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Abstract
Exposure to polychlorinated biphenyls impairs cognition and behavior in ‘children. Two
environmental PCBs 2,2′3,3′4,4′5-heptachlorobiphenyl (PCB170) and 2,2′3,5′6-
pentachlorobiphenyl (PCB95) were examined in vitro for influences on synaptic transmission in rat
hippocampal slices. Field excitatory postsynaptic potentials (fEPSPs) were recorded in the CA1
region using a multi-electrode array. Perfusion with PCB170 (10 nM) had no effect on fEPSP slope
relative to baseline period, whereas (100 nM) initially enhanced then depressed fEPSP slope.
Perfusion of PCB95 (10 or 100 nM) persistently enhanced fEPSP slope >200%, an effect that could
be inhibited by dantrolene, a drug that attenuates ryanodine receptor signaling. Perfusion with
picrotoxin (PTX) to block GABA neurotransmission resulted in a modest increase in fEPSP slope,
whereas PTX+PCB170 (1–100 nM) persistently enhanced fEPSP slope in a dose dependent manner.
fEPSP slope reached >250% of baseline period in the presence of PTX+100 nM PCB170, conditions
that evoked marked epileptiform after-potential discharges. PCB95 and PCB170 were found to
differentially influence the Ca2+-dependence of [3H]ryanodine-binding to hippocampal ryanodine
receptors. Non-coplanar PCB congeners can differentially alter neurotransmission in a manner
suggesting they can elicit imbalances between inhibitory and excitatory circuits within the
hippocampus. Differential sensitization of ryanodine receptors by Ca2+ appears to mediate, at least
in part, hippocampal excitotoxicity by non-coplanar PCBs.
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Introduction
Following extensive industrial use and chemical stability in the environment, PCBs have
tended to bio-accumulate in biota. Despite their ban over 30 years ago, PCBs have been
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identified in nearly one third of the sites listed in National Priorities List (NPL), a list associated
with Superfund Sites (US Environmental Protection Agency, 2007). Results from
epidemiological studies performed on populations in the United States and several European
countries have indicated that PCBs continue to threaten human health. Such studies have shown
that levels of exposure to PCBs are positively correlated with a decreased IQ scores, impaired
learning and memory, decreased neuromuscular function, and lower reading comprehension
(Chen et al., 1992; Jacobson and Jacobson, 1996; Koopman-Esseboom et al., 1996; Despres
et al., 2005; Carpenter, 2006; Roegge and Schantz, 2006). A recent report also identified an
association between perinatal exposure to PCBs and impaired immune responses to childhood
vaccinations (Heilmann et al., 2006).

Although environmental levels of PCBs have steadily declined since they were banned in most
industrialized countries, ortho-rich PCBs (congeners with 2 to 4 ortho chlorine atoms) remain
prevalent in environmental reservoirs and in human samples (Frame et al., 1996; Hansen,
1998; Frame, 1999; Humphrey et al., 2000). The relative abundance of ortho-rich PCBs in air
has been documented due to their greater volatility (Hornbuckle, 1995; Cousins et al., 1996;
Miller et al., 2001; Wethington and Hornbuckle, 2005). Fish from contaminated waters are
enriched in ortho-PCBs due to differential metabolism (Porte and Albaiges, 1994). Elevated
levels of ortho-substituted PCB congeners are found in both the tissues of Great Lakes fish
and serum of humans consuming these fish (Gerstenberger et al., 1997; Gerstenberger et al.,
2000; Gerstenberger and Dellinger, 2002). Anaerobic meta/para dechlorination of highly
chlorinated PCB congeners in sediments has been suggested to contribute to the propagation
of ortho-rich PCB congeners along the food chain, and enriching their levels in human serum
(Gerstenberger et al., 2000; Bedard et al., 2005).

Although ortho-substituted PCBs possess little or no activity toward the aryl hydrocarbon
hydroxylase receptor (AhR), their neurotoxic properties have been well documented in a
number of in vivo and in vitro studies (Maier et al., 1994; Schantz et al., 1997; Tilson et al.,
1998; Kodavanti and Tilson, 2000). Non-coplanar PCB’s can decrease catecholamine levels
in certain brain regions (Seegal et al., 1990; Seegal et al., 1991a; Seegal et al., 1991b). The
ability of non-coplanar PCBs to reduce dopamine levels has also been measured in cultured
rat pheochromocytoma cells (PC12 cells) (Shain et al., 1991). Perinatal exposure to PCB95
(2,2′,3,5′6-pentahlorobiphenyl) and the commercial mixture Aroclor 1254, in which non-
coplanar congeners are more abundant, were shown to persistently alter excitability and LTP
in rat hippocampal slices in vitro (Wong et al., 1997b; Gilbert and Crofton, 1999; Altmann et
al., 2001; Gilbert, 2003; Ozcan et al., 2004). The mechanisms underlying the neurotoxic effects
of non-coplanar PCBs are only partially understood. However, three principal mechanisms
currently under study include (1) disruption of thyroid hormone and other endocrine functions
due to their structural similarity with thyroid hormone (Zoeller and Crofton, 2000; Zoeller,
2005), (2) direct interference with dopamine transport (Mariussen and Fonnum, 2001), and (3)
altered Ca2+ signaling in neurons and other cells types (Wong et al., 2001; Knerr and Schrenk,
2006; Mariussen and Fonnum, 2006). Molecular targets of non-coplanar PCBs include the
family of microsomal Ca2+ release channels termed ryanodine receptors (RyRs) and Inositol
1,4,5-trisphosphate receptors (IP3Rs) that are expressed in most types of cells including
neurons (Pessah and Wong 2001; Inglefield et al., 2001). Neurons depend on Ca2+ signals for
early differentiation and migration (Spitzer, 1994; Komuro and Kumada, 2005), growth and
elaboration of dendritic arbors (Lohmann and Wong, 2005), axonal guidance (Gomez and
Zheng, 2006), synaptic plasticity (Brose et al., 1992; Zucker, 1999; Zucker and Regehr,
2002), maintenance of the cytoskeleton (Trifaro and Vitale, 1993; Gomez and Zheng, 2006),
and rates of gene expression (Trifaro and Vitale, 1993; Santella and Carafoli, 1997; Gomez
and Zheng, 2006). The contribution of RyRs and IP3Rs towards shaping the localized and
global Ca2+ signals necessary for orchestrating these processes has been recently reviewed
(Berridge, 2006). Therefore, abnormalities in the spatial and temporal properties of Ca2+
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signals can lead to persistent developmental neurotoxicity, neurodegeneration and
epileptogenesis (Arundine and Tymianski, 2003; DeLorenzo et al., 2005).

