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Non– dioxin-like (NDL) polychlorinated biphenyls (PCBs) are widespread environmental contaminants linked to neuropsychological dysfunc-
tion in children. NDL PCBs increase spontaneous Ca2� oscillations in neurons by stabilizing ryanodine receptor (RyR) calcium release
channels in the open configuration, which results in CREB-dependent dendritic outgrowth. In this study, we address the question of
whether activation of CREB by NDL PCBs also triggers dendritic spine formation. Nanomolar concentrations of PCB 95, a NDL congener
with potent RyR activity, significantly increased spine density and the frequency of miniature EPSCs in primary dissociated rat hip-
pocampal cultures coincident with upregulation of miR132. Inhibition of RyR, CREB, or miR132 as well as expression of a mutant
p250GAP cDNA construct that is not suppressed by miR132 blocked PCB 95 effects on spines and miniature EPSCs. PCB 95 also induced
spine formation via RyR- and miR132-dependent mechanisms in hippocampal slice cultures. These data demonstrate a novel mechanism
of PCB developmental neurotoxicity whereby RyR sensitization modulates spine formation and synaptogenesis via CREB-mediated
miR132 upregulation, which in turn suppresses the translation of p250GAP, a negative regulator of synaptogenesis. In light of recent
evidence implicating miR132 dysregulation in Rett syndrome and schizophrenia, these findings identify NDL PCBs as potential environ-
mental risk factors for neurodevelopmental disorders.
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Introduction
Dendritic spines are the primary site of excitatory synaptic input,
and their formation is critical for normal neural function (Segal,
2005). Abnormalities in the density or shape of dendritic spines
are associated with many neurodevelopmental disorders, includ-
ing mental retardation, autism spectrum disorders (ASDs), and
schizophrenia (Fukuda et al., 2005; Penzes et al., 2008; Bourgeron,
2009; Garey, 2010; Svitkina et al., 2010). Dendritic spines are exqui-
sitely responsive to external cues, especially during development.
The effects of external cues on spine morphology are mediated
primarily by calcium-dependent signaling pathways (Cline, 2001;
Saneyoshi et al., 2010), and we have recently demonstrated that
calcium-dependent signaling pathways are vulnerable to modula-
tion by polychlorinated biphenyls (PCBs) (Wayman et al., 2012a).

PCBs are a class of synthetic organic compounds grouped
according to their molecular structure as dioxin-like or non–

dioxin-like (NDL) (Safe, 1994). Although commercial produc-
tion of PCBs was banned in most countries, including the United
States in the 1970s, NDL PCBs persist in environmental samples
(Kostyniak et al., 2005; Hwang et al., 2006) and human tissues
(Stewart et al., 1999; DeCaprio et al., 2005). Epidemiological
studies have demonstrated a negative association between devel-
opmental exposure to environmental PCBs and measures of neu-
ropsychological function in infancy or childhood (Seegal, 1996;
Schantz et al., 2003; Carpenter, 2006; Korrick and Sagiv, 2008;
Winneke, 2011). We previously reported that Aroclor 1254
(A1254), a commercial PCB mixture rich in NDL PCBs, inter-
feres with dendritic growth in weanling rats coincident with be-
havioral deficits (Yang et al., 2009). More recently, we demonstrated
that the NDL congener PCB 95 stimulates dendritic outgrowth in
vivo and in vitro (Wayman et al., 2012a, b). Nanomolar concen-
trations of PCB 95 stabilize ryanodine receptors (RyRs) in the
open configuration, increasing Ca 2� release from intracellular
stores (Pessah et al., 2010). In cultured hippocampal neurons,
PCB 95 sensitization of RyRs increases Ca 2� oscillations, and this
triggers sequential activation of CaM kinase, Mek/ERK, CREB,
and Wnt to enhance dendritic growth (Wayman et al., 2012a).
CREB activation also mediates activity-induced dendritic spine
formation in cultured hippocampal neurons via upregulation of
miR132, which suppresses the translation of p250GAP, a negative
regulator of synaptogenesis (Impey et al., 2010). Here, we report
that that RyR sensitization by PCB 95 activates this same CREB-
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dependent signaling pathway to trigger dendritic spine formation
and synaptogenesis.

