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Abstract

Chronic low level polychlorinated biphenyls (PCB) exposures remain a significant public health
concern since results from epidemiological studies indicate PCB burden is associated with immune
system dysfunction, cardiovascular disease, and impairment of the developing nervous system. Of
these various adverse health effects, developmental neurotoxicity has emerged as a particularly
vulnerable endpoint in PCB toxicity. Arguably the most pervasive biological effects of PCBs could
be mediated by their ability to alter the spatial and temporal fidelity of Ca2* signals through one or
more receptor mediated processes. This review will focus on our current knowledge of the structure
and function of ryanodine receptors (RyRs) in muscle and nerve cells and how PCBs and related
non-coplanar structures alter these functions. The molecular and cellular mechanisms by which non-
coplanar PCBs and related structures alter local and global CaZ* signaling properties and the possible
short and long-term consequences of these perturbations on neurodevelopment and
neurodegeneration are reviewed.

1. Dioxin-like and non-dioxin-like PCBs

1.1. Occurrence and concerns to public health

Polychlorinated biphenyls (PCBs) are synthetic chlorinated aromatic hydrocarbons that are
non-flammable, chemically stable and have high boiling points. In the United States, PCBs
were synthesized and marketed primarily as Aroclor® mixtures whose degree of chlorination
was identified by a four-digit designation (e.g., 1248, 1254, 1260, etc.), with the first two digits
identifying the mixture as PCBs and the last two digits identifying the percent of chlorine used
during synthesis. A higher degree of PCB chlorination increases melting point and lipophilicity,
whereas lower chlorination increases vapor pressure and water solubility. Similar PCB
mixtures were synthesized worldwide and identified under several trade names such as
Clophen® and Kanechlor®. PCB mixtures, especially those of intermediate chlorination, such
as Aroclor 1248 and Aroclor 1254, were widely used in several industries for their insulation
and heat dissipating properties. PCBs were also broadly incorporated into a variety of common
products such as pesticide extenders, plastics, varnishes, adhesives, carbonless copy paper,
newsprint, fluorescent light ballasts and caulking compounds (Ross, 2004).

By 1977, when PCBs were banned, more than 600,000 tons were manufactured in the United
States, and global production is estimated at over 1.5 million tons (Breivik, Sweetman, Pacyna,
& Jones, 2002). Because of their extensive industrial use and chemical stability, PCBs have
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accumulated in the environment and biota. PCBs have been identified in approximately one
third of the sites listed on the National Priorities List (NPL) and Superfund Sites (Anonymous,
2007). The average PCB levels in the environment and human blood have steadily declined
since 1977. However, geographic “hotspots” of relatively high PCB contamination persist due
to improper disposal, and mobilization of PCBs from historical end uses in and around urban
environments (legacy PCBs). Specific examples of PCB hotspots in the United States that
contribute to higher human exposures include the San Francisco Bay watershed (Davis, Hetzel,
Oram, & McKee, 2007), the Hudson River watershed (Asher, Wong, & Rodenburg, 2007;
Schneider, Porter, & Baker, 2007), Chicago air (Hu, Martinez, & Hornbuckle, 2008; P. Sun,
Basu, & Hites, 2006; Zhao et al., 2009), and regions of Lake Erie near urban centers (S. D.
Robinson, Landrum, Van Hoof, & Eadie, 2008; P. Sun, Basu, Blanchard, Brice, & Hites,
2007). Thus, chronic low level PCB exposures remain a significant public health concern since
results from epidemiological studies indicate PCB burden is associated with immune system
dysfunction (Heilmann, Grandjean, Weihe, Nielsen, & Budtz-Jorgensen, 2006; H. Y. Park et
al., 2008; Selgrade, 2007), cardiovascular disease (Dziennis et al., 2008; Everett, Mainous,
Frithsen, Player, & Matheson, 2008; Helyar et al., 2009; Hennig et al., 2005; Humblet,
Birnbaum, Rimm, Mittleman, & Hauser, 2008), and impairment of the developing nervous
system (Y. C. Chen, Guo, & Hsu, 1992; Grandjean & Landrigan, 2006; Jacobson, Jacobson,
Padgett, Brumitt, & Billings, 1992; Koopman-Esseboom et al., 1996; Roegge & Schantz,
2006; Rogan & Ragan, 2007; Schantz, Widholm, & Rice, 2003; P. W. Stewart et al., 2008).
Of these various adverse health effects, developmental neurotoxicity has emerged as a
particularly vulnerable endpoint in PCB toxicity. Whether neurological, immunological and
cardiovascular impairments are interrelated by one or more convergent mechanisms, or arise
independently from biologically distinct mechanisms continues to be debated. Furthermore,
which PCB structures confer specific health risks to the general public or to a susceptible
population, remains unclear.

1.2. Non-dioxin-like PCB structures—convergent mechanisms mediated by RyRs

Of the 209 possible PCB congeners that were synthesized as commercial mixtures, most of the
scientific and regulatory attention has been directed toward the so-called dioxin-like PCBs that
lack at least two chlorines in the ortho-positions. The phenyl rings of dioxin-like PCBs, for
example PCB 77 (3,3',4,4'-tetrachlorobiphenyl) and PCB 126 (3,3',4,4',5-
pentachlorobiphenyl), assume a coplanar orientation that mimics the planar structure of dioxin
(2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDD), the archetypical agonist for the
arylhydrocarbon hydroxylase receptor (AhR) (Fig. 1). Co-planarity and lipophilicity are
arguably the two most important physicochemical parameters for optimizing tight binding to
AhR, although the position of para and meta substituents influences apparent binding affinity.
A growing number of environmental chemicals are known to activate or inhibit AhR, thereby
regulating its translocation to the nucleus where it dimerizes with AhR nuclear translocator
(ARNT) (Denison & Nagy, 2003). The AhR-ARNT complex binds to the DNA core sequence
5-GCGTG-3' in the promoter region of dioxin-responsive genes to regulate their expression.
Prolonged activation of AhR and its responsive genes has been implicated in diverse
toxicological sequelae associated with chronic, low-level exposures to TCDD, polycyclic
aromatic hydrocarbons (PAHS), and coplanar PCBs (Carpenter, 2006;Mitchell & Elferink,
2009). Thus, the risk to human, fish and wildlife associated with PCB exposures is assessed
by assigning an equivalence factor (TEF) that reflects the AhR activity of any individual PCB
congener relative to TCDD, which is arbitrarily assigned a TEF of 1.0.

Several limitations of the TEF concept have been identified (Van den Berg et al., 2006).

Arguably the most important limitation for predicting PCB toxicity based solely on an AhR-
based TEF is the fact that PCBs having two or more chlorines in the ortho-positions are non-
coplanar structures with very low or no activity towards the AhR yet they exhibit significant
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toxicological activity. In vitro studies have identified PCB 95 (Fig. 1) among the most
biologically active non-coplanar structures and its occurrence in human and environmental
samples has been recently scrutinized using improved analytical methods. PCB 95 has been
detected in human tissues (Chu, Covaci, & Schepens, 2003; Covaci, de Boer, Ryan,
Voorspoels, & Schepens, 2002; DeCaprio et al., 2005; Jursa, Chovancova, Petrik, & Loksa,
2006), and in environmental samples including indoor and outdoor air, top soil, tidal marsh
sediments, grass, diets, and human feces (Harrad, Ren, Hazrati, & Robson, 2006; Hwang,
Green, & Young, 2006; Robson & Harrad, 2004; F. Wong, Robson, Diamond, Harrad, &
Truong, 2009; Zhao et al., 2009). Recent studies indicate that non-coplanar PCBs currently
predominate in biological and environmental samples. For example, PCB 153 (Fig. 1) has been
identified as a major contributor to total PCB burden in humans (Agudo et al., 2009; Axelrad,
Goodman, & Woodruff, 2009; Longnecker et al., 2003; Moon, Kim, Choi, Yu, & Choi,
2009).