Of particular relevance for understanding PCB neurotoxicity is the fact that RyRs are present
in the soma as well as pre- and post-synaptic terminals of neurons (Llano et al., 2000; Shimuta
et al., 2001; Martin and Buno, 2003). The three RyR isoforms exist differentially between brain
regions, among neuronal cell types and within neuronal processes (De Crescenzo et al.,
2004; Berridge, 2006). RyR-mediated signals influence neuronal excitability and regulate
synaptic plasticity by regulating Ca2+ signals that induce and maintain LTP and LTD (Shimuta
et al., 2001; Conti et al., 2004; Collin et al., 2005; Raymond and Redman, 2006). Specifically,
it is likely that the activation of RyR might induce an imbalance in synaptic transmission based
on these studies. A recent microdialysis study demonstrated that local application of ryanodine
to rat hippocampus in situ altered the balance between glutamatergic and GABAergic
transmission (Mori et al., 2005), and developmental exposure of PCB95 which is the most
potent PCB congener affecting RyRs function (Pessah et al., 2006) significantly disrupted the
excitation and inhibition ratio in developing rat auditory cortex (Kenet et al., 2007). This
imbalance could contribute importantly to PCB neurotoxicity.

The possible contributions of low levels of PCBs known to sensitize RyRs, and to the balance
of inhibitory and excitatory synaptic activity have not been explored. In the present study we
measured fEPSPs from the CA1 region of hippocampal slices perfused with nanomolar levels
of PCB170 or PCB95. The new findings in this study are that: (1) PCBs congeners can produce
distinct temporal changes in the pattern of hippocampal excitability, (2) PCB170 and PCB95
differentially altered the regulation of hippocampal RyRs by Ca2+, (3) PCB95 enhancement
of fEPSP slopes was completely inhibited by dantrolene, an inhibitor of RyR signaling, and
(4) GABAA receptor block with picrotoxin (PTX) unmasks pure excitatory actions of PCB170.
These results show that specific non-coplanar PCB congeners can differentially alter the
excitability of hippocampus in vitro and in a manner that can be synergized by an imbalance
of inhibitory and excitatory neurotransmission. Thus, RyR dysfunction appears to contribute
to the excitotoxicity of non-coplaner PCBs.

Material and methods
Chemicals

PCB95, 2,2′3,5′6-pentachlorobiphenyl and PCB170, 2,2′3,3′4,4′5-heptachlorobiphenyl, (Fig.
1A) (AccuStandard Inc., New Haven, CT) were dissolved in dimethyl sulfoxide (DMSO) at a
stock concentration of 50~100 μM. Aliquots from these stock solutions were dissolved in
artificial cerebrospinal fluid (aCSF) for perfusion of hippocampal slices. Picrotoxin (PTX) and
dantrolene were purchased from Sigma-Aldrich (St. Louis, MO). PTX was dissolved in aCSF
and dantrolene was dissolved in water (w/v) and diluted in aCSF as described below for use
in hippocampal slices. [3H]Ryanodine ([3H]Ry; 50 or 56 Ci/mmol) was purchased from Perkin-
Elmer, Wilmington, DE and stored in 50% ethanol at −20°C until needed. All other chemicals
were obtained at the highest purity commercially available.

Hippocampal slice preparation
Male Spraque-Dawley (SD) rats (150 ~200 g, Charles River Laboratories, Inc. Wilmington,
MA) were decapitated by guillotine under an ALAAC approved animal protocol. Whole brain
was rapidly removed from the cranium and placed for 30 sec in aCSF at 5°C containing (in
mM) NaCl (124), KCl (3), NaH2PO4 (1.25), MgCl2 (1.3), NaHCO3 (26), glucose (10),
CaCl2 (2.5) and bubbled with 95 % O2/5 % CO2. The brain was trimmed to expose the
hippocampus, affixed to the stage of a vibrating blade microtome (Model VT1000S; Leica,
Bannockburn, IL) and cut horizontally at 350 μm and maintained in cold aCSF. Three to four
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slices from the medial hippocampus were transferred to a recovery chamber supplied with
humidified 95 % O2/5 % CO2 aCSF for 1 hr. Individual hippocampal slices were then
positioned on a MED64 (8×8, 150 μm inter-electrode spacing) microelectrode array (Alpha
MED Science, Berkeley, CA) with the aid of an inverted microscope (Nikon, Melville, NY)
equipped with a 4X phase lens. The recording of evoked fEPSPs was performed in temperature-
controlled incubator set to maintain a constant 35 °C at the slice-aCSF interface. During the
electrophysiological recording, the slice was perfused with oxygenated 35 °C aCSF at a rate
of 2~3 ml/min using microinjection pump (Harvard apparatus, Holliston, MA). Test
compounds (PCB, PTX, dantrolene) or solvent controls were added directly into the aCSF at
the time indicated in individual figures. The volumes of vehicle or solutions of test compounds
added to the aCSF never exceeded 0.05 %.

