassmann et al., 2014; Kim
et al., 2011), our data suggest a model in which RyR sensitization by BDE-47 or BDE-49 alters
local Ca®* dynamics during early stages of axon development to move [Ca®']; away from the
optimal levels needed for axonal specification and/or growth. However, we were not able to

confirm this by documenting changes in [Ca®"]

in either the soma or axonal growth cones of
primary hippocampal neurons exposed to BDE-47 or BDE-49 at concentrations that inhibit
axonal growth. We did observe significantly increased neuronal [Ca® in our model system
following acute exposure to PBDE concentrations comparable to those used in the studies cited
above, which were > 10-fold higher than those that inhibit axonal growth. It is possible that the
calcium fluorophore and/or imaging system we used are not sufficiently sensitive to detect
spatially or temporally restricted changes in [Ca®]; (Coburn et al., 2008; Dingemans et al.,
2010a; Hong et al.,, 2000; Mattson and Bruce-Keller, 1999). An alternative possibility is that
Ca?" is not the primary mediator of the RyR-dependent effects of PBDEs on axonal growth.
Molecular effects of PBDEs other than Ca?* dysregulation have been reported in experimental
models of developmental neurotoxicity, including thyroid hormone dysfunction, oxidative stress
and altered cholinergic, glutamatergic and GABAergic neurotransmission (Costa et al., 2014;
Hendriks and Westerink, 2015). Each of these molecular actions has been implicated in axonal

growth regulation (Goldberg, 2003), and RyR activity has been shown to either regulate or to be

regulated by each of these molecular actions (Pessah et al., 2010). Investigating potential roles
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for these known molecular actions in RyR-dependent inhibition of axonal growth by PBDEs is
the focus of ongoing studies.

This study yielded several unexpected findings. First, the concentration-effect relationships of
BDE-47 and BDE-49 on axonal growth are comparable despite significant differences in their
potency at the RyR (Kim et al., 2011). One possibility is that astrocytes in the coculture
metabolize BDE-47 to hydroxylated forms previously shown to be potent RyR sensitizers (Kim
et al., 2011). Whether RyR-active BDE-47 metabolites are formed in these cocultures at levels
sufficient to influence axonal outgrowth has yet to be determined. An alternative possibility is
that the RyR is not the primary molecular target but rather a downstream effector. As discussed
above, Ca*-independent effects of PBDEs, including thyroid hormone dysfunction, oxidative
stress and altered neurotransmission (Costa et al., 2014; Hendriks and Westerink, 2015), have
been reported to modulate RyR activity (Pessah et al., 2010). This may also explain the second
surprising observation, which is that PBDEs and NDL-PCBs do not phenocopy each other’'s
effects on neuronal morphogenesis. As we previously demonstrated in primary hippocampal
neurons, NDL PCBs enhance dendritic growth via RyR-dependent mechanisms but have no
effect on axonal growth (Wayman et al., 2012b; Yang et al., 2014). In contrast, using the same
model system, we show here that BDE-47 and BDE-49 inhibit axonal growth via RyR-
dependent mechanisms but have no effect on dendritic arborization. If the RyR is an
intermediary signaling molecule rather than the primary molecular target for PBDEs, it would not
be surprising that they do not phenocopy NDL PCB effects on neuronal morphogenesis.
Alternatively, RyR activity is regulated by numerous accessory proteins (Pessah et al., 2010),
and NDL PCB interactions with the RyR require the presence of the FKBP12 accessory protein
(Samso et al.,, 2009; Wong et al., 1997b). While our earlier study suggests that PBDE
interactions with the RyR similarly require FKBP12 (Kim et al., 2011), possibly additional
accessory proteins are involved, and the profile of accessory proteins required for RyR

interactions differs between NDL PCBs and PBDEs. Since the complement of RyR accessory



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

proteins varies depending on the RyR isoform, and the subcellular compartment (Berridge,
2006; Pessah et al., 2010), this explanation would be consistent with our observation that both
RyR1 and RyR2 activity are required for the dendrite promoting activity of NDL PCBs (Wayman
et al., 2012b), while only RyR2 is required for the axon inhibiting effects of PBDEs. A related

possibility derives from observations that the kinetics of changes in [Ca?"];

influence the profile
of activated downstream effectors (Berridge, 2006; Mattson, 1992). If the kinetics of PBDE
effects on RyR gating are different than those of NDL PCBs, they could activate unique
downstream effectors, resulting in differential effects on axons vs. dendrites. Future mechanistic
studies are warranted to distinguish the relative contributions of these possibilities to the distinct
toxicological profiles of PBDEs vs. NDL PCBs.