Materials and Methods
Materials. PCB 95 (2,2�,3,5�,6-pentachlorobiphenyl, �95% purity) was
purchased from AccuStandard. FLA365 was a generous gift from Isaac
Pessah (University of California, Davis, California). Construction and
characterization of the following expression vectors were previously pub-
lished: siRNA specific for RYR1 or RYR2 (Wayman et al., 2012b), mRFP-
tagged �-actin (Impey et al., 2010), anti-miR132 (Wayman et al., 2008),
ACREB (Arthur et al., 2004), shCREB (Wayman et al., 2006), constitu-
tively active (ca) CREB (Cardinaux et al., 2000), tomato florescent pro-
tein (TFP) (Impey et al., 2010), and wild-type (WT) and mutant (MT)
p250GAP (Wayman et al., 2008).

Cell culture. Cells were dissociated from hippocampi of postnatal day
1–2 (P1–P2) Sprague–Dawley rats of both sexes (Charles River Labora-
tories), plated at a density of 3.4 � 10 8 cells per cm 2 on glass coverslips
precoated with poly-L-lysine (Sigma; molecular weight 300,000) and
maintained in Neurobasal A medium (Invitrogen) supplemented with
B27 (Invitrogen) as described previously (Brewer, 1997). Organotypic
hippocampal slices from P5 Sprague–Dawley rats (Charles River Labo-
ratories) were cultured for 3 d, as described previously (Barria and Ma-
linow, 2002).

Transfection. Dissociated hippocampal neurons were transfected
on DIV6 using LipofectAMINE 2000 (Invitrogen) according to the
manufacturer’s protocol. Alternatively, dissociated hippocampal
neurons were transfected by electroporation before plating using the
Amaxa Nucleofector kit (Lonza Bioresearch) according to the manu-
facturer’s instructions. Hippocampal slice cultures were transfected
with pCAG-TFP � various plasmids using a Helios Gene Gun (Bio-
Rad) as previously described (Barria and Malinow, 2002).

Dendritic spine imaging and quantification. Cultures were fixed with
4% paraformaldehyde in 60 mM PIPES, 25 mM HEPES, 5 mM EGTA, 1
mM MgCl2, 87.6 mM sucrose, pH 7.4, for 20 min at room temperature.
Fluorescent images were obtained using Slidebook 4.2 Digital Micros-
copy Software interfaced to an Olympus IX81 inverted confocal micro-
scope (Olympus Optical) with a 60� oil-immersion lens, numerical
aperture 1.4, and resolution 0.280 �m. Dendritic spine density was mea-
sured on primary and secondary dendrites at a distance of at least 150 �m
from the soma. Two to three segments of the dendritic arbor from at least
24 neurons were analyzed for each data point reported. Each experiment
was repeated at least twice (three times or more for most conditions)
using cultures prepared from independent dissections. Dendrite length
was determined using ImageJ 1.41 (National Institutes of Health,
Bethesda, MD) and the neurite tracing program Neuron J. Spines were
manually counted and classified by an individual blinded to experimen-
tal condition. Spines were categorized using slightly modified criteria as
previously described (Harris et al., 1992): (1) mushroom: dendritic pro-
trusion with a distinct actin rich head greater than the diameter of the
shaft (thin spines as defined by criteria described previously) (Harris et
al., 1992) were included in this category; (2) stubby: actin rich protrusion
with a head size similar to the total length of the spine and no discernible
shaft; and (3) filopodia: dendritic protrusion without a discernible actin
rich spine head. Total spines were the combined total of mushroom and
stubby spine types.

RNA isolation, reverse transcription, and qPCR. RNA was isolated us-
ing Trizol (Invitrogen) according to the manufacturer’s protocol.
Contaminating DNA was eliminated using the Turbo DNA-free kit (Ap-
plied Biosystems). RNA concentration was determined using a Nano-
drop Spectrophotometer (ThermoScientific). Total RNA (100 ng) was
reverse transcribed using Superscript III First Strand Synthesis kit with
random hexamers according to manufacturer protocols, including no
RT controls (Invitrogen). qPCR was performed using Bio-Rad IQ5 qPCR
thermocycler with the platinum qPCR supermix (Invitrogen) according
to manufacturer protocols, with SYBR Green (Invitrogen) and Fluores-
cein (Bio-Rad) diluted to 1� final concentration. Primers and cycling
conditions for pre-miR132 were CCGCGTCTCCAGGGCAAC and
CCTCCGGTTCCCACAGTAACAA cycled at 2 min at 50°C, 2 min at
95°C, then 45 cycles of 15 s at 95°C and 45 s at 68°C. The housekeeping

gene hypoxanthine-guanine phosphoribosyltransferase (HPRT) cycling
and primer sequences were as described previously (Santos and Duarte,
2008). Relative starting quantity was calculated using a standard curve
2� dilution series, and pre-miR132 relative starting quantity was nor-
malized to HPRT.