Hippocampal slice electrophysiology
The relative position of the MED64 electrodes to CA1 was used as a reference to identify the
stimulus electrode for each slice (see Fig. 1B upper panel). Although the MED64 system
permits recording of extracellular field potentials from any region immediately above the
electrode array, we measured fEPSPs using one of the 16 electrodes within the stratum radiatum
(Fig. 1B; boxed region labeled S.R.) of CA1 of the hippocampal slice. The stimulating electrode
was chosen based on the magnitude of the fEPSPs response detected by the electrode
immediately adjacent to the stimulus electrode along the Schaffer-Collateral/Commissural
pathway. Single-pulse, biphasic stimuli (10~80 μA, 0.1 ms) were delivered to Schaffer-
Collateral/Commissural pathway at 0.05 Hz (i.e., once every 20 sec). The evoked field
excitatory postsynaptic potentials (fEPSPs) were sampled at a 20 kHz using a MED 64 multi-
channel amplifier, digitized and graphically displayed using Performer® software (Tensor
biosciences, Irvine, CA). Baseline fEPSPs were experimentally set between 50~60 % of
maximum of amplitude for each slice and the slope of each fEPSP was calculated and displayed
by Performer® software. The fEPSP slope was measured using 7 data points between 10% and
the 90% of maximum amplitude of the fEPSP waveform (Fig. 1B, lower panel) using the
equation:

Where SN=slope (μV/msec)), R=reponse (μV), t=time(msec)

Slices that exceeded more than 20% fluctuation during the stabilization period (at least 30 min)
were discarded. Once the slice was stabilized, fEPSPs were collected for an additional 10 min
period in the absence of test compound to establish a baseline control (i.e., 100% baseline).
Subsequent fEPSPs collected after exposure to test compounds were normalized to this baseline
period for analysis and presentation of data. Perfusion with vehicle or test compound dissolved
in aCSF was initiated at the completion of baseline period and the effects on fEPSP slope were
recorded for a minimum of 30~40 additional min depending on experimental design. For each
experimental condition, 4 to 14 slices were recorded and the mean change fEPSP slope
(normalized to each slice’s baseline period) calculated and statistically analyzed as described
below.

Rat hippocampus membrane preparation
To study how PCB95 and PCB170 differentially influenced the sensitivity of RyRs to
activation by Ca2+, a whole particulate membrane fraction was isolated from hippocampi
dissected from naïve (untreated) male rats (~200 g). Hippocampi were dissected and
homogenized in 10-fold (w/v) ice-cold buffer containing (in mM) sucrose (300), EGTA (2),
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phenylmethylsulfonyl fluoride (0.1), HEPES (20) pH 7.4, and 10 μg/ml leupeptin. Tissue was
homogenized with 3 × 30 sec bursts from a Powergen 700 D homogenizer (Fisher Scientific,
Pittsburgh, PA) set at 20,000 rpm. Homogenates were transferred to polycarbonate tubes,
placed in a Ti 50 rotor and centrifuged in a Beckman L7-55 ultracentrifuge (Beckman
Instrument, Inc. Fullerton, CA) at 110, 000 × g for 1 hr. The membrane pellets were collected
and re-suspended using a glass dounce homogenizer (2~4 strokes) in 300 mM sucrose, 20 mM
HEPES, pH 7.4 at a protein concentration of 4–9 mg/ml determined by the BCA protein assay
(Bio-Rad, Hercules, CA). The whole membrane homogenates were rapidly frozen with liquid
N2 and stored at −80 °C until assayed.

Hippocampal [3H]Ry-binding sites
The binding of 5 nM [3H]Ry to high affinity sites on hippocampal membrane protein (200
μg) was measured in 500 μl buffer consisting of 250 mM KCl, 15 mM NaCl, 10% sucrose, 20
mM HEPES pH 7.4. Under these conditions [3H]Ry binds to the open state of the channel and
is therefore a measure of the relative degree of receptor activation resulting from physiological
and non-physiological ligands added to the assay buffer (Pessah et al., 1987; Zimanyi and
Pessah, 1991). In order to measure the influence of PCB95 and PCB170 on the Ca2+-
dependence of [3H]Ry-binding to hippocampal RyR, free Ca2+ was adjusted in the assay buffer
to 100 nM, 10 μM, or 100 mM using EGTA/CaCl2 in a ratio calculated by the software Bound
And Determined (Brooks and Storey, 1992). Nonspecific binding was measured in the presence
of 1000-fold excess unlabelled ryanodine and averaged 42–50 % of total binding across the
experimental conditions use in this study. All binding reactions were incubated for 16 hr at 25
°C. Bound radioligand was separated from free by rapid filtration through Whatman GF/B
glass fiber filters using a Brandell cell harvester (Model M-24, Brandell. Corp., Gaithersburg,
MD). Filters were rinsed twice with 4 ml ice-cold harvest buffer containing (in mM) NaCl
(15), KCl (140), CaCl2 (0.1), HEPES (20) pH 7.4, placed into vials and 5 ml of scintillation
cocktail added (Ready Safe; Beckman Instrument, Inc., Fullerton, CA). After overnight
incubation at room temperature, tritium emissions were counted by liquid scintillation with a
Beckman LS 6500 liquid scintillation counter. Specific binding was calculated by subtracting
total binding from non-specific binding, and was converted into pmol/mg [3H]Ry bound.