The human relevance of these in vitro mechanistic studies is suggested by the observation
that the effects BDE-47 and BDE-49 were observed at concentrations as low as 0.2 nM, which
are well within the range of PBDE plasma concentrations detected in highly exposed human
populations (Eskenazi et al., 2013; Eskenazi et al., 2011; Hertz-Picciotto et al., 2011). Whether
PBDE effects on axon growth contribute to neurobehavioral deficits associated with
developmental exposure remains to be determined. However, evidence that spatiotemporal
patterns in axonal growth can cause persistent changes in brain patterning and connectivity
(Berger-Sweeney and Hohmann, 1997; Cremer et al., 1997; Maier et al., 1999), and are linked

to neurodevelopmental disorders (Copf, 2016; Robichaux and Cowan, 2014), gives credence to

the possibility that inhibition of axonal growth is important in PBDE developmental neurotoxicity.

Supplementary Data Description

Supplemental files provide information regarding the synthesis and purity of FLA 365 (File S1),
representative phase contrast photomicrographs of cultures used for these studies (File S2),
and Ca?" imaging data from cultures exposed acutely to BDE levels shown to inhibit axonal

growth (File S3).
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Figure Legends

Figure 1. BDE-47 and BDE-49 do not alter dendritic growth in cultured hippocampal neurons.
Cells dissociated from postnatal day 1 (P1) rat hippocampi were transfected with MAP2B-eGFP
at day in vitro (DIV) 6. On DIV 7, cultures were exposed to vehicle (DMSO diluted 1:1000) or
varying concentrations of BDE-47 or BDE-49 for 48 h. (A) Representative photomicrographs of
DIV 9 neurons expressing MAP2B-eGFP following exposure to vehicle, BDE-47 (200 nM) or
BDE-49 (200 nM). PCB 95 (200 nM) was added to a subset of cultures as a positive control. (B)
Quantification of dendritic length in GFP+ neurons. Data from one experiment presented as the
mean + SE (n=30-40 neurons per condition from 3 cultures in one independent dissection).
Experiments were repeated in 3 independent dissections with comparable results from each

experiment. *p<0.05 relative to vehicle control. Scale bar = 25 ym.

Figure 2. BDE-47 and BDE-49 reduce axon length in cultured hippocampal neurons. Cells
dissociated from P1 rat hippocampi were exposed to vehicle or varying concentrations of BDE-
47 or BDE-49 beginning 3 h after plating. After a 48 h exposure, neurons (DIV 2) were fixed and

immunostained for Tau-1. (A) Representative photomicrographs of DIV 2 hippocampal neurons
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exposed to vehicle, BDE-47 (200 nM) or BDE-49 (200 nM). (B) Quantification of axon length in
Tau-1 immunopositive cells. Data presented as the mean + SE (n=70-90 neurons from 3
independent dissections in all groups except for the 20 pM group in which n=40 neurons from 3

independent dissections). **p<0.01, ***p<0.001 relative to vehicle control. Scale bar = 10 ym.

Figure 3. BDE-47 and BDE-49 are not cytotoxic at concentrations that decrease axon length.
LDH release into the media (A) and live-dead staining using calcein AM and propidium iodide
(B) were used to assess cell viability in dissociated hippocampal cultures on DIV 2 following a
48 h exposure to vehicle or varying concentrations of BDE 47 or BDE 49. 0.1% Triton X-100
was used as a positive control. Data presented as mean + SE (n=3 independent dissections).

*p<0.05, ***p<0.0001 relative to vehicle control.