Immunocytochemistry. Cultures were fixed and reacted with antibody
specific for synapsin-1 (Synaptic Systems) as previously described (Im-
pey et al., 2010). The percentage colocalization of RFP-�-actin-positive
dendritic spine heads with presynaptic markers was determined from 50
to 100 spines on 6 different neurons per treatment group.

Western blotting. Lysates from dissociated hippocampal neurons were
separated by electrophoresis, blotted, and probed for p250GAP and the
loading control ERK1/2 (Santa Cruz Biotechnology) as previously de-
scribed (Nakazawa et al., 2003), using anti-Rb IR700 and anti-Ms IR800
as secondary antibodies (Rockland). Blots were imaged using a LICOR
Odyssey scanner (Li-COR).

Whole-cell recordings, miniature EPSC (mEPSC) analysis. Patch-clamp
experiments were performed on cultured hippocampal neurons trans-
fected with mRFP-�-actin and test plasmids as described previously
(Benoist et al., 2011; Lesiak et al., 2013).

Statistical analyses. Data are presented as the mean � SEM. Significant
differences were determined using one-way ANOVA ( p � 0.05) followed
by Tukey’s post hoc test and Student’s t test using Prism software.

Results
PCB 95 stimulates synaptogenesis
Dendritic spines of individual pyramidal neurons in high-density
hippocampal neuron-glia cocultures were visualized by express-
ing an mRFP-�-actin cDNA construct that selectively labels
spines but does not alter intrinsic dendritic spine density or spine
size relative to sister cultures expressing tomato red fluorescence
(Saneyoshi et al., 2008). Exposure of dissociated hippocampal
neurons from DIV7-DIV12 to PCB 95 at 200 nM, a concentration
previously shown to enhance dendritic outgrowth (Wayman et
al., 2012b), significantly increases the density of dendritic spines
to �50% above that observed in vehicle control cultures (Fig.
1A). Dendritic spines can be categorized as either mushroom-
shaped, which are mature fairly stable synaptic connections, or
stubby, which are more immature less stable synaptic connec-
tions. The increase in total dendritic spine density observed in
PCB 95-treated cultures reflects an increase in both mushroom-
shaped and stubby spine types; in contrast, PCB 95 has no effect
on the density of filopodia projections (total spines p 	 0.0001,
mushroom p 	 0.0009, stubby p 	 0.0004, filopodia p 	 0.5060
as determined by Student’s t test). To determine whether the
morphological changes in dendritic spine density represent a
change in synaptic connectivity, hippocampal cultures were im-
munostained for the presynaptic marker synapsin-1. Synapsin-1
immunoreactivity is juxtapositioned within 0.5 �m of mRFP�

dendritic spine heads in �90% of dendritic spines examined in
both control and PCB 95-treated neurons (Mann–Whitney, p 	
0.1320; Fig. 1F,G). Additional studies confirmed colocalization
of mRFP� spine heads with immunoreactivity for the postsyn-
aptic marker PSD 95 (data not shown). Because the frequency of
mEPSCs directly correlates with the density of functional den-
dritic spines (Murase et al., 2002), we also measured mEPSCs.
Electrophysiological recordings indicated that PCB 95 signifi-
cantly increases mEPSC frequency (Fig. 1B,C). In contrast, the
amplitude and decay time of mEPSCs are not altered by exposure
to PCB 95 (one-way ANOVA, F(1,58), Freq F 	 31.534, p � 0.001,
Amp F 	 0.565, p 	 0.455, DT F 	 2.341, p 	 0.131; Tukey’s post
hoc; Fig. 1D,E).
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PCB 95-induced synaptogenesis requires RyR activity
PCB 95 is a potent RyR sensitizer, and this interaction alters intra-
cellular Ca2� levels (Pessah et al., 2010). To determine whether PCB
95-induced synaptogenesis is mediated by effects on RyR activity,
dissociated hippocampal cells were exposed to PCB 95 in the pres-
ence of the RyR channel blocker FLA365 (Chiesi et al., 1988; Mack et
al., 1992). FLA365 has no effect on dendritic spine density in vehicle
control cultures but significantly inhibits PCB 95-induced increases
in total, mushroom, and stubby spine density (ANOVA: F(7,183),
total F 	 16.45, p � 0.0001, mushroom F 	 15.80, p � 0.0001,
stubby F 	 12.05, p � 0.0001, filopodia F 	 1.955, p 	 0.0635, Tukey’s
post hoc; Fig. 2A). RyR1 and RyR2, but not RyR3, are expressed in
this hippocampal cell culture model (Wayman et al., 2012b), and
expression of siRNA specific for either RyR1 or RyR2 (Wayman et
al., 2012b) suppresses PCB 95 effects on dendritic spine density but
does not alter basal dendritic spine density (Fig. 2A). No significant