Statistical analysis
Electrophysiological results from the hippocampal slice experiments were represented as the
mean changes in the normalized slope of fEPSP±standard error (S.E.) calculated from n=4~14
slices per condition, each prepared from a different animals. Statistical differences between
groups were tested by one-way ANOVA with Bonferroni post hoc test (GraphPad Prism;
version 5.0) at p≤0.05 or p≤ 0.01. For the binding analysis with [3H]Ry, differences in mean
specific binding levels among assay conditions were tested for statistical significance using a
one-way ANOVA.

Results
PCB95 and PCB170 elicit different temporal patterns of synaptic excitability

PCB170 and PCB95 (Fig. 1A), two non-coplanar PCB congeners detected in human tissues,
were tested for their ability to elicit changes in synaptic transmission in the CA1 region of rat
hippocampal slices. Single pulse stimuli were applied to Schaffer-Collateral/Commissural
pathway in CA1 region, and the slope of fEPSP was measured near the striatum radiatum (Fig.
1B). After a 10 min recording to establish a baseline period, the slice was perfused for 30 min
(test period) with vehicle (DMSO, 0.025% v/v) or test compound (PCB170 or PCB95)
dissolved in aCSF. Perfusion of the slice with vehicle did not significantly alter fEPSP slope
(n=4 slices) compared to that measured in hippocampal slices isolated from naïve rats (Fig.
1C). In contrast, perfusion with 100 nM of PCB170 altered synaptic transmission in a time-
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dependent manner during the treatment period (Fig. 2A). As shown in Figure 2B, 100 nM of
PCB170 first significantly enhanced excitability by 145±14 % (averaged fEPSP slope between
18~20 min, p<0.05), followed by a statistically significant depression of fEPSP slope to 82±9
% (averaged fEPSP slope between 35~40 min, p<0.05) compared to baseline period. Perfusion
of a ten-fold lower concentration (10 nM) of PCB170 in aCSF neither enhanced nor depressed
the fEPSP slope significantly during test period (Fig. 2C). We then tested PCB95 which, based
on a recent structure-activity study, was predicted to be significantly more potent than PCB170
in sensitizing RyRs to activation (Pessah et al., 2006). PCB95 (10 nM) facilitated synaptic
transmission 207±16 % (averaged fEPSP slope between 45~50 min, p<0.01), and unlike
PCB170 this facilitation persisted for the duration of test period (Fig. 2D). PCB95, 100nM in
aCSF, also facilitated synaptic transmission to a level similar to that measured in the presence
of 10 nM (Supplemental Fig. 1). We next tested the possibility that the synaptic facilitation
produced by PCB95 in CA1 was due to activity at the ryanodine receptor (RyR) by first
introducing dantrolene to the slice to attenuate RyR-mediated signaling in hippocampus (Lin
et al., 2007). This was done by recording baseline synaptic activity (baseline period), followed
by an additional 30 min recording in the presence of dantrolene (30 μM) in the aCSF.
Subsequently 10 nM PCB95 was perfused with the aCSF in the presence of dantrolene for an
additional 30 min to determine if dantrolene blocked PCB95-induced facilitation of the fEPSP.
We used a 30 μM concentration of dantrolene because it has been shown to protect cells from
kainate-induced apoptosis in vivo and in vitro (Popescu et al., 2002). Interestingly, dantrolene
produced a small (125±3 %) but significant (p<0.05) increase in fEPSP slope compared to the
slope measured during the respective baseline period (Fig. 3A). These effects of dantrolene
were previously reported, even in the presence of PTX, and were associated with neuronal
depolarization (Krnjevic and Xu, 1996). The addition of 10 nM PCB95 in the presence of
dantrolene did not result in any further enhancement of the fEPSP slope. This is in contrast to
the large enhancement of the fEPSP in the presence of PCB95 alone seen in Figure 2C. In fact,
dantrolene pretreatment in the presence of PCB95 resulted in a gradual restoration of the fEPSP
slope to that measured in baseline control period. Figure 3B presents summarized data
normalized to the maximum increase in the mean fEPSP slopes measured during baseline
period, in the presence of dantrolene alone, 10 nM of PCB95, and in the presence of dantrolene
+PCB95. Collectively these results indicate that ortho-substituted PCB congeners confer
different temporal patterns of enhancing and/or depressing synaptic transmission depending
on the degree and position of chlorination. We therefore examined the possible contribution
of PCB-induced changes in RyR activity that could contribute to the differential patterns of
effects on CA1 excitability.