The ortho-rich PCBs and metabolites of both ortho-rich and ortho-poor PCBs have a number
of actions independent of the AhR that have been termed “non-dioxin-like”. Mono-ortho
substituted PCBs may have dioxin-like and non-dioxin-like activities. However mono-ortho
congeners commonly detected in tissues, such as PCB 118 (2,3,4,4’,5-pentachlorobiphenyl)
and PCB 156 (2,3,3',4,4',5-hexachlorobiphenyl), have extremely low TEF values (<«0.0001),
and their apparent AhR activity could be largely attributed to coplanar contaminants (Peters,
et al. 2006). Several biological activities have been experimentally demonstrated with non-
dioxin-like PCBs, and these were recently reviewed (Fonnum, Mariussen, & Reistad, 2006;
Mariussen & Fonnum, 2006). Endocrine effects include weak estrogenicity (Safe, 2004),
enhanced insulin (Fischer, Wagner, & Madhukar, 1999) and arachidonic acid secretion (Bae,
Peters-Golden, & Loch-Caruso, 1999), and disruption of the hypothalamo-pituitary-thyroid
axis. Two possibly convergent mechanisms actively being investigated include (1) disruption
of thyroid hormone metabolism and signaling (Knerr & Schrenk, 2006; Zoeller, 2005; Zoeller,
Dowling, & Vas, 2000), and (2) perturbations in cellular Ca2* signaling (Pessah, 2001; Tilson,
1998). Arguably the most pervasive biological effects of PCBs could be mediated by their
ability to alter the spatial and temporal fidelity of Ca2* signals through one or more receptor
mediated processes. The pivotal roles of Ca2* signals in regulating movement, metabolism,
growth, proliferation, gene transcription and protein translation in virtually all cell types is well
established. Kodavanti and coworkers first reported that exposure non-coplanar PCBs elevate
cytoplasmic Ca 2* in cultured cerebellar granule neurons (P. R. Kodavanti, Shin, Tilson, &
Harry, 1993), and several mechanisms were proposed including disruption of membrane
properties (P. R. Kodavanti, Ward, McKinney, & Tilson, 1996). A selective receptor-targeted
mechanism was also proposed based on the stringent structure-activity relationship of PCBs
for enhancing the activity of ryanodine receptors (RyRs), a family of intracellular Ca2*
channels (P. W. Wong & Pessah, 1996). For example, PCB 95 and PCB 153 at concentrations
<10 uM lack detectable AhR activity, yet significantly enhance the activity of type 1 (RyR1)
and type 2 (RyR2) isoforms at concentrations <1 uM (Pessah et al., 2006; P. W. Wong &
Pessah, 1996). Figure 2 demonstrates the relative activity of 28 non-coplanar PCBs toward
RyR1 and their relative contribution to total PCB burden reported in Fox River fish (52%)
(Kostyniak et al., 2005), San Francisco Bay tidal marsh sediments (~50%) (Hwang et al.,
2006), and human serum (~45%) (DeCaprio et al., 2005). Because not all the PCBs detected
in these studies have been tested for RyR activity, these estimates of the occurrence of RyR-
active PCBs are conservative. Therefore, the PCB congeners found in highest abundance in
environmental samples and tissues collected from humans and animals are capable of directly
and potently interacting with a major family of intracellular Ca%* channels. RyRs are broadly
expressed in most cell types where they participate in shaping temporally and spatially defined
Ca?* signals that are essential for regulating several aspects of cellular signaling that regulate
growth, movement, metabolism, secretion and plasticity.
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Significant to the neurotoxic potential of PCBs, RyR channel activity regulates a variety of
physiological and pathophysiological processes in the central (Berridge, 2006; Dai, Hall, &
Hell, 2009), and peripheral nervous systems (Behringer, Vanterpool, Pearce, Wilson, &
Buchholz, 2009; Buchholz, Behringer, Pottorf, Pearce, & Vanterpool, 2007; Jackson & Thayer,
2006). Decrements in neonatal reflexes, cognitive function, motor activity, tremors, changes
in autonomic functioning, and hearing impairments are consistent findings with developmental
PCB exposures in studies of humans and animals, and are primarily attributed to adverse effects
on the developing CNS (Darras, 2008; Fitzgerald et al., 2008; Kenet, Froemke, Schreiner,
Pessah, & Merzenich, 2007; Mariussen & Fonnum, 2006; Roegge & Schantz, 2006; P. Stewart,
Reihman, Lonky, Darvill, & Pagano, 2000). The possibility that PCBs might directly influence
peripheral neurons and their effectors including skeletal, cardiac, and smooth muscle, and
cochlear hair cells, all of which express functionally essential RyRs, has not received nearly
as much investigation as their influence on the developing endocrine and central nervous
systems.

In addition to TH, studies on the endocrine disrupting effects of PCBs and related
organohalogens have also focused on estrogen, insulin, and their respective signaling pathways
(Carpenter, 2008; Fonnum et al., 2006; Zoeller, 2007). Considering that RyRs have been shown
to regulate several aspects of these same endocrine functions (Dillmann, 2002; Islam, 2002;
Muchekehu & Harvey, 2008), a common convergent mechanism may contribute to
pathological endocrine signaling and abnormal responses in target organs that depend on RyR
activity for mediating appropriate Ca2* signals.

This review will focus on our current knowledge of the structure and function of RyRs in
muscle and nerve cells and how PCBs and related non-coplanar structures alter these functions.
Our current knowledge of how RyRs assemble into arrays and clusters, how they generate local
releases of Ca 2* termed sparks, and trigger global Ca?* waves is most advanced in studies of
skeletal, cardiac and smooth muscle. The topic is reviewed here first to provide context to the
molecular mechanisms by which PCBs and related structures influence RyR structure and
function. The molecular and cellular mechanisms by which non-coplanar PCBs and related
structures alter local and global Ca?* signaling properties and the possible short and long-term
consequences of these perturbations on neurodevelopment and neurodegeneration will then be
discussed.

2. RyR macromolecular complexes: Significance to PCB-mediated Ca?*
dysregulation

As might be predicted by their size and critical contribution to muscle function, multiple factors
contribute to the precise regulation of RyR channel activity. In skeletal and cardiac muscle at
least 20 protein-protein interactions have been described for the two major isoforms RyR1
(type 1 RyR) and RyR2 (type 2 RyR), respectively (Fig 3), and these interactions influence
important aspects of Ca2* channel function that are either essential for excitation-contraction
(EC) coupling or fine-tune the spatial and temporal properties of local and global Ca2* signals
in the myocyte. Many of these interactions, when disrupted, have been shown to contribute to
RyR-mediated susceptibility to muscle damage and to the progression of several muscle
disorders. Similar functional and/or physical coupling of RyRs to context-specific proteins
have been identified in smooth muscle, neurons and other cells types.

The composition of RyR macromolecular complexes is therefore an important consideration
when interpreting the seemingly diverse in vitro and in vivo actions attributed to non-coplanar
PCB congeners and Aroclor mixtures in a wide variety of tissues and cell types. PCBs have

been shown to enhance Ca2* release from sarcoplasmic reticulum/endoplasmic reticulum (SR/
ER) and mitochondrial stores, and to promote Ca2* entry, but whether these effects stem from
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convergent receptor-mediated mechanisms or multiple “nonspecific” influences on membrane
integrity has been debated (Inglefield, Mundy, & Shafer, 2001; Pessah, & Wong, 2001). PCBs
also alter the activities of RyR “accessory” proteins including the multifunctional protein
kinases, PKA (Inglefield, Mundy, Meacham, & Shafer, 2002; Llansola, Piedrafita, Rodrigo,
Montoliu, & Felipo, 2009) and PKC (P. R. Kodavanti et al., 1994), calmodulin (Benninghoff
& Thomas, 2005; Olivero & Ganey, 2001), and FKBP12 (FK506 binding protein 12 kDa), the
major T-cell immunophilin (Gafni, Wong, & Pessah, 2004; P. W. Wong, Garcia, & Pessah,
2001; P. W. Wong & Pessah, 1997). Additionally, PCB toxicity in excitable and non excitable
cells appears to be mediated at least in part by oxidative stress and involves biotransformation
via quinone and hydroxylated metabolites, and altered activities of key anti-oxidant defense
enzymes such as glutathione transferases, NADH/NAD(P)H oxidoreductases, and possibly
selenoproteins (Duntas, 2008; Howard, Fitzpatrick, Pessah, Kostyniak, & Lein, 2003; Y. Liu
et al., 2009; Murugesan, Balaganesh, Balasubramanian, & Arunakaran, 2007; Wei et al.,
2009). Many of these proteins have been directly implicated in redox regulation of RyRs.

2.1. Organization, function and dysfunction of RyR complexes

2.2. RyRs in

Ryanodine receptors (RyRs) and inositol 1,4,5-trisphosphate receptors (IP3Rs) are a family of
Ca?* channels that are broadly expressed throughout the central and peripheral nervous
systems. The distribution, structure, and function of RyRs are best understood in striated muscle
where expression of RyR1 and RyR2 isoforms are essential for engaging the process of EC
coupling in skeletal and cardiac muscle, respectively. In mice, targeted deletion of RyR1 results
in a birth-lethal phenotype (Buck, Nguyen, Pessah, & Allen, 1997; Takeshima et al., 1994),
whereas RyR2 null mice do not survive past embryonic day 9 (Takeshima et al., 1998). These
phenotypes are consistent with the failure to engage EC coupling in these tissues at times critical
for the animal’s survival. A third isoform, RyR3, is not essential for EC coupling although it
is transiently expressed in skeletal muscle during embryonic development and is down
regulated in most, but not all, fibers postnatally (Conti, Reggiani, & Sorrentino, 2005; Legrand
et al., 2008; Tarroni, Rossi, Conti, & Sorrentino, 1997). Targeted deletion of RyR3 does not
impair muscle function or survival, but does seem to impact neurobehavioral function (Section
2.5.2).

striated muscle

In striated muscle, RyRs channels are anchored to specialized regions of the SR of the
developing myotube and adult fiber, termed junctional regions, where the SR and transverse
tubule membranes approach within 10-15 nm of each other (Fig 4). In the context of these
junctions, RyRs organize into tetrameric arrays or clusters that span the junctional SR-T tubule
space (Di Biase & Franzini-Armstrong, 2005;Franzini-Armstrong, Protasi, & Tijskens,
2005). Each tetramer has four-fold symmetry and constitutes a functional channel of ~2.2 MDa
that regulates releases of Ca2* stored within the lumen of the SR into the cytoplasm.