treatment-related differences in the per-
centage of RFP� spines juxtapositioned to
synapsin-1 immunoreactivity were ob-
served (data not shown). Consistent with
these findings, FLA365 treatment or expres-
sion of siRyR1 or siRyR2 inhibits PCB 95-
induced increases in mEPSC frequency but
has no effect on mEPSCs in control cultures
(ANOVA: FLA series F(3,51); Freq F 	 15.92,
p � 0.0001, Amp F 	 8.722, p � 0.0001, DT
F 	 0.5313, p 	 0.6629; ANOVA: siRYR
series F(5,87); Freq F 	 9.138, p � 0.001,
Amp F 	 2.311, p 	 0.051, DT F 	 1.376,
p 	 0.241; Tukey’s post hoc; Figure 2B–D)
(all constructs were tested on multiple cul-
tures, with each normalized to an average of
their own controls).

PCB 95-induced synaptogenesis
requires CREB-miR132-
p250GAP signaling
We previously demonstrated that activity-
dependent synaptogenesis is mediated by
sequential CREB activation, miR132 up-
regulation, and repression of p250GAP
translation (Fig. 3A) (Impey et al., 2010).
Loss-of-function and gain-of-function
approaches were used to interrogate the
role of CREB in PCB 95-induced synapto-
genesis. Expression of a dominant inter-
fering mutant (MT) of CREB, ACREB
(Arthur et al., 2004), has no effect on spine
density in control cultures but signifi-
cantly inhibits PCB 95-induced increases
in total, mushroom, and stubby spine
density (ANOVA: F(6,161); total F 	 56.09,
p � 0.0001, mushroom F 	 50.10, p �
0.0001, stubby F 	 37.87, p � 0.0001,
filopodia F 	 8.061, p � 0.0001, Tukey’s
post hoc; Fig. 3B). Similarly, knockdown of
CREB expression by shCREB (Wayman et
al., 2006) reduces the density of all spine
types below control levels in the absence or
presence of PCB 95 (Fig. 3B). Conversely,
transfection with constitutively active (ca)
CREB (Cardinaux et al., 2000) phenocopies
the effects of PCB 95 on mature mushroom-

shaped spines but did not increase immature stubby spine density
(Fig. 3B). No significant differences in the percentage of RFP�

spines in close physical apposition to synapsin-1 immunoreactiv-
ity were observed across treatments (data not shown).

To interrogate the role of miR132 in PCB 95-induced synapto-
genesis, we first quantified the expression of pre-miR132 transcript
in lysates from hippocampal cultures treated with PCB 95 (200 nM)
or vehicle for 2 h. PCB 95 causes a threefold increase in the pre-
miR132 transcript (Fig. 4A), which is decreased in cultures electro-
porated with ACREB to inhibit CREB-dependent transcription
(ANOVA: F(3,82) 	 13.94, p � 0.0001, Tukey’s post hoc; Fig. 4A).
Transfection with a 2�O-methyl RNA oligonucleotide that targets
miR132 (anti-miR132) (Impey et al., 2010) blocks PCB 95 effects on
all spine types (ANOVA: F(3,88), total F 	 11.24, p � 0.0001, mush-
room F 	 9.282, p � 0.0001, stubby F 	 8.253, p � 0.0001, filopodia
F 	 0.1983, p 	 0.8973, Tukey’s post hoc; Fig. 4B). Treatment with

Figure 1. PCB 95 stimulates synapse formation. DIV6 dissociated hippocampal neurons transfected with mRFP-tagged �-actin
were treated with vehicle or PCB 95 (200 nM) from DIV7-DIV12. A, Representative photomicrographs of mRFP � cells and quanti-
fication of dendritic spines and filopodia (n 	 23–24 neurons). White arrows point to mushroom-shaped spines; red arrows,
stubby spines; green arrows, filopodia. B, Representative traces of mEPSCs from control and PCB 95-treated cultures. C–E, Quan-
titative analyses (n 	 38 –32 neurons) demonstrating PCB-induced fold change in mEPSC frequency (C), amplitude (D), and decay
time (E) relative to control neurons. F, Representative photomicrographs of RFP � cells immunostained for the presynaptic marker
synapsin-1. G, Percentage of RFP � spines juxtapositioned within 0.5 �m of a synapsin-1-immunoreactive puncta (n 	 6 neu-
rons, 50 –100 spines per neuron). **Significantly different from control at p � 0.001 (Student’s t test, A; one-way ANOVA, C–E).
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PCB 95, anti-miR132, or a combination of
both did not change the juxtaposition of
synapsin-1 immunoreactivity with RFP�

dendritic spines (data not shown). Expres-
sion of anti-miR132 also prevented PCB 95-
induced increases in mEPSC frequency but
did not change mEPSC decay time
(ANOVA: F(3,49), Freq F 	 17.84, p �
0.0001, DT F 	 1.301, p 	 0.285, Tukey’s
post hoc; Fig. 4C,E). There was a slight differ-
ence in amplitude between the control PCB-
treated group and the anti-miR132-treated
group with no PCB exposure (ANOVA:
F(3,49), Amp F 	 3.195, p 	 0.031), but in
the same test all other groups were not
statistically different from each other, in-
cluding control versus PCB treatment and
anti-miR132 alone versus anti-miR132 with
PCB treatment and PCB treatment versus
anti-miR132 with PCB treatment (Fig. 4D).

p250GAP is a GTPase activating pro-
tein that inhibits the downstream signal-
ing of Rho-family GTPases, and it is a
known target of miR132 translational si-
lencing (Nakamura et al., 2002; Okabe et
al., 2003; Zhao et al., 2003; Wayman et al.,
2008). Active p250GAP inhibits dendritic
outgrowth and synaptogenesis, whereas
knockdown using shRNA constructs has
the opposite effect (Wayman et al., 2008;
Impey et al., 2010). Overnight exposure to
PCB 95 decreases p250GAP protein in dis-
sociated hippocampal neurons by �60%
(Student’s t test: p 	 0.0235; Fig. 4F). Ex-
pression of cDNA encoding WT p250GAP
does not prevent PCB 95 effects on spine
density, presumably because PCB 95-
induced miR132 expression knocks down
p250GAP levels (Wayman et al., 2008; Im-
pey et al., 2010) (ANOVA: F(5,137), total
F 	 20.16, p � 0.0001, mushroom F 	
14.74, p � 0.0001, stubby F 	 16.12, p �
0.0001, filopodia F 	 0.2675, p 	 0.9303,
Tukey’s post hoc; Fig. 4G). However, ex-
pression of cDNA encoding MT P250GAP
that lacks a functional miR132 regulator el-
ement within the 3� region, and therefore
cannot be suppressed by miR132 (Way-
man et al., 2008), prevents PCB 95-
induced increases in dendritic spine
density (Fig. 4G). Neither WT p250GAP
nor MT p250GAP expression had any sig-
nificant effect on filopodia density (Fig.
4G) or changed the percentage of mRFP�

spines in close physical apposition to
synapsin-1 immunoreactivity (data not
shown).

PCB 95 increases dendritic spine
density in hippocampal slice cultures
To assess the physiological relevance of re-
sults obtained in dissociated hippocampal
neurons, we quantified the effects of PCB

Figure 2. PCB 95-induced synaptogenesis requires RyR activity. DIV6 dissociated hippocampal neurons were transfected
with mRFP-tagged �-actin � empty vector, siRyR1 or siRyR2. On DIV7, cells were pretreated for 1 h with vehicle or FLA365
(10 �M) before treatment with PCB 95 (200 nM) until DIV12. A, Representative photomicrographs of RFP � cells and
quantification of dendritic spines and filopodia (n 	 23–24 neurons). B–D, Quantitative analyses of mEPSCs (n 	 28 –32
neurons for control and PCB treatments; n 	 11–18 neurons for FLA365 and siRYR treatments) demonstrating PCB 95
effects on mEPSC frequency (B), amplitude (C), and decay time (D) presented as the fold change relative to control neurons.
*Significantly different from control at p � 0.01. **Significantly different from control at p � 0.001. ##Significantly
different from PCB 95 alone at p � 0.001 (one-way ANOVA with post hoc Tukey’s analysis).