PCB95 and PCB170 differentially modulate the Ca2+-dependence of hippocampal RyRs
Ca2+ itself is an important physiological regulator of RyR activity, either enhancing or
inhibiting activity depending on its concentration near the cytoplasmic domains of the channel
complex (Pessah et al., 1987; Fill and Copello, 2002; Meissner, 2002; Bouchard et al., 2003).
Generally, Ca2+ concentrations between 0.1 and ~100 μM enhance the activity of RyR channels
and increase specific binding of [3H]Ry, whereas Ca2+ concentrations above 300 μM can
inhibit RyRs. In order to test whether PCB95 and PCB170 differently alter the Ca2+-
dependence of RyRs present in membrane preparations from rat hippocampus, we examined
[3H]Ry-binding in the presence of the two congeners. Results summarized in Figure 4 showed
that PCB95 and PCB170 differed in their ability to enhance specific [3H]Ry-binding to
hippocampal RyRs when assayed at three Ca2+ concentrations; suboptimal (Ca2+ = 100 nM),
optimal (Ca2+ = 10 μM), or inhibitory (Ca2+ = 10 mM). In Figure 4 specific [3H]Ry-binding
was found optimal in the presence of 10 μM Ca2+ and significantly lower at 100 nM and 10
mM Ca2+. The presence of PCB95 at a maximal concentration (10 μM) for enhanced [3H]Ry-
binding under all three Ca2+ conditions (suboptimal, optimal and inhibitory). By contrast
PCB170 (10 μM) significantly enhanced channel activity only under the optimal Ca2+ assay
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condition (i.e., 10 μM Ca2+; Zimanyi and Pessah, 1991), whereas it had no measurable effect
at sensitizing the channel at 100 nM Ca2+. PCB170 was also significantly less effective than
PCB95 at negating the inhibition of the channel by excess (10 mM) Ca2+ compared to the
vehicle control (Fig. 4).

The net effect of PCB170 on CA1 excitability depends on inhibitory inputs
The strength of synaptic transmission within the stratum radiatum of CA1 is the result of
summation from excitatory and inhibitory inputs (Andersen, 1990), and RyRs are known to
functionally contribute to both inhibitory and excitatory synaptic inputs (Llano et al., 2000;
Emptage et al., 2001; Liang et al., 2002). Therefore we tested the hypothesis that the transient
nature of CA1 synaptic facilitation produced by PCB170 in the slice preparation (Fig. 2A)
may, at least in part be the result of enhanced synaptic inhibition. Following a baseline
recording period, we examined the effects of pretreatment with the GABAA receptor blocker
picrotoxin (PTX; 100 μM) on effects of 1, 10 or 100 nM PCB 170 on synaptic transmission in
CA1. PTX was perfused in aCSF following the baseline recording period. The initial slope of
the fEPSP with single pulse stimuli at CA1 hippocampal slice was largely unaffected by
blocking inhibitory synaptic activity with PTX (Wigstrom and Gustafsson, 1985; Pananceau
et al., 1997). Figure 5A shows that in our single stimulus pulse protocol, PTX alone slightly
enhanced the mean fEPSP slope measured between 45 and 50 min of recording (115±15 % of
baseline period; p<0.05). Inclusion of 100 nM PCB170 in the aCSF perfusion containing PTX
produced a significant and persistent increase in fEPSP slope (p<0.01) reaching 253±25 % at
maximum facilitation (Fig. 5A and B). Importantly the block of GABAA transmission in CA1
with PTX also amplified the effects of PCB170 resulting in measurable synaptic facilitation
in the range of 1~100 nM. For example 10 nM PCB170 enhanced fEPSP slope to 188±23 %
of baseline period (p<0.01) after 45~50 minutes. The fEPSP waveforms measured in the
presence of PCB170 and picrotoxin exhibited more prominent after-discharges (epileptic
waveforms) than waveforms measured in the presence of PTX alone (Fig. 5C). Epileptic
waveforms possessing prominent after discharges were also seen after slices were exposed to
PTX + 10 nM PCB95 (data are not shown), although the presence of PTX did not further
increase fEPSP slope. These data indicate that the net patterns with which non-coplanar PCB
congeners alter synaptic strength in vitro depends on their structure and may reflect their
relative influence on both excitatory and inhibitory synaptic activity.

Discussion
Most of the animal research on the developmental neurotoxicity of PCBs has been performed
with complex mixtures that were originally manufactured such as Aroclor 1254.
Developmental A1254 exposure altered the dendritic morphology of cerebellar Purkinje cells
and neocortical pyramidal neurons, promoting dendritic growth in untrained animals but
attenuating or reversing experience-dependent dendritic growth in maze-trained littermates.
These structural changes coincided with altered patterns of RyR expression (Yang et al.,
2009). Less is known about the possible potential for, or cellular mechanisms of developmental
neurotoxicity of specific PCB congeners. In the present study we explored how acute exposure
to very low concentrations (1–100 nM) of the non-coplanar PCB95 and PCB170 alters synaptic
strength in the rat hippocampal slice preparation. The major conclusions from the data are:
(1) Individual PCB congeners can induce different temporal patterns of synaptic excitability
in CA1. (2) These changes correlate with differences in the ability of PCB’s to alter the Ca2+

dependence for activating and inhibiting RyRs. (3) The patterns of PCB activity in CA1 appear
to be the sum of their ability to modulate excitation and inhibition within hippocampal circuits.
Specifically, block of GABAA receptors with PTX unmasked the excitatory actions of
PCB170, greatly amplifying its excitotoxicity, and generating epileptiform after-potentials in
the fEPSP.
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The results of the present study in combination with previous research indicate that non-
coplanar PCBs mediate acute toxicity through their ability to alter the fidelity of intracellular
Ca2+ signaling in a broad range of cell types. Specifically non-coplanar PCBs have been shown
to potently alter the function of ryanodine receptors (RyRs) and inositol 1,4,5-triposphate
receptors (IP3Rs) that regulate the release of Ca2+ from endoplasmic reticulum (ER)/junctional
ER stores (Wong and Pessah, 1996; Wong et al., 1997a; Inglefield et al., 2001; Crofton and
Zoeller, 2005). Non-coplanar PCBs sensitize RyRs by stabilizing a conformation that promotes
the high-affinity binding of [3H]Ry, and by sensitizing Ca2+ release from isolated brain
microsomes (Wong et al., 1997a). The sensitizing effect of non-coplanar PCBs requires an
intact immunophilin FK506 binding protein 12-ryanodine receptor complex (FKBP12-RyR
complex) which is critical for normal functioning of the Ca2+ release channel (Wong et al.,
2001). Structure-activity studies indicate that the ortho- and meta-chlorine substitutions (2,3,6-
Cl) on the biphenyl are the most important determinants to sensitize the activity of the FKBP12-
RyR channel complex (Pessah et al., 2006).