Coordinated gating (activation and inactivation) of multiple RyR channels generates spatially
limited and temporally defined release of Ca2* sparks (Cheng & Lederer, 2008; Chun, Ward,
& Schneider, 2003; Gonzalez et al., 2000; Gyorke, Hagen, Terentyev, & Lederer, 2007). Thus
sparks represent quantal releases of Ca2* from the lumen of junctional SR to a restricted area
of the cytoplasm. Although spontaneous and evoked Ca2* sparks are commonly observed in
cardiomyocytes, smooth muscle myocytes, and invertebrate skeletal muscle, they are rarely
detected in intact adult mammalian skeletal muscle under physiological conditions. The lack
of sparks in mammalian skeletal muscle is likely because the L-type Ca%* channel Cay/1.1
confers direct negative regulation of RyR1 (E. H. Lee et al., 2004; Zhou et al., 2006). However,
Ca?* sparks can be readily detected in mammalian skeletal muscle under pathophysiological
conditions that generate reactive oxygen species (ROS) (Martins, Shkryl, Nowycky, &
Shirokova, 2008). This is not unexpected since both RyR1 and RyR2 are exquisitely sensitive
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to sulfhydryl modification by compounds that generate ROS (Abramson, Zable, Favero, &
Salama, 1995; Favero, Zable, & Abramson, 1995), redox cyclers, and cysteine arylators
(Abramson, Buck, Salama, Casida, & Pessah, 1988; Feng, Liu, Xia, Abramson, & Pessah,
1999; J. Gao et al., 2005; Pessah et al., 2001; Pessah, Durie, Schiedt, & Zimanyi, 1990; Pessah,
Kim, & Feng, 2002). Highly reactive (hyper-reactive) cysteine residues within the RyR
sequence and possibly accessory proteins have been identified, and these confer redox sensing
properties to the Ca2* channel complex (Jurynec et al., 2008; G. Liu, Abramson, Zable, &
Pessah, 1994; G. Liu & Pessah, 1994; Phimister et al., 2007; VVoss, Lango, Ernst-Russell,
Morin, & Pessah, 2004). Shifts in RyR activity in response to localized changes of glutathione
(GSH/GSSG), nitric oxide, oxygen, and ROS appear to constitute a fundamental physiological
and pathophysiological mechanism that adjusts local and global cellular Ca2* signals to the
changing local redox environment. The mechanisms appear to involve glutathionylation,
nitrosylation, electron delocalization, and oxidation of hyper-reactive cysteines within RyR
complexes (Aracena, Sanchez, Donoso, Hamilton, & Hidalgo, 2003; Aracena-Parks et al.,
2006; Feng & Pessah, 2002; Sun et al., 2008; Terentyev et al., 2008; Xia, Stangler, &
Abramson, 2000; Zable, Favero, & Abramson, 1997). PCBs appear to mediate toxicity, at least
in part, by mechanisms involving oxidative stress (Glauert et al., 2008; Howard et al., 2003;
Y. Liuetal., 2009; Lyng & Seegal, 2008). Thus, in addition to direct binding of PCBs to RyRs,
PCB metabolites that possess redox active moieties, such as quinones and semiquinones
(Machala et al., 2004; Spencer, Lehmler, Robertson, & Gupta, 2009), would be expected to
confer additional activities toward modifying RyRs and their signaling events. In this regard,
site-selective oxidation of RyRs was already demonstrated for naphthoquinones,
benzoquinones, and benzo[a]pyrene 7,8-dione (Feng et al., 1999; Gao et al., 2005; Pessah et
al., 2001).

As spark frequency and spatial spread of Ca2* increases with physiological (e.g. plasma
membrane depolarization) or pharmacological (e.g., caffeine) stimuli, Ca2* waves are initiated
that are capable of propagating throughout the cell in which they occur (Cheng & Lederer,
2008). Thus activation of RyRs is a means of eliciting controlled release of SR Ca?* stores and
is a major source of both local and global Ca2* signals that are essential for regulating
contractility of striated and smooth muscle.

2.2.1. Could non-coplanar PCBs alter RyR function in striated muscle?—Skeletal
and cardiac muscle represent major organs for the initial disposition of PCBs following
exposure (Matthews & Anderson, 1975; Matthews & Tuey, 1980; Birnbaum, 1983; Brandt,
Mohammed & Slanina, 1981). Muscle tissues are therefore considered critical compartments
when formulating physiologically based pharmacokinetic models that faithfully reproduce
tissue: blood partitioning (Pharam, Kohn, Matthews, DeRosa & Protier, 1997). A recent study
of Galapogos sea lions identified the congener profile of PCBs found in muscle biopsies (Alava
etal., 2009). Results from this study indicate that the 10 most active congeners identified based
on [3H]ryanodine binding analysis (Fig. 2) represented nearly 25% of the total PCB burden
found in muscle (Avala et al, 2009). In rodents exposed to PCB 136, the low-dose group
displayed significantly higher PCB levels in cardiac and skeletal muscle compared to other
tissues, such as adipose tissue and the liver (Kania-Korwel et al., 2008).

Surprisingly, if and how non-coplanar PCBs modify the properties of striated muscle EC
coupling has only recently been examined. The physical interactions between Cay1.1 and
RyR1 that trigger skeletal muscle EC coupling provide a relevant experimental model for
testing whether non-coplanar PCBs can impair the fidelity of this otherwise tight form of
conformational coupling between two Ca 2* channels. The amplitude of Ca2* transients in
mouse embryonic myotubes elicited by low frequency (0.1 Hz) electrical pulses was
significantly enhanced within 2.5 min after initiating perfusion of 5 uM PCB 95 in the external
medium compared to the solvent control, and PCB 95 prevented recovery of the Ca2* signal

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 7

to its original baseline (Fig 5A&B) (Cherednichenko & Pessah, in review). When higher
frequency electrical pulse trains were evoked (2.5 and 5 Hz), PCB 95 not only amplified
Ca?* transient amplitudes but also caused ectopic Ca2* transients immediately after electrical
stimuli were suspended (arrows, Fig 5C), and these were not observed in the absence of PCB.
How non-coplanar PCBs and related structures influence the coupling between RyRs and
plasmalemmal Ca2* channels (Fig 4), and their direct impacts on skeletal and cardiac muscle
function clearly needs more attention.

2.2.2. RyR associations with plasma membrane proteins—Over the last 15 years
major advances have been made in understanding how RyR structure relates to function and
identifying key accessory proteins that regulate activation and inhibition of Ca2* release from
ER/SR stores. Most of our understanding comes from studies of RyR1 in skeletal muscle and
RyR2 in cardiac muscle where they assemble in macromolecular complexes termed Ca2*
release units (CRUs). The central component of the CRU is the RyR homotetramer, with a
small C-terminal transmembrane assembly anchored within the membrane and a massive
cytoplasmic (“junctional foot™) assembly spanning the T-tubule SR junction (Di Biase &
Franzini-Armstrong, 2005; Franzini-Armstrong et al., 2005) (Fig 4). Although the composition
of key proteins comprising the CRUs of skeletal and cardiac muscle are strikingly similar (Fig
3), skeletal muscle does not require Ca2* entry through the L-type voltage gated Ca* channel
(Cay1.1) to trigger activation of RyR1 and SR Ca?" release. Rather, Cay/1.1 and RyR1
physically interact such that four Cay,1.1 subunits in the T-tubule membrane orient over every
second RyR1 anchored to the junctional SR. This structural arrangement engages a form of
bidirectional signaling in which T-tubule depolarization is sensed by the S4 segment of
Cay1.1 and transmitted to RyR1 through conformational shifts of the “critical

domain” (residues 720-765 of Cay/1.1) residing within the cytoplasmic loop between repeats
Il and Il (Grabner, Dirksen, Suda, & Beam, 1999). RyR1 transmits a retrograde signal to not
only enhance L-type Ca2* entry current (Fleig, Takeshima, & Penner, 1996; Nakai et al.,
1996; Sheridan et al., 2006), but also affect precise alignment of Cay/1.1 and associated subunits
into tetradic arrays within the T-tubule membrane (Protasi, Franzini-Armstrong, & Allen,
1998). In myotubes and some adult fibers, retrograde signaling from RyR1 to CaV1.1 appears
to be essential for preventing decrement and ultimate failure of EC coupling during prolonged
high frequency (tetanic) electrical pulse trains, through a process termed excitation-coupled
Ca?* entry (ECCE) (Cherednichenko, Hurne et al., 2004).