Figure 3. PCB 95-induced spine formation is mediated by CREB activation. A, Schematic of CREB-miR132–p250GAP signaling
pathway that regulates activity-dependent dendritic spine formation. The CREB-regulated gene miR132 represses translation of
p250GAP; p250GAP functions as a negative regulator of spine formation. B, DIV6 dissociated hippocampal neurons transfected
with mRFP-tagged �-actin � empty vector, shCREB, ACREB (a competitive antagonist of CREB), or constitutively active CREB
(caCREB) were treated with vehicle or PCB 95 (200 nM) on DIV7–12. Representative photomicrographs of RFP � cells and quanti-
fication of dendritic spines and filopodia (n 	 24 neurons per treatment, except control n 	 36 and caCREB n 	 12). *Significantly
different from control at p�0.001. #Significantly different from PCB 95 alone at p�0.001 (one-way ANOVA with post hoc Tukey’s
analysis).
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95 on spine density in organotypic hippocampal slice cultures.
Exposure to PCB 95 at 200 nM causes a 25% increase in total
dendritic spine density in CA1 pyramidal neurons, which reflects
significant increases in both mushroom and stubby spine density
(Fig. 5). Consistent with observations in dissociated hippocam-
pal cell cultures, PCB 95 did not change filopodia density in CA1
pyramidal neurons in slice cultures (Fig. 5).

Expression of siRYR1 or siRYR2 inhib-
its the effects of PCB 95 on spine density in
hippocampal slice cultures (ANOVA:
F(5,286), total F 	 12.94, p � 0.0001, mush-
room F 	 12.39, p � 0.0001, stubby F 	
6.879, p � 0.0001, filopodia F 	 2.241,
p 	 0.0504, Tukey’s post hoc; Fig. 5A). Ex-
pression of anti-miR132 also significantly
decreases spine density in both PCB-
treated slice cultures and control slices
(ANOVA: F(3,188), total F 	 27.12, p �
0.0001, mushroom F 	 18.38, p � 0.0001,
stubby F 	 20.48, p � 0.0001, filopodia
F 	 6.793, p 	 0.0002, Tukey’s post hoc;
Fig. 5B). PCB 95-induced formation of
dendritic spines was also inhibited by ex-
pression of MT p250GAP (ANOVA:
F(3,211), total F 	 11.43, p � 0.0001, mush-
room F 	 6.487, p 	 0.0003, stubby F 	
14.10, p � 0.0001, filopodia F 	 2.986,
p 	 0.0322, Tukey’s post hoc; Fig. 5C).
Across all conditions, filopodia densities
were only decreased with transfection of
anti-miR132 in conjunction with PCB 95
treatment (Fig. 5A–C).

Discussion
Despite an extensive literature docu-
menting that PCBs interfere with nor-
mal neurodevelopment in humans and
experimental animal models (Seegal,
1996; Schantz et al., 2003; Carpenter,
2006; Korrick and Sagiv, 2008; Win-
neke, 2011), only recently have adverse
outcome pathways of PCB developmental
neurotoxicity been described. We recently
reported that PCB 95 stimulates CaMKI-
CREB-Wnt2 signaling via RyR-dependent
mechanisms to enhance dendritic growth in
hippocampal neurons (Wayman et al.,
2012a, b). Here, we extend these observa-
tions to demonstrate that PCB 95 also in-
creases the density of synapses along
dendrites, as indicated by morphological
(spine formation), immunocytochemical
(juxtaposition of mRFP� spine heads
with presynaptic and postsynaptic mark-
ers), and electrophysiological (mEPSC
frequency) indicators. This is consistent
with recent proteomic studies showing
that NDL PCBs increase expression of
synaptic proteins in rat cerebellar neurons
(Brunelli et al., 2012).

The observation that PCB 95 causes a
50% increase in spine density but a three-
fold increase in mEPSC frequency raises
the question of whether the increase in

mEPSC frequency can be accounted for exclusively by an increase
in synapse number. Although experimental evidence clearly
shows a positive correlation between spine density and mEPSC
density (Murase et al., 2002), there are no experimental data to
indicate this is a 1:1 correlation. RyRs are expressed not only in
postsynaptic dendrites but also in presynaptic axons (Hertle and