In the present study two ortho-substituted PCBs (PCB95 and PCB170) were used to test our
hypothesis that in addition to non-coplanarity, additional structural factors contribute to the
complex patterns of synaptic facilitation or inhibition in vitro that appear to be at least partially
mediated by RyR function. The physicochemical properties of these PCBs differ. PCB170 is
significantly more lipophilic than PCB95 (log P = 8.27 vs. 6.55). It is unlikely that the
differential activities of PCB95 and PCB170 are simply related to their ability to partition in
the lipid phase of the slices. Moreover differences in partitioning cannot explain the fact that
PCB170 displays significantly enhanced activity at 10nM in the presence of PTX. A more
likely explanation for the patterns of excitability observed is that PCB170 and PCB95
differentially alter the balance of excitation and inhibition within the hippocampal circuitry in
a manner dependent on how they influence Ca2+ regulation of RyRs within these circuits.

In support of our interpretation, the activity ofRyRs has been shown to affect several aspects
of neuronal excitability and synaptic plasticity (Llano et al., 2000; Narita et al., 2000; Shimuta
et al., 2001; Bardo et al., 2002; Vigh and Lasater, 2003; De Crescenzo et al., 2004; Duguid and
Smart, 2004; Kravchenko et al., 2004; Collin et al., 2005). RyRs are expressed in most brain
regions, and specific RyR isoforms appear to have distinct distributions (Sharp et al., 1993)
where they are believed contribute essential aspects of presynaptic and postsynaptic
neurotransmission of both excitatory and inhibitory circuits (Nishiyama et al., 2000; Collin et
al., 2005). For example, Ca2+ release from ryanodine-sensitive stores within hippocampal
circuitry contributes to both NMDAR-LTD and mGluR-LTD. At γ-amino butyric acid
(GABA) synapses of the rat hippocampus, long-term depression (LTD) depends on activation
of both presynaptic and postsynaptic calcium stores (Caillard et al 2000). An NMDA-
dependent form of LTD triggered by prolonged low frequency stimuli is dependent on
presynaptic RyRs. In fact the calcium signal provided by RyRs appears to be indispensable for
LTD, and RyRs could be viewed as action potential integrators (Collin et al., 2005).
Postsynaptic RyR activation also plays a critical role in the priming of LTP by Group 1 mGluRs
(Mellentin et al., 2007). RyRs expressed within dendritic spines and dendrites of hippocampus
also contribute to their morphology and plasticity (Yuste and Denk, 1995; Segal et al., 2000;
Balkowiec and Katz, 2002; Raymond and Redman, 2006).

The observations from our study with PCB95 and PCB170 further define the role of RyRs in
the neurotoxicity of PCBs. Of particular relevance to interpreting results with PCB95 and
PCB170 is that pharmacological interventions known to enhance RyR activity were shown to
increase both GABA and glutamate release in a biphasic and dose-dependent manner within
rat hippocampus (Mori et al., 2005). In fact, modulation of RyRs with ryanodine produced an
imbalance between GABAergic and glutamatergic neurotransmission that mirrored the relative
concentrations of GABA and glutamate within the hippocampus measured using microdialysis.
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Therefore, the different temporal patterns of excitability observed with PCB95 and PCB170
in our electrophysiological experiments may be due to their differential action on RyRs that
mirrors their net influence on evoked release of excitatory and inhibitory neurotransmitters and
sensitization of their respective signaling pathways.

Figure 6 is designed to model the overall pattern of our electrophysiological results with PCB95
and PCB170 in Figures 2 and 5. The solid grey line shows baseline activity ➀, followed by
the biphasic excitatory ➁ and inhibitory ➂ activity produced by PCB170 (100 nM) alone.
This biphasic pattern converts to monophasic excitatory activity, ➁ and ➂ (black dashed
line) when GABAergic transmission is blocked by PTX. In contrast, PCB95 (10 or 100 nM)
shows only monophasic excitatory activity ➁ & ➂ (grey dashed line). This pattern of results
suggests that the balance of inhibitory/excitatory activity due to PCB170 eventually favors
inhibition, and that block of GABAergic inhibition unmasks its excitotoxic activity that
parallels that seen with PCB95. These results may relate to the microdialysis results of Mori
and coworkers who examined the effects of ryanodine on K+- stimulated GABA and glutamate
release in hippocampal brain slices. They found that the peak ryanodine concentration that
enhanced GABA release (10 nM) was lower than that for glutamate release (100 nM), with
higher ryanodine concentrations inhibiting GABA and glutamate release (Mori et al., 2005).
Their results indicate that ryanodine activation of RyR’s in the hippocampus stimulates both
GABA (inhibitory) and glutamate (excitatory) release, with the balance determined by
ryanodine concentration. Relating their results to the present results, it is likely that the biphasic
effects of PCB170 were due to an initial imbalance between inhibitory (e.g., GABAergic) and
excitatory (e.g., glutamatergic) activity, initially favoring excitation followed later by
inhibition. Blocking the GABAergic component would then shift the balance to excitation, as
seen in our results with the combination of PCB170 and PTX. In contrast, the monophasic
excitatory activity seen with 10 nM PCB95 indicates that the balance of excitatory (e.g.,
glutamatergic) to inhibitory (GABAergic) activity is towards excitation compared to PCB170.
The fact that PCB95 and PCB170 appear to have distinctly different impacts on the Ca2+

dependence of RyR activity are also likely to contribute to their differential patterns on CA1
excitability.