Initial results using pharmacological tools indicated that Cay/1.1 was the voltage sensor that
triggers ECCE, and that the L-type Ca2* channel was unlikely to constitute the Ca2* conduction
pathway for ECCE. More recent evidence indicates that the L-type channel is a major
contributor to ECCE (Bannister, Pessah, & Beam, 2009). Pharmacological agents that
influence conformational states of RyR1 influence electrophysiological properties of the L-
type Ca2+ currentand ECCE in similar ways. For example, experimental conditions that permit
the alkaloid ryanodine to lock RyR1 channels in a persistently closed (hon-conducting)
conformation (Zimanyi, Buck, Abramson, Mack, & Pessah, 1992) also causes significant
reduction in the inter-tetrad distances of the Cay1.1 complex (Paolini, Fessenden, Pessah, &
Franzini-Armstrong, 2004) and influences the activation-deactivation kinetics of ECCE
(Bannister et al., 2009; Cherednichenko, Hurne et al., 2004). Importantly, missense mutations
that affect RyR1 function can dramatically alter the properties of both orthograde and
retrograde signaling, modifying channel functions on both side of the junction (Andronache,
Hamilton, Dirksen, & Melzer, 2009; Bannister et al., 2009; Cherednichenko et al., 2008; Hurne
et al., 2005; T. Yang, Allen, Pessah, & Lopez, 2007).

In contrast to skeletal muscle, conformational coupling between L-type Ca?* channels

(Cay1.2) and RyR2 is not sufficient to trigger EC coupling in the absence of Ca?* entry across
the T-tubular membrane in cardiomyocytes. Rather tight functional coupling between L-type
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Ca®* entry mediated by Cay1.2 channels within the T-tubule membrane and RyR2s occurs
across narrow 12 nm junctions through the process of Ca2*-induced Ca2* release (CICR)
(Bers, 2008). Depolarization of the T-tubule membrane triggers Cay/1.2-mediated localized
Ca®* influx (termed sparklets) that in turn triggers RyR2-mediated sparks immediately across
the junctional space. Depending on the intensity of stimuli arriving at the T-tubule membrane
and other local “environmental” factors that influence RyR2 activity (e.g., phosphorylation
state), summation of sparks can produce local and propagated Ca?*waves through the process
of CICR (Cheng & Lederer, 2008).

In addition to interactions with voltage-gated channels (Cay/1.1 and Cay/1.2) as described
above, RyRs have been shown to directly or indirectly interact with and regulate the function
of store-operated Ca?* channels (SOCCs) in some, but not all muscle tissues examined. For
example, the transient receptor protein channels TrpC3 (Kiselyov et al., 2000; E. H. Lee,
Cherednichenko, Pessah, & Allen, 2006; Woo et al., 2009), TrpM4 (Morita et al., 2007), and
TrpV4 (Earley, Heppner, Nelson, & Brayden, 2005) were shown to interact with RyR
complexes. However, Trp-RyR interactions may not be the major mechanism responsible for
store-operated Ca?* entry (SOCE) in skeletal muscle. Knockdown of STIM and Orai, the
essential components of the Ca?*-release activated Ca?* current (Icrac), greatly suppresses
SOCE in skeletal muscle cells without impairing ECCE (Lyfenko & Dirksen, 2008), and SOCE
is not dependent on RyR1 expression (Cherednichenko, Hurne etal., 2004; Lyfenko & Dirksen,
2008). However, STIM was recently shown to gate TrpC channels by electrostatic interaction
(Zeng et al., 2008).

Homer is a family of proteins shown to regulate signal transduction, synaptogenesis, and
receptor trafficking in neurons (Szumlinski, Kalivas, & Worley, 2006; Xiao, Tu, & Worley,
2000). Both short and long forms of Homer interact with RyR1 and RyR2 and regulate channel
function in an additive biphasic manner that is highly dependent on their relative concentration,
but is independent of multimerization via the coiled-coil domains found in Homer long-forms
(Feng et al., 2008; Feng et al., 2002; Pouliquin, Pace, & Dulhunty, 2009; Ward et al., 2004).
As demonstrated earlier in neurons where Homer links IP3R responses to mGIuR1 signaling,
Homer may also play a scaffolding function in striated muscle linking RyR1 and RyR2 to
CaV1.1 or CaV1.2, respectively, to regulate the gain of EC coupling (G. Huang et al., 2007;
Pouliquin et al., 2009). In skeletal muscle, Homer appears to also link TRPC (Trp or TRP??)
channels to the cytoskeletal matrix and function to regulate mechanotransduction (Stiber et al.,
2008).

Three important consequences of co-localization and functional coupling of RyRs with CaZ*
channels residing in the surface membrane include: (1) it permits local signaling microdomains;
(2) it confers a mechanism for reciprocal regulation between channels in the plasma membrane
and RyRs anchored within the SR/ER membrane; and (3) it provides direct feedback about the
state of Ca2" filling within the SR/ER lumen. Thus chemical agents that interact with RyR and
alter its conformation and function are likely to influence not only the properties of Ca 2*
release from stores, but also Ca2* entry through SOCE and ECCE mechanisms.

2.2.3. RyR associations with cytoplasmic proteins—Two T-cell immunophilins,
FK506 binding protein 12 kDa (FKBP12) and its isoform FKBP12.6 (also referred to as
calstabins 1 and 2) can tightly bind to RyR1 (Jayaraman et al., 1992) and RyR2 (Timerman et
al., 1996). Although up to four FKBPs can bind per functional RyR channel (one per subunit),
the ratio of FKBP isoform/RyR is likely to vary according to tissue and with changing
physiological or pathophysiological states (Lehnart, 2007; Zalk, Lehnart, & Marks, 2007).
Cryo-electron microscopy (EM) reconstruction of frozen hydrated RyR1 tetramers revealed
that FKBP12 binds adjacent to cytoplasmic domain 9 of the clamp region complex (Samso,
Shen, & Allen, 2006; Serysheva et al., 2008; Wagenknecht et al., 1997) (Fig. 6A, top view of
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cytoplasmic “foot” domain). Mutagenesis studies with RyR1 suggest essential contributions
of Val-2461-Pro-2462 (corresponding RyR2 residues lle-2427-Pro-2428) in the binding
interaction (Gaburjakovaetal., 2001), but the N-terminal residues 305-1937 of RyR2 may also
contribute to binding FKBP12.6 (Masumiya, Wang, Zhang, Xiao, & Chen, 2003). Since the
first report that FKBP12 stabilizes the functional behavior of RyR1 (Brillantes et al., 1994),
disruption of FKBP12/12.6 RyR complexes has been associated with heritable and acquired
disorders of cardiac (Gyorke & Carnes, 2008; Zalk et al., 2007), and skeletal (Bellinger,
Mongillo, & Marks, 2008; Bellinger et al., 2009) muscle.

PCB-triggered Ca2* release form junctional SR membrane vesicles isolated from skeletal
muscle can be selectively negated by pretreatment with either the immunosuppressive drug
FK506 or rapamycin (Fig 6B) without inhibiting responses to other RyR1 channel activators
such as caffeine (Wong & Pessah, 1997). FK506 and rapamycin tightly bind to the greasy
binding pocket of FKBP12 promoting dissociation of the FKBP12/RyR1 complex and possibly
preventing rebinding. Rapamycin and FK506 interfere with the actions of PCB 95 (and other
active PCBs) in the same concentration range that promotes the dissociation of the FKBP12/
RyR1 complex, suggesting that PCBs interact with a binding site formed at the FKBP12/RyR1
complex interface to enhance channel open probability (Fig 6A). However, an allosteric
mechanism has not been ruled out.

Nevertheless, the molecular mechanism by which PCB 95 affects the RyR1/FKBP12 is
mediated by direct stabilization of the channel in the full open state (Fig 7). Samso and
coworkers (2009) recently utilized PCB 95 to better understand the basis for RyR1
conformational transitions between closed and open states. Single-channel biophysical
characterization of the two states in bilayer lipid membranes (Fig 7, left and middle panels)
and cryoelectron microscopy of frozen single-particles in their hydrated state (Fig 7 right panel)
were performed on identical samples and conditions to permit direct correspondence between
biophysical state and structural conformation of the channel. PCB 95 appears to invert the
thermodynamic stability of the RyR1/FKBP12 channel complex producing extremely long-
lived openings interspersed with extremely short-lived transitions to the closed state, although
the unitary current is indistinguishable from the native open state. By contrast, the presence of
very low Ca2* on the cytoplasmic side (pCa2*<108 set in the presence of the Ca?* chelator
EGTA) after fusion of an actively gating channel completely stabilized the fully closed state
of the channel. The corresponding three-dimensional structures at ~10A resolution provided
information about the structure surrounding the ion pathway indicating the presence of two
right-handed bundles emerging from the putative ion gate (the cytoplasmic “inner branches”
and the transmembrane “inner helices™) (Samso et al., 2009). The PCB 95 modified state causes
a precise relocation of the inner helices and inner branches resulting in an approximately 4A
increase in diameter of the ion gate (Fig 7, right panel). Six of the identifiable transmembrane
segments of RyR1 have similar organization to those of the mammalian Kv1.2 potassium
channel. Upon gating to the PCB 95-induced open state, the distal cytoplasmic domains move
towards the transmembrane domain while the central cytoplasmic domains move away from
it, and also away from the fourfold axis (Samso et al., 2009).

Similar FKBP12/RyR1 dependent Ca2* release and direct activation of RyR1 channels have
been demonstrated with bastadin-5 (Fig 8) and bastadin-10, two members of a family of over
20 bromotyrosine-derived macrolactams that have been isolated from the Verongid marine
sponges lanthella sp. (L. Chen, Molinski, & Pessah, 1999;Mack, Molinski, Buck, & Pessah,
1994). Like PCB 95, bastadin-10 (B10) dramatically stabilizes the open conformation of the
RyR1 channel, possibly by reducing the free energy associated with closed to open channel
transitions. The stability of the channel open state induced by B10 sensitized the channel to
activation by Ca2* to such an extent that it essentially obviated regulation by physiological
concentrations of Ca2* and relieved inhibition by physiological MgZ*. These actions of B10
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were produced only on the cytoplasmic face of the channel, were selectively eliminated by
pretreatment of channels with FK506 or rapamycin, and were reconstituted by exogenous
addition of human recombinant FKBP12. Bastadin-10 dramatically enhances spark frequency
and duration in adult frog skeletal muscle fibers (Gonzalez et al., 2000), whereas bastadin-5
was shown to influence both resting Ca2* and caffeine-evoked transients in cultured myotubes
(Pessahetal., 1997;T.Yang, Esteve etal., 2007). The reduced pharmacophore that confers RyR
activity resides within the ‘eastern’ and ‘western’ non-coplanar bromocatechol ether moieties
that resemble hydroxylated brominated diphenylethers defined by the dashed boxes in Figure
8 (Masuno, Pessah, Olmstead, & Molinski, 2006).

The widely used antibacterial triclosan, a non-coplanar chlorocatechol ether (Fig 8), was shown
to activate RyR1 and mobilize Ca2* from SR stores of intact primary skeletal myotubes (Ahn
et al., 2008). Both non-coplanar PCBs and bastadins also enhance RyR2 activity although the
requirement for FKBP12.6 has not been reported.

Calmodulin (CaM) and S100A1 are two widely expressed Ca2* binding proteins that interact
with RyR1 and RyR?2 isoforms in a Ca?*-dependent manner. Both proteins appear to compete
with a common conserved site within the clamp domains corresponding to residues 3614-3643
(Wright et al., 2008). Although ApoCaM can enhance RyR activity, it is thought that Ca%*-
CaM provides the major physiological regulatory role, inhibiting RyR channel activity as local
Ca?* concentration rises (Meissner, 2002). By contrast Ca2*-S100A1 stimulates RyR channel
activity. Competition between Ca2*-CaM and Ca2*-S100A1 on RyRs has been proposed to
confer tight but dynamic regulation of EC coupling gain with temporal changes in local

Ca?* concentration in skeletal and cardiac muscle (Wright et al., 2008). PCB 95 and bastadin-5
and 10 were shown to dramatically shift the Ca?* dependence of RyR1 channel activation and
inhibition independently of exogenously added CaM or SA1001A (L. Chenetal., 1999; P. W.
Wong & Pessah, 1996). Whether these compounds shift the dynamic regulation mediated
through CaM and S100A1 remains to be investigated.

The Ca2* binding protein sorcin and presenilin 2 (PS2) are ubiquitously expressed in various
tissues including neurons and cardiomyocytes and each has been demonstrated to influence
RyR function. Sorcin interacts with the C-terminal endoproteolytic fragment of PS2 in a
Ca?* dependent manner, but not with full-length PS2 (Pack-Chung et al., 2000), but the
interaction may not be essential for modulation of RyR. In heart tissues, PS2 was shown to
physically interact with RyR2. Papillary muscle PS2 knockout mice display enhanced peak
amplitudes of Ca2* transients and peak tension compared to wild type (Takeda et al., 2005).
Sorcin inhibits Ca2* channel activity and attenuates spark activity and was proposed to
contribute a physiological means for terminating Ca2* induced Ca?* release in cardiac muscle
(Farrell et al., 2004; Farrell, Antaramian, Rueda, Gomez, & Valdivia, 2003; Stern & Cheng,
2004).

At least three Ser residues within the junctional foot assembly of RyR1 (Ser 2844) and RyR2
(Ser 2808, Ser 2814, Ser 2030), can be phosphorylated by PKA (Aydin et al., 2008; Wehrens
etal., 2006), Ca%*-CaM kinase Il (Currie, Loughrey, Craig, & Smith, 2004; Huke & Bers,
2008) and possibly PKC (Takasago, Imagawa, Furukawa, Ogurusu, & Shigekawa, 1991).
Evidence that the scaffolding protein mAKAP tethers PKA in close proximity to protein
phosphatase Al and A2 (PPAL and PPA2) within the RyR2 complex, possibly through a
leucine/isoleucine zipper (L1Z) motif, suggests tight regulation of RyR2 phosphorylation in
response to changes in cellular cAMP, such as those that normally occur with B-adrenergic
stimulation (Marks, Marx, & Reiken, 2002; Marx et al., 2001). However, RyR phosphorylation
is complex in both striated muscle and neurons, and appears to be dynamically regulated with
shifting physiological and pathophysiological states (Dai et al., 2009; Zalk et al., 2007).
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Altered patterns of RyR phosphorylation are associated with changes in RyR nitrosylation,
glutathionylation, and depletion of FKBP12/12.6 from its binding site located within the clamp
region. Importantly these changes have been strongly implicated in the etiology of several
heritable and acquired disorders of striated muscle, including malignant hyperthermia
susceptibility (MHS) and central core disease (CCD) (Durham et al., 2008), Duchenne
muscular dystrophy (Bellinger et al., 2009), catecholaminergic polymorphic ventricular
tachycardia (CPVT), arrhythmogenic right ventricular dysplasia type 2 (ARVD2), and
ischemic heart failure (Blayney & Lai, 2009). Over 120 missense or deletion mutations within
RyR1 have been associated with MHS, central core disease (CCD) and/or multiminicore
disease (MmD) in skeletal muscle (R. Robinson, Carpenter, Shaw, Halsall, & Hopkins,
2006). Nearly 25 mutations have been identified within RyR2 that contribute to CPVT (Gyorke,
2009; N. Liu, Rizzi, Boveri, & Priori, 2009). Significant increases in RyR Ser phosphorylation
and Cys nitrosylation have been associated with an increased Ca2* leak through RyR channels
carrying a few of these mutations and these can markedly reduce the Ca2* content of the ER/
SR lumen. RyR mutations also alter the fidelity of ECCE (Cherednichenko et al., 2008; T.
Yang, Allen et al., 2007) perhaps further compounding SR Ca%* depletion. Whether hyper-
phosphorylation, nitrosylation, and/or glutathionylation of RyRs with mutations are common
convergence points of CRU dysfunction and progression of these diverse disorders is currently
being intensely investigated. Of relevance to the toxicity of PCBs and related chemicals that
alter the function of RyRs, it should be noted that RyR mutations may remain phenotypically
silent or subclinical until triggered by one or more environmental exposures or stressors.
Recently, changes in the phosphorylation state (at Ser 2808 and Ser 2814) were associated with
functional impairments in cardiac RyR2 channels in the streptozotocin-induced model of type
1 diabetes (Shao et al., 2009).

Several enzymes and proteins involved in regulating cellular redox status have been also
demonstrated to directly regulate RyR channel activity. The mu isoform of glutathione-s-
transferase (GST mu) was shown to promote inactivation of RyR1 and RyR2, whereas its
distant relative CLIC-2 that functions as a chloride channel appears to selectively attenuate the
activity of RyR2 in the presence of a GSH:GSSG redox buffer (Abdellatif et al., 2007; Jalilian,
Gallant, Board, & Dulhunty, 2008; Meng et al., 2009). Selenoprotein N (SepN) is physically
associated with RyR1 of skeletal muscle and it appears to be essential for conferring regulation
of RyR1 channels by GSH:GSSG redox potential (Jurynec et al., 2008). Importantly the
absence of SepN in skeletal muscle appears to contribute to a subset of congenital myopathies
and altered redox regulation of RyR1 has been implicated in their etiology.

NAD(P)H oxidases are major sources of superoxide generation in myocytes, especially during
arrhythmia and after acute myocardial infarction. For example tachycardia augments the
association of the NAD(P)H oxidase cytosolic subunit p47phox to the SR fraction, without
modifying the content of the membrane integral subunit gp91phox (Sanchez, Pedrozo,
Domenech, Hidalgo, & Donoso, 2005). The enzymatic oxidation of NADH is tightly linked
with negative regulation of RyR2 channel activity in cardiac myocytes. Inhibition of NADH
oxidase activity with nanomolar rotenone or pyribaben relieves this negative regulation and
increases RyR2 channel activity, spark frequency, and Ca2* oscillations in cardiomyocytes
(Cherednichenko, Zima et al., 2004).

RyRs are emerging as a central integrator of not only physiological signals, but also of
pathophysiological responses to oxidative stress that may arise from mutations in the RyR
proteins themselves, their accessory proteins, metabolic imbalances, or insults from xenobiotic
chemicals such as PCBs. Whether RyR-active PCBs and related non-coplanar structures
influence the phosphorylation, nitrosylation, and/or glutathionylation state of the receptor
complex has not been explored.
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2.2.4. RyR associations with integral and luminal SR proteins—Within the
junctional SR sacks of cardiac and skeletal muscle, RyRs form a protein complex with triadin
and junctin (which are anchored within the membrane), and calsequestrin that resides within
the SR lumen (Guo, Jorgensen, & Campbell, 1996; G. Liu & Pessah, 1994). Ultrastructural
and biochemical evidence supports a model in which triadin and junctin interact directly with
RyRs and may act to scaffold calsequestrin (a low affinity SR Ca2* binding protein) near the
RyR lumen to control the availability of Ca2* near RyRs thereby providing luminal control
(feedback) to the CRU about the local filling state of the Ca2* store (Beard, Wei, & Dulhunty,
2009). Ablation of either triadin or calsequestrin expression in heart results in CPVT. Both
PCBs and bastadins were shown to influence the balance of regulated RyR1 channels (i.e.,
those sensitive to ryanodine) and their ryanodine-insensitive “leak” states in isolated SR and
BC3HL1 cells, possibly by converting low conductance leak states into high conductance
channel states (Pessah et al., 1997; P. W. Wong & Pessah, 1997). More recently, bastadin 5’s
ability to convert ryanodine insensitive Ca2* leak to ryanodine sensitive channels was shown
to lower resting free Ca2* in intact myotubes expressing wild type RyR1 and those expressing
MH susceptibility mutations, but only in the presence of RyR1 channel blockers (ryanodine
or FLA 365) (T. Yang, Esteve et al., 2007). In this regard, myotubes with MH mutations have
significantly higher resting intracellular Ca?* levels than those expressing wild type RyR1, and
the reductions afforded by bastadin 5 in the presence of ryanodine are significantly greater (Fig
9).

Junctophilins are integral ER/SR proteins that form non-covalent interactions with membrane
lipids through their MORN (membrane occupation recognition nexus) motifs, and are primarily
responsible for stabilizing close apposition of the junctional regions SR/ER and the
plasmalemma in both muscle cells and neurons (Kakizawa, Moriguchi, Ikeda, lino, &
Takeshima, 2008; Takeshima, Komazaki, Nishi, lino, & Kangawa, 2000). Junctophilins are
therefore essential for creating a specialized milieu that permits the large junctional foot
assembly of RyRs to physically and functionally interact with proteins in the plasma membrane.
The importance of proper assembly of junctional assembly has been recently underscored in
mice with targeted deletions or mutations in junctophilins. Deletion of junctophilin isoform 1
(JP1), the major form expressed in skeletal muscle, results in weak EC coupling and contractile
failure that is lethal shortly after birth (Ito et al., 2001). The lack of JP1 may also negate critical
aspects of channel regulation because JP1 and RyR1 interact in a confomationally sensitive
manner that involves hyper-reactive Cys residues (Phimister et al., 2007). Deletion of
junctophilin isoform 2 (JP2), the major form in cardiac muscle functionally uncouples Cay/1.2
and RyR2 and is embryonic lethal due to contractile failure, whereas 5 missense mutations are
associated with hypertrophic cardiomyopathy in humans (Landstrom et al., 2007; Matsushita
etal., 2007).

Mice lacking neural junctophilins (JP3 and JP4) exhibit impaired exploratory behavior in the
open-field task, and impaired performance in the Y-maze and multiple-trial passive avoidance
tests indicating impaired short- and long-term memory (Moriguchi et al., 2006). Ablation of
JP3 and JP4 uncouples functional interactions among NMDA receptors, ryanodine receptors,
and small-conductance CaZ*-activated K* channels activation. These results reveal that
activation of small-conductance Ca?*-activated K* channels, which is necessary for
afterhyperpolarization in hippocampal neurons, requires Ca?* release through RyRs, and is
triggered by NMDA receptor-mediated Ca?* influx. Junctophilins stabilize close apposition
of “junctional” postsynaptic membranes that permit crosstalk between RyRs and their signaling
partners in the plasma membrane. These observations reveal the essential role of RyRs in
mediating changes in synaptic plasticity (Kakizawa et al., 2008). These newly discovered
mechanisms might be directly relevant to how PCBs mediate neurotoxicity.
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2.3. Structure-activity of PCBs toward RyR1 and RyR2

Non-coplanar PCBs were shown to potently and selectively sensitize both RyR1 and RyR2
channel activities in studies with SR membranes isolated from mammalian skeletal and cardiac
muscle, respectively, using radioligand binding studies with [3H]ryanodine ([3H]Ry) and
macroscopic CaZ* flux measurements across isolated SR membrane vesicles (P. W. Wong &
Pessah, 1996). [3H]Ry binds to RyR1 with high selectivity and specificity only to an activated
conformation of RyRs, thereby providing a rapid and quantitative method for screening
chemicals that enhance or inhibit channel activity (Pessah, Stambuk, & Casida, 1987; Pessah,
Waterhouse, & Casida, 1985). Figure 10 (left panel) highlights two important aspects of the
PCB structure-activity relationship towards RyR1: (1) chlorine substitutions at the ortho-
positions which restrict the biphenyl rings to non-coplanarity; and (2) the contribution of
para-substituents which can reduce or eliminate activity. For example PCB 126, one of the
most potent PCB congeners toward the arylhydrocarbon hydroxylase (Ah) receptor, lacks
activity toward RyR1 at its solubility limits. In general, PCBs lacking at least one ortho-
substitution are inactive toward RyR1 and RyR2, regardless of the degree of chlorination. A
similar structure-activity profile applies for activation of RyR2 channels isolated from cardiac
muscle (P. W. Wong & Pessah, 1996),

ER preparations isolated from adult cerebellum, hippocampus or cortex contain all three RyR
isoforms, although RyR1 and RyR2 predominate (P. W. Wong, Brackney, & Pessah, 1997).
Of the congeners assayed on ER preparations from brain, noncoplanar PCB 95 exhibited the
highest potency toward activating high affinity [?H]Ry binding, whereas mono-ortho PCB 66
(2,3,4,4'-tetrachlorobiphenyl) and PCB 126 were inactive. Ca?* transport measurements made
with cortical ER vesicles revealed that PCB 95 discriminates between inositol 1,4,5-
trisphosphate- and ryanodine-sensitive stores, and PCB 95 induced Ca2* was dose-dependent
and completely inhibited by ryanodine receptor blockers (P. W. Wong, Brackney et al.,
1997).

A more detailed structure-activity analysis was completed with RyR1. Figure 2 shows a ranking
of the 28 most active congeners of 35 tested based on the concentration required to double
[3H]Ry binding activity to RyR1 (Pessah et al., 2006). Many of these are found in
environmental and human samples and collectively they can comprise up to 50% of the total
PCB burden. PCB 95 and PCB 136 and (2,2',3,3',6,6’-hexachlorobiphenyl) share asymmetric
chlorine substitutions on the phenyl rings (2,3,6 and 2',3',6" for PCB 136 vs. 2,3,6 and 2',5' for
PCB95) and both are racemic mixtures of two atropisomers (see below). The 2',5'-Cl
configuration of PCB 95 is equivalent to a 3'6’-Cl configuration of PCB 136 (i.e. 2,3,6,2',5’
vs. 2,3,6,3',6") assuming a calculated dihedral angle of ~90° based on the crystal solution of
PCB 84 (Lehmler, Robertson, & Parkin, 2005). The 2,3,6-Cl configuration on one ring with
ortho, meta on the other is optimal for recognizing a binding site within the RyR1 complex
and for sensitizing channel activation. Para-chloro substitution lowers the maximum efficacy
towards RyR1 regardless of the presence of one or more ortho-substitutions. Comparing the
relative activities of PCB 30 and PCB 75 (2,4,6,4'-tetrachlorobiphenyl), the additional para-
Cl-substitution completely eliminates activity towards RyR1. Thus complete lack of activity
observed here with PCB 75 is likely due to the di-para-chloro substitution. In general, PCB
structures possessing 4,4'-Cl exhibit lower activity towards RyR1, regardless of the presence
of one or more ortho-substitutions (Pessah et al., 2006). Hydroxylated PCBs are appearing in
human tissues and there is currently great interest in determining whether these metabolites
are more biologically active than the corresponding parent structures (Fernandez et al.,
2008;Y. Liu et al., 2009; . J. S Park et al., 2008;Park, Petreas, Cohn, Cirillo, & Factor-Litvak,
2009). The 4-OH derivative of PCB 30 (4’OH-PCB 30) was found to be significantly more
active toward RyR1 than the parent PCB 30 (2,4,6-ClI) (Fig 10, right panel). Thus a para-OH
group on the phenyl ring that carries no other deactivating substitution confers potency and
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efficacy towards activating RyR1. Two possible mechanisms could be responsible. First, the
acidic property of the lone phenyl-OH substituent is likely to contribute hydrogen-bonding
potential to stabilize interactions with the receptor site. Alternatively, if the hydroxyl group is
partially or wholly ionized, then electrostatic interactions would be expected to stabilize the
PCB-RyR1 complex. In support of this interpretation, the di-OH derivative of PCB30, 3',4'-
di-OH,2,4,6-PCB, was found to possess lower potency but similar efficacy to PCB 30. The
presence of two adjacent —OH moieties would be expected to promote intramolecular hydrogen
bonding and could preclude stabilizing interactions with RyR1 that impact the apparent affinity
and efficacy for channel activation (Pessah et al., 2006). There is an excellent correlation (r2
=0.87) between the initial rate of PCB-induced Ca2* efflux and the concentration needed to
increase [3H]Ry binding by two fold, a measure of potency (Fig 11), and PCB-induced Ca?*
release from ER/SR membrane without inhibiting the SR/ER Ca%*-ATPase (SERCA pump).
Moreover, the release can be completely inhibited by prior block of RyR channels with
ryanodine or ruthenium red, suggesting a selective receptor mediated mechanism is
responsible.

2.3.1. Enatioselectivity of Chiral PCBs toward RyRs—Nineteen of the possible 209
polychlorinated biphenyl (PCB) structures exist as pairs of atropisomers (also referred to as
enantiomers) that are sufficiently stable to permit separation by gas or liquid chromatography
using chiral column matrices (Haglund, 1996). Stable enantiomeric PCB structures have
unsymmetrical chlorine substitutions in their respective phenyl rings and possess >3 chlorine
atoms in the ortho-positions that restrict the degree of rotation about the biphenyl bond.
Evidence of enantioselective enrichment of PCB atropisomers in environmental samples
(Asher et al., 2007; Pessah, 2001; Jamshidi, Hunter, Hazrati, & Harrad, 2007; Robson &
Harrad, 2004; C. S. Wong, Garrison, Smith, & Foreman, 2001; C. S. Wong et al., 2004; C. S.
Wong et al., 2007), food (Bordajandi & Gonzalez, 2008; Bordajandi, Ramos, Sanz, Gonzalez,
& Ramos, 2008; Bordajandi, Ramos, & Gonzalez, 2005), as well as biological tissues from
animals (Chu, Covaci, Van de Vijver et al., 2003; Kania-Korwel, Hornbuckle, Robertson, &
Lehmler, 2008a, 2008b; Kania-Korwel, Shaikh, Hornbuckle, Robertson, & Lehmler, 2007)
and humans (Chu, Covaci, & Schepens, 2003; Harrad et al., 2006) are being widely reported.
Recently (=) PCB 136 was shown to directly sensitize activation of RyR1 and RyR2, whereas
(+) PCB 136 did not when assayed at either 25 or 37°C (Pessah et al., 2009) (Fig 12). (-) PCB
136 rapidly mobilized SR Ca2* stores by activating RyR1 in the presence of low (resting) levels
of cytoplasmic Ca2*, and (+) PCB 136 failed to competitively inhibit the actions of (-) PCB
136. The mechanism by which (=) PCB 136 promotes RyR activity is to coordinately stabilize
the open, while destabilizing the closed, states of the RyR1 channel.

The enantiospecificity of (—) PCB 136 indicates that the spatial configuration of the chlorine
substitutions about the biphenyl is significantly more important than the overall
physicochemical properties of the PCB for optimizing interactions with RyRs and implies a
highly ordered binding interaction between active PCBs and their site(s) of interaction within
RyR complexes. It is interesting to note that the four most active PCBs toward RyR thus far
tested are chiral (Figs 2 & 11) although the degree of enantiospecificity toward sensitizing RyR
activity may vary (Lehmler, Robertson, Garrison, & Kodavanti, 2005;Pessah et al., 2009).

2.4. RyRs in smooth muscle

All three RyR isoforms are expressed in smooth muscle myocytes (McGeown, 2004). The
patterns of RyR isoform expression and their contribution to smooth muscle contractility differ
among specific organs in which they are found including vascular, urinary bladder, ureter,
airway and the gastrointestinal track (Cheng & Lederer, 2008; McGeown, 2004). RyRs also
localize to regions of SR that are in close proximity (< 100 nm) to the plasma membrane of a
variety of smooth muscle myocytes where they are responsible for generating spontaneous and

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 15

depolarization evoked CICR (Gollasch et al., 1998; Lesh et al., 1998). The patterns of
expression of RyR isoforms is highly dependent on the type of smooth muscle and multiple
isoforms can be expressed within a smooth muscle cell (Chalmers, Olson, MacMillan,
Rainbow, & McCarron, 2007). For example, recent RT-PCR results have indicated that RyR2
and RyR3 are expressed in cultured myocytes from rat mesenteric artery (Berra-Romani,
Mazzocco-Spezzia, Pulina, & Golovina, 2008) or vas deferens (Ohno, Ohya, Yamamura, &
Imaizumi, 2009), although the ratio of the two isoforms can change with proliferation. In
contrast, uterine smooth muscle expresses two splice variants of RyR3 that are differentially
expressed in nonpregnant and pregnant myometrium, although their functional significance
has been recently questioned (Noble, Matthew, Burdyga, & Wray, 2009). It appears that
expression of a functional long form of RyR3 is responsive to caffeine and cADP ribose,
whereas expression of a non-functional short form can inhibit the function of the long-form
when they are concomitantly expressed (Dabertrand, Fritz, Mironneau, Macrez, & Morel,
2007). At the end of pregnancy, the relative expression of RyR3 long form appears to increase
suggesting physiological regulation of RyR3 alternative splicing may be important in
regulating uterine contractility at the end of pregnancy.

In smooth muscle that undergoes action potential driven phasic contraction (e.g., smooth
muscle of the uterer, the periodicity of Ca2* sparks appear to be functionally coupled to
pacemaker ionic currents that, collectively, set the rhythm of the firing of action potentials
(Burdyga & Wray, 2005; S. Q. Wang et al., 2002; Wray, Burdyga, & Noble, 2005). By contrast,
RyRs expressed in arterial and urinary bladder smooth muscles are co-localized with and tightly
coupled to large conductance Ca?*-activated potassium channels (BKc,) that mediate
spontaneous outward currents (STOCs) (Herrera & Nelson, 2002; Jaggar et al., 1998; Nelson
etal., 1995; Perez, Bonev, Patlak, & Nelson, 1999). Voltage-activated Ca?* entry into arterial
smooth muscle is primarily responsible for enhancing tone. However, an important
consequence of the co-localization and tight functional coupling between RyRs and BKc, is
that activation of sub-plasmalemmal RyR-mediated Ca?*-induced Ca2* release efficiently
enhances STOCs thereby hyperpolarizing the surface membrane and shutting off voltage-
dependent Ca2* entry (Nelson et al., 1995). Therefore, activation of RyRs play a pivotal
physiological role in arterial smooth muscle relaxation and the abnormal RyR-BK, coupling
have been shown to cause hypertension and left ventricular hypertrophy (Amberg, Bonev,
Rossow, Nelson, & Santana, 2003; Brenner et al., 2000; Pluger et al., 2000).

2.4.1. Cellular toxicity of PCBs to smooth muscle—Exposure of uterine smooth
muscle cells isolated from gestation day 10—pregnant rats to hon-coplanar PCB 4 (2,2'-
dichlorobiphenyl) was shown to inhibit contractility and synchronization (Chung & Loch
Caruso, 2005). These effects on contractility were initially attributed to MAPK-mediated
phosphorylation of connexin 43 that resulted in inhibition of myometrial gap junctions.
However, additional studies revealed that antioxidants could reverse the inhibitory influence
of PCB on contraction and synchronicity without restoring gap junction function (Chung &
Caruso, 2006), suggesting other mechanisms are involved. Paradoxically, complex PCB
mixtures significantly stimulated uterine contraction frequency with the least chlorinated
mixture, Aroclor 1242, being most potent. The actions of micromolar Aroclor 1242 on uterine
smooth muscle contractility seem at least in part mediated by enhanced Ca2* entry through a
nifedipine-sensitive pathway (Bae, Stuenkel, & Loch-Caruso, 1999; Wrobel, Kaminski, &
Kotwica, 2005). Aroclor 1260 did not exhibit significant effects on rat uterine strips in vitro
(Bae, Mousa, Quensen, Boyd, & Loch-Caruso, 2001; Tsuneta et al., 2008). However
subsequent to microbial metabolism, a partially dechlorinated mixture dominated by ortho-
substituted PCBs with <4 chlorines substituents increased uterine contraction frequency over
7-fold. Exposure of bovine myometrial cells to A1248 initially increased the spontaneous force
of contractions but with longer exposures (>24hr) was inhibitory (Wrobel et al., 2005). Non-
coplanar PCB-153 (2,2',4,4',5,5"-hexachlorobiphenyl) increased the spontaneous and
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oxytocin-evoked frequency of myometrial contractions, and these effects were greater in cells
isolated before than after ovulation. On the other hand, PCB 153 delayed or inhibited oxytocin-
stimulated rise in intracellular Ca2* concentration without altering cell viability (Wrobel et al.,
2005; Wrobel & Kotwica, 2005). Ortho-substituted PCBs and their metabolites were found to
reduce proliferation of myometrial cells originating from pregnant women exposed in vitro
(Bredhult, Backlin, & Olovsson, 2007).

The mechanisms responsible for the seemingly paradoxical effects of PCBs on uterine smooth
muscle contractility (decreased contractility produced by PCB 4 vs. enhanced contractility
induced by an ortho-rich mixtures and PCB153) are currently not understood. Collectively
these results suggest that non-coplanar PCBs, especially lightly chlorinated congeners, are most
active toward altering myometrial contractility through a mechanism involving altered Ca2*
signaling.

2.5. PCB Developmental Neurotoxicity

2.5.1 RyRs in the Nervous System—Neurons have an extensive ER membrane system
that extends deep into the soma to envelope the nucleus and out into proximal regions of the
dendrites and axon. Specialized regions of the ER closely appose the plasma membrane and
are present in more distal aspects of the neuron such as growth cones, axon terminals and
dendritic spines. As in non-neuronal cells, Ca%* release from neuronal ER stores can be evoked
by stimulation of RyRs or IP3Rs, and both receptor types can couple to the activation of
neurotransmitter-gated receptors and voltage-gated Ca2* channels on the plasma membrane.
This organization enables the ER to function not only as a buffer and source of Ca2* in axonal
and somatodendritic compartments but to also discriminate between different types of neuronal
activity and integrate CaZ*-dependent signaling between the plasma membrane, cytosol and
nucleus (Bardo, Cavazzini, & Emptage, 2006; Berridge, 2006). Ca?* spark-like events arising
from both RyRs and IP3Rs in nerve growth factor-differentiated PC12 cells and cultured
hippocampal neurons exhibit different kinetic properties than their counterparts found in
cardiac muscle, with greater spatial width and significantly longer duration (Koizumi, Bootman
et al., 1999; Koizumi, Lipp, Berridge, & Bootman, 1999). Long lasting local Ca2* signals
spreading several microns, called “syntillas” have been measured within presynaptic terminals
of basket cells of the cerebellum (Collin, Marty, & Llano, 2005), and in peptidergic terminals
of murine hypothalamic neurons and neuroendocrine (chromaffin) cells (De Crescenzo et al.,
2006; De Crescenzo et al., 2004; ZhuGe et al., 2006). Syntillas observed in hypothalamic
neuronal terminals are triggered by membrane depolarization and are restricted near the inner
leaflet of the plasma membrane. RyR1s anchored to the ER in very close proximity to
plasmalemmal L-type voltage dependent Ca2* channels engage in a form of voltage-induced
Ca?* release (VICaR) that is similar to muscle EC coupling (De Crescenzo et al., 2006).

High-affinity [3H]ryanodine-binding sites are expressed in rat brain microsomal fractions from
cerebral cortex, cerebellum, hippocampus and brainstem (Zimanyi & Pessah, 1991) and form
caffeine sensitive Ca2* channels (McPherson etal.,1991). All three RyR isoforms are expressed
in the central nervous system (CNS) but are differentially distributed between specific brain
regions, cell types and subcellular localizations, reflecting their participation in specialized
functions. In situ hybridization studies of mouse brain (Mori, Fukaya, Abe, Wakabayashi, &
Watanabe, 2000) indicate that during embryogenesis, RyR1 is predominantly expressed in the
rostral cortical plate whereas RyR3 is prominent in the caudal cortical plate and hippocampus.
However, from postnatal day 7 into adulthood, RyR2 expression is upregulated and RyR3
expression downregulated so that RyR1 and RyR2 are more highly and broadly expressed than
RyR3. In the postnatal brain, RyR1 expression is most prominent in the dentate gyrus and
Purkinje cell layer but this isoform has also been detected in the caudate/putamen nuclei,
olfactory tubercle, olfactory bulb, and cortex. RyR2 is the major isoform expressed in many
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brain regions and RyR2 transcripts have been observed in the hippocampus, cerebellum, medial
habitual nuclei, amygdala, cortex and more anterior brain regions including granular cell layer
of the olfactory bulb. In the cerebellum, RyR2 mRNA specifically localized to the granular
cell layer. RyR3, which accounts for about 2% of the total RyR protein in the brain (Murayama
& Ogawa, 1996), shows distinctive patterns of expression in several structures of mouse brain.
RyR3-specific antibodies appeared to preferentially stain the granular layer in the cerebellum
even though the signal intensity was less than RyR2. Immunocytochemical studies have also
detected RyR3 in the hippocampus and sporadic patterns of RyR3 staining have been reported
in the thalamus and the caudate/putamen nuclei.

Detailed in situ hybridization (Furuichi et al., 1994; Giannini, Conti, Mammarella, Scrobogna,
& Sorrentino, 1995; Mori et al., 2000) and immunocytochemical (Hertle & Yeckel, 2007)
studies of the distribution of RyR isoforms in the hippocampus of rodent brains indicate that
RyR1 is enriched in the stratum oriens, stratum pyramidale and stratum radiatum of CA1 and
CA3 subfields of hippocampus. The densest RyR1 immunolabeling localized to the somata of
pyramidal cells within the stratum pyramidale and portions of their apical dendrites in the
stratum radiatum (Hertle & Yeckel, 2007). By contrast, RyR1 has relatively lower expression
in dentate gyrus. RyR2 is primarily expressed in the cells of the dentate gyrus and in the stratum
lucidum of CA3 with weaker staining in pyramidal cells in stratum pyramidale and within
stratum radiatum of CA1 (Hertle & Yeckel, 2007; Lai etal., 1992). RyR2 is localized in axons
to a greater degree than in dendrites, and is most densely distributed in the hippocampal mossy
fiber pathway and in axon bundles traversing the cortical laminae (Hertle & Yeckel, 2007;
Seymour-Laurent & Barish, 1995). RyR3 immunoreactivity was detected in all hippocampal
subfields but was stronger in CA1 than CA3. Intense RyR3 immunoreactivity was detected
along the dentate gyrus/hilus border and within the hilus.

RyR expression has also been documented in non-neuronal cells of the CNS. Diffuse staining
of the hippocampal neuropil indicates that RyR3 is expressed in astrocytic processes (Matyash,
Matyash, Nolte, Sorrentino, & Kettenmann, 2002), and separate studies of cultured glial cells
derived from rodent brain confirmed RyR expression in not only astrocytes (Matyash et al.,
2002; Straub & Nelson, 2007) but also oligodendrocytes (Haak et al., 2001; Weerth, Holtzclaw,
& Russell, 2007). These studies further indicated that astrocytes (Matyash et al., 2002) and
oligodendrocyte progenitors (Haak et al., 2001) express RyR3 but not RyR1 or RyR2. In
oligodendrocyte progenitor, RyR3 and IP3R type 2 were shown to have a differential
distribution within their processes that might explain differences in local and global Ca2*
signals mediated by these two channel types, and their functional interactions appear to
determine the spatial and temporal characteristics of Ca2* signaling in these cells. In contrast,
human microglia cultured from both fetal and adult brain samples express mMRNA for RyR1
and RyR2, whereas RyR3 mRNA can be detected only in fetal microglial cells. RyR expression
has also been examined in peripheral nervous system (PNS) neurons. Transcripts encoding
RyR2 and RyR3 but not RyR1 have been detected in sympathetic ganglia isolated from adult
rats and ganglionic levels of RyR3 but not RyR2 mRNA decline with advanced age
(Vanterpool, Vanterpool, Pearce, & Buchholz, 2006). Immunohistochemical studies of dorsal
root ganglia