Figure 4. miR132 is required for PCB 95-induced synaptogenesis. A, Dissociated hippocampal neurons were electroporated
with empty expression vector or ACREB before plating and then cultured until DIV6 when they were treated for 2 h with vehicle or
PCB 95 (200 nM). Pre-miR132 (normalized to HPRT) was determined using qPCR (n 	 19 –21). B–F, DIV6 dissociated hippocampal
neurons transfected with mRFP-tagged �-actin � empty vector or anti-miR132 were treated with vehicle or PCB 95 (200 nM) on
DIV7-DIV12. B, Representative photomicrographs of RFP � cells and quantification of dendritic spines and filopodia (n 	 21–24
neurons). C–E, Quantitative analyses (n 	 11–16 neurons) demonstrating PCB 95 effects on mEPSC frequency (C), amplitude (D),
and decay time (E) represented as fold change relative to control cultures. F, Representative Western blot illustrating p250GAP
protein levels in DIV6 dissociated hippocampal neurons treated with vehicle or PCB 95 (200 nM) for 24 h. Densitometric values of
bands immunoreactive for p250GAP normalized to ERK2 levels within the same sample presented as percentage of control (n 	 3
independent samples). G, Dissociated hippocampal neurons transfected on DIV6 with mRFP-tagged �-actin � empty vector, WT
p250GAP, or MT p250GAP were treated with vehicle or PCB 95 (200 nM) on DIV7–12. Representative photomicrographs of RFP �

cells and quantification of dendritic spines and filopodia (n 	 23–24 neurons). *p � 0.05, significantly different from control.
**p � 0.001, significantly different from control. ##p � 0.001, significantly different from PCB 95 alone (one-way ANOVA with
post hoc Tukey’s analysis).
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Yeckel, 2007); therefore, it is possible that PCB 95 works not only
to increase spine formation but also to enhance presynaptic re-
lease of neurotransmitter. This is consistent with a report that
RyR-dependent Ca 2� release from presynaptic internal stores is
required for ethanol to increase spontaneous �-aminobutyric
acid release onto cerebellum Purkinje neurons (Kelm et al.,
2007).

Using multiple experimental approaches, including qPCR
analyses of miR132 expression and Western blot analyses of
p250GAP together with gain-of-function and loss-of-function
studies, we established crucial roles for RyR1, RyR2, CREB,
miR132, and p250GAP in mediating PCB 95-induced synapto-
genesis. Our data support a model (Fig. 6) in which NDL PCBs
potentiate RyR activity to activate CREB, which then upregulates
miR132, a translational repressor that suppresses p250GAP ex-
pression (Wayman et al., 2008). Because p250GAP inhibits Rac1
activity (Moon et al., 2003; Nakazawa et al., 2003; Taniguchi et al.,
2003; Zhao et al., 2003; Nasu-Nishimura et al., 2006), the de-
creased translation of p250GAP effectively releases inhibition on
Rac1, resulting in increased synaptogenesis. CREB-miR132-
p250GAP signaling also mediates activity-dependent synapto-
genesis in cultured hippocampal neurons (Impey et al., 2010),
suggesting that NDL PCBs interfere with neurodevelopment by
mimicking and/or enhancing the effects of neuronal activity, a
critical cue in refining patterns of synaptic connectivity in the
developing brain (Katz and Shatz, 1996; Yuste and Bonhoeffer,
2001).

Previous studies have implicated RyR activity in synaptogen-
esis. Local release of Ca 2� from intracellular stores increases the
size of dendritic spines (Korkotian and Segal, 1999), and inhibi-
tory concentrations of ryanodine block BDNF-enhanced spine
formation in primary hippocampal neurons (Adasme et al., 2011).
Because RyRs are functionally coupled to NMDA receptors (Ber-
ridge, 2006; Pessah et al., 2010), our findings suggest that RyRs
are required for not only PCB-induced synaptogenesis, but also
activity-dependent synaptogenesis, expanding the role for RyRs
in neuronal plasticity. Interestingly, RyR1 siRNA and RyR2
siRNA were equally effective in blocking the dendrite promoting
activity of PCB 95. The specificity of these siRNA constructs was
proved in HEK cells (Wayman et al., 2012b), so we assume this
also holds true in cultured hippocampal neurons. Why both RyR
isoforms are required remains to be determined, but possibilities
include that each isoform may regulate a complementary but
distinct profile of downstream effectors necessary for synap-
togenesis, or that activation of spatially segregated RyR1 and
RyR2 channels creates Ca 2� microdomains whose coincident
activation is required for enhancing activity-dependent syn-
apse formation.

Figure 5. PCB 95 induces spine formation in organotypic hippocampal slice cultures.
Organotypic hippocampal slice cultures were transfected on DIV2 with TFP � empty
vector, siRyR1, siRyR2, anti-miR132, or MT p250GAP. On DIV4, slice cultures were treated
with vehicle or PCB 95 (200 nM) for 48 h. A, Representative photomicrographs of TFP � CA1
pyramidal neurons exposed to vehicle (control) or treated with PCB 95. B–D, Quantifica-
tion of dendritic spines and filopodia (n 	 34 – 60). *Significantly different from control
at p � 0.01. #Significantly different from PCB 95 alone at p � 0.01 (one-way ANOVA with
post hoc Tukey’s analysis).