Our laboratory previously reported that perfusion of PCB95 depressed synaptic transmission
in rat hippocampal slices (Wong et al. 1997b), whereas enhanced excitability by PCB95 was
observed in the present study. Several important experimental differences are likely to explain
the different results between the studies. Most important is the difference in PCB95
concentrations used (10 μM vs. 10 nM) in the respective studies. Other important differences
include the Mg2+ concentration (2 mM vs. 1.3 mM) in the aCSF, and the type of stimulus
protocol used (paired vs. single pulse) between studies. Previous results have demonstrated
that PCB95 significantly amplifies NMDA and AMPA-induced Ca2+ signals in cultured
granule neurons from cerebellum (Gafni et al., 2004). Therefore, the relatively lower Mg2+

concentrations used in the present study might have enhanced NMDA signaling and therefore
selectively promoted PCB95 activity at excitatory synapses.

The nanomolar activities of PCB170 and PCB95 reported in the current study, especially in
the presence of a blocker of fast GABAA mediated inhibition, and are closely related with PCB
mediated toxicity described in several studies. Developmental exposure to PCB95 has
previously been shown to persistently alter patterns of specific [3H]Ry binding sites in
hippocampus that were associated with locomotor and spatial learning deficits (Schantz et al.,
1997). The same perinatal PCB95 exposure procedures were recently found to disrupt the
topographic organization of the primary auditory cortex (A1) in rats without measurable
hearing loss (Kenet et al., 2007). The ratio of neuronal inhibition to excitation (i.e., IPSC vs.
EPSC) for A1 was reduced, consistent with our current electrophysiological findings with
PCB95 in the hippocampal slice. PCB170 is among the most abundant PCB congeners found
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in human tissue (Hany et al., 1999; DeCaprio et al., 2005; Jaraczewska et al., 2006; Jursa et
al., 2006). Historically, the presence of PCB95 was not detected or reported in human and
environmental samples. However with improved analytical capabilities recent studies have
detected this congener in several human tissues (Covaci et al., 2002; Chu et al., 2003; DeCaprio
et al., 2005; Jursa et al., 2006). This is important because ongoing environmental exposure to
PCB95 may also be more significant than previously thought as it represents 3–4% of the total
PCB burden in from San Francisco Bay sediments (Hwang et al., 2006), and has been detected
in indoor air, top soil, grass, diets and human feces (Robson and Harrad, 2004; Harrad et al.,
2006). Collectively PCBs including PCB95 and PCB170, with the highest activity towards
RyRs represent a major proportion (40–50%) of total PCBs currently found in environmental
and biotic samples and their net effects are likely to be additive (Pessah et al., 2006).

In conclusion, PCB95 and PCB170 differentially regulate the synaptic activity of hippocampal
CA1 and alter [Ca2+]i homeostasis through activity at the RyR. Should our results extend to
other non-coplanar PCBs, this raises the intriguing question as to whether individuals with
heritable deficits in GABAergic signaling might represent especially susceptible populations
to PCB exposure. For example, some patients afflicted with childhood “absence seizure” and
“febrile seizure” possess a mutation of GABAA beta2 receptor subunit (Wallace et al., 2001;
Sperk et al., 2004; Audenaert et al., 2006). Intersetingly, our current data also indicate that
PCB and PTX in combination produced epileptogenic fEPSP waveforms with pronounced after
potentials in CA1. Additional research will be needed to clarify the relationship between
developmental exposure to non-coplanar PCBs and seizure susceptibility through RyRs
activation. Another example can be drawn from autistic children, who have been hypothesized
to possess an increased ratio of excitatory/inhibitory neurotransmission that stems from a
complex combination of genetic and environmental factors (Rubenstein and Merzenich,
2003). This hypothesis was recently supported by reports of a significant deficiency in the
expression of the GABAA beta3 receptor subunit (Samaco et al., 2005) and several GABAA
receptor polymorphisms in autism (Buxbaum et al., 2002; Tuchman and Rapin, 2002; Ma et
al., 2005; Collins et al., 2006; Kim et al., 2007). The current results suggest that populations
with heritable imbalances in neurotransmitter systems that regulate the ratio of inhibition and
excitation in the brain may be especially susceptible to the toxicity of non-coplanar PCBs.
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Abbreviation used
PCBs  

Polychlorinated biphenyls

fEPSPs  
Field excitatory postsynaptic potentials

CA  
Cornu Ammon

S.R  
Striatum radiatum
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aCSF  
artificial cerebral spinal fluid