Figure 4. BDE-47 and BDE-49 do not decrease tau-1 expression in mature cultures. At DIV 5,
hippocampal neurons were treated with BDE-47 (A) or BDE-49 (B) for 48 h. Sodium
orthovanadate (30 pM) was used as a positive control (Harrill et al., 2011). At the end of the
exposure, cells were lysed for western blotting and probed with antibodies specific for tau-1
(axonal cytoskeletal protein) and GAPDH (loading control) as shown in representative western
blots (top panels). Bar graphs (bottom panel) represent densitometric data. Densitometric
values of tau-1 immunopositive bands were normalized to densitometric values for GAPDH
immunopositive bands within the same sample. Data presented as mean + SE (n=4

independent dissections). ***p<0.001 relative to vehicle control.

Figure 5. BDE-47 and BDE-49 delay the development of polarity in hippocampal neurons.
Polarity was quantified in dissociated hippocampal cell cultures based on the subcellular
distribution of GAP-43 immunoreactivity and morphometric criteria. (A) Representative

photomicrographs of hippocampal neurons at different stages of polarization. (B) Ontogeny of
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polarity in hippocampal cultures grown under the culture conditions used in this study. (C)
Percent of polarized (Stage 3) neurons at DIV 2 following a 48 h exposure to vehicle, BDE-47
(200 nM) or BDE-49 (200 nM). Data presented as mean + SE (n=9 coverslips collected from 3
independent dissections, 70-150 neurons each coverslip). *p<0.05 relative to vehicle control.
Scale bar = 10 um.

Figure 6. Acute exposure to BDE-47 and BDE-49 increases [Ca®'];

in cultured hippocampal
neurons. DIV 2 hippocampal cultures were loaded with Fluo-4AM (4 uM) and imaged for 26 min
to quantify spontaneous calcium transients. (A) Combined traces of neuronal responses to
vehicle (n=69), 20 uM BDE-47 (n=57) or 20 uM BDE-49 (n=49). Arrow indicates when PBDE or
vehicle were added to the culture, typically after 5 min of baseline recording. Bar graphs at the
right summarize the maximal amplitude of the Ca** signal normalized to baseline (F/Fo) and the
area under the curve (AUC) of signal above the baseline amplitude in the neuronal cell soma

(B) and growth cones (C). Data presented as mean + SE (n=4 independent dissections).

*p<0.05, ***p<0.0001 relative to vehicle control.

Figure 7. Pharmacological block of RyR Ca®* channels prevents the inhibitory effects of BDE-47
or BDE-49 on axon length. Dissociated hippocampal cell cultures were pre-treated with the L-
type Ca?* channel blocker verapamil (30 uM), the IP; receptor blocker xestospongin C (1 uM) or
the RyR blocker FLA365 (10 uM) 30 min prior to addition of vehicle, BDE-47 (200 nM) or BDE-
49 (200 nM). After 48 h, cultures were fixed and immunostained for Tau-1. Axon length was
quantified in cultures treated with pharmacological inhibitors in the absence (A) or presence (B)
of BDEs. Data presented as the mean = SE (n=30-60 neurons each condition from 3 cultures
derived from a single dissection). This experiment was repeated in culture derived from 3
independent dissections with comparable results. *p<0.05 relative to vehicle control, #p<0.05

relative to BDE-matched cultures not treated with a pharmacological inhibitor.



797

798 Figure 8. BDE-47 and BDE-49 reduce axon length via RyR2-dependent mechanism(s). (A)
799  Representative photomicrographs of axonal growth cones in DIV 2 hippocampal cultures co-
800 labeled with fluorescently tagged phalloidin (green) and antibody selective for RyR1 (red, left) or
801 RyR2 (red, right). (B) Quantitative analyses of axonal length in Cy5 positive neurons.
802 Dissociated hippocampal cells were electroporated with Cy5-labeled scrambled (control), RYR1
803  or RYR2 siRNA prior to plating. Data presented as the mean £ SE (n=90 neurons collected from
804 3 independent dissections). *p<0.05 relative to vehicle control, #p<0.05 relative to cultures

805 transfected with control siRNA and exposed to the same BDE. Scale bar =5 ym.
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