Figure 6. Model of PCB 95-induced synaptogenesis. Under basal conditions, p250GAP sup-
presses Rac1 activation to repress synaptogenesis. PCB 95 exposure sensitizes RyR1 and RyR2 to
increase release of internal Ca 2� stores. Increased cytoplasmic Ca 2� triggers phosphorylation
of CREB, stimulating CREB-dependent transcription. CREB activation increases transcription of
miR132, a transcriptional repressor that suppresses p250GAP translation. The decreased trans-
lation of p250GAP effectively releases inhibition on Rac1 activity to increase synaptogenesis.
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MicroRNAs regulate diverse neurodevelopmental processes,
synaptic plasticity in the mature brain, and cognitive function
(Kaur et al., 2012). Thus, miRNAs are postulated to be function-
ally relevant targets in developmental neurotoxicity (Kaur et al.,
2012; Tal and Tanguay, 2012). However, our data are the first to
link toxicant-induced changes in miRNA to adverse neurodevel-
opmental outcomes. Specifically, we demonstrate that PCB 95
upregulates miR132 expression in cultured hippocampal neu-
rons via CREB-dependent mechanisms, and this is critical for the
effect of PCB 95 on synaptogenesis. miR132 mediates activity-
dependent spine formation in hippocampal neurons both in vitro
(Impey et al., 2010) and in vivo (Hansen et al., 2013) and regulates
cognitive behavior in rodent models (Hansen et al., 2010, 2013).
Interestingly, in vivo studies indicate that, although miR132 is
required for cognitive function, overexpression of miR132 to su-
praphysiological levels of miR132 compromises cognitive func-
tion coincident with significantly increased spine formation
(Hansen et al., 2013). Spine density is often positively correlated
with cognitive capacity; however, histological studies of brains
from patients diagnosed with autism spectrum disorders (Hut-
sler and Zhang, 2010) or fragile X syndrome (Irwin et al., 2001)
have revealed significantly increased spine densities in neurons
relative to neurotypical controls. These data suggest that hyper-
connectivity may be as disruptive to normal cognitive function as
hypoconnectivity. Consistent with this hypothesis, developmen-
tal exposure to PCB 95 or Aroclor 1254, a commercial mixture of
PCBs enriched for NDL PCBs, impairs cognitive behavior in
weanling rats at doses that enhance neuronal connectivity in vivo
(Schantz et al., 1997; Kenet et al., 2007; Yang et al., 2009).

Interestingly, miR132 represses expression of methyl-CpG-
binding protein-2 (MeCP2) (Klein et al., 2007). MeCP2 is a tran-
scriptional repressor, and disruption of its function results in
significant dendritic and synaptic dysregulation (Zhou et al.,
2006). MeCP2 knock-out animals have significantly perturbed
synthesis and release of BDNF, a neurotrophic factor that stimu-
lates dendritic outgrowth and synaptogenesis (Jin et al., 2003;
Wang et al., 2006; Rex et al., 2007). Dysfunction of MeCP2 has
been implicated in significant cognitive impairment, and both
mutations and duplications of the gene have been associated with
Rett syndrome and ASDs (LaSalle and Yasui, 2009; Percy, 2011;
Cukier et al., 2012). miR132 has also been shown to interact with
fragile X mental retardation protein to regulate synapse forma-
tion (Edbauer et al., 2010). More recently, expression of miR132
has been shown to be dysregulated in schizophrenia (Kim et al.,
2010; Miller et al., 2012). Collectively, these observations suggest
the possibility that NDL PCBs contribute to an increased risk of
neurodevelopmental disorders. This possibility is supported by a
recent report that PCB 95, but not other PCBs or PBDEs, are
significantly higher in postmortem brains of children with a syn-
dromic form of autism, compared with neurotypical controls
(Mitchell et al., 2012). The concentrations of PCB 95 we observed
to increase spineogenesis in cultured hippocampal neurons cor-
respond to �6.5 ng/g, which is comparable to the levels of PCB 95
detected in the brains of autistic children (3–15 ng/g) (Mitchell et
al., 2012). However, in light of recently published reports docu-
menting widespread exposure of childbearing-aged women liv-
ing in the United States to PCBs (Thompson and Boekelheide,
2013), even lower levels of exposure to NDL PCBs might ad-
versely influence neuronal connectivity in the developing brain of
genetically susceptible individuals, such as those with heritable
deficiencies in MeCP2, FRMP, or miR132-dependent signaling.
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