RyR  
Ryanodine receptor

PTX  
Picrotoxin

GD  
Gestation day

PND  
Postnatal day

AhR  
Aryl hydrocarbon hydroxylase receptor

IP3Rs  
Inositol 1,4,5-trisphosphate receptors

[3H]Ry  
[3H]Ryanodine

DMSO  
Dimethyl Sulfoxide

SD  
Spraque-Dawley

FKBP12  
12 KDa FK506-binding protein

AMPA  
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

NMDA  
N-methyl-D-aspartic acid
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Figure 1. Hippocampal slice recordings on Med-64 multielectrode array
A. The structures of the ortho-substituted PCB95 and PCB170 used in this study. B. Med-64
multielectrode array positioned on a hippocampal slice (upper panel) and the lower panel
depicts a typical waveform indicating the location where fEPSP slope was measured (see text).
Abbreviation: CA, Cornu Ammon; DG, Dentate Gyrus; S.O., Stratum Oriens; S.T., Stratum
Pyramidale; S.R., Stratum Radiatum (the region indicated by the box) ; S. L.-M.; Stratum
Lucidum-Moleculare. C. Normalized fEPSP slopes recorded in stratum radiatum (S.R.) in
hippocampal slices isolated from mice in naïve (n=14) and vehicle treated (DMSO, n=4)
groups. Representative traces and slope of fEPSP are shown below their respective normalized
data at the times indicated by the numbers (1&2). Scale: 200 μV, 10 ms.
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Figure 2. Normalized fEPSP slope reveals differential time-dependent alternations in hippocampus
CA1 excitability by PCB170 and PCB95
A. Temporal changes in normalized fEPSP slope when PCB170 is applied to aCSF at a final
concentration of 100 nM (n=4) or 10 nM (n=6). Compared to vehicle control (DMSO), 100
nM of PCB 170 alters synaptic transmission in a time-dependent manner; first enhancing
excitability (145±14%; *p<0.05 baseline period vs. test period measured between 18~20 min)
followed by subsequent depression (82±9%; *p<0.05 baseline period vs. test period measured
between 35–40min) of fEPSP slope. Horizontal arrow represents introduction of PCB170 and
vehicle. B. Bar graph was shown that the mean + S.E. of averaged fEPSP slope, % of baseline
with vehicle control and PCB170 treatment during the specific time frame (1: baseline period,
2: 18~20 min, 3: 35~40 min) C. PCB95 (n=5) enhanced synaptic excitability (202
±16%, #p<0.01). D. Bar graph was shown that the mean+S.E. was clearly indicated that PCB95
(10 nM) enhanced the fEPSP slope for the duration of the experiment (1: baseline period, 2:
45~50 min). Representative traces of fEPSP before and after perfusion with 100 nM PCB170
or 10 nM PCB95 are shown below their respective averaged responses and their corresponding
location indicated by numbers (1,2&3 for panel A, B; 1&2 for panel C, D). Scale: 200 μV, 10
ms.
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Figure 3. Dantrolene prevents synaptic facilitation produced by 10 nM PCB95
A. Sample traces of fEPSPs for vehicle control slices, after perfusion of dantrolene (30 μM)
alone, and after dantrolene and 10 nM PCB95. B. Summarized data presented as the mean+S.E.
of normalized fEPSP slopes for baseline, dantrolene alone, 10 nM of PCB95 and dantrolene
+PCB95 in combination. Dantrolene alone caused a modest yet significant enhanced fEPSP
slope compared control (*p<0.05), but prevented the synaptic excitation of PCB95 seen in
experiments in the absence of dantrolene (e.g. Figure 2C). Dantrolene in the presence of PCB95
also restored fEPSP slope to the same level (p=0.3) as that measured during baseline period.
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Figure 4. PCB170 and PCB95 differentially alter the Ca2+ dependence of [3H]Ry binding top
hippocampal RyRs
The effect of a saturating concentration (10 μM) PCB170 or PCB95 on the Ca2+-dependence
of high-affinity binding of [3H]Ry in a membrane fraction isolated from rat hippocampi.
PCB95 increased binding under all free Ca2+ concentrations tested, whereas PCB170 only
increased binding in the presence of 10 μM Ca2+. #p<0.01
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Figure 5. Picrotoxin (PTX) unmasks excitatory actions of PCB 170
A. PTX (100 μM) was used to block GABAA receptors resulting in modest enhancement of
fEPSP using a single pulse protocol (115±15% of baseline period; P<0.05). Inclusion of 100
nM PCB170 in the aCSF perfusate resulted in a 253±25% enhancement in excitability relative
to baseline period. Black arrow at top indicates period of PTX application and gray arrow
indicates the period of PCBC170 application. B. Bar graph summarizes the mean fEPSP slope
measured between specific time frame (1: baseline period, 2: 45~50 min) after adding vehicle
(n=6) or PCB170 (1 nM, n=4; 10 nM, n=6; 100 nM, n=4) to the perfusate. PCB170 at 10 and
100 nM significantly enhanced the fEPSP slope compared to vehicle control (#p<0.01). C.
Representative traces showing fEPSPs measured with PTX alone or with PTX and PCB170
(100 nM) perfused in combination 50 min after initiating recording. PTX+PCB170 induced a
more pronounced epileptiform after-discharge in the compared to PTX alone.
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Figure 6. Possible relationship between patterns of changes in normalized fEPSP slope induced by
PCB95 and PCB170 and respective changes in the ratio of electrically evoked excitation and
inhibition in the hippocampal slice
The proposed model to interpret our findings is based on the results of Mori and colleagues
who directly the how microperfusion of ryanodine into the rat hippocampus influenced the
relative levels of glutamate and GABA using microdialysis (Mori et al., 2005). See text for
detailed discussion of the model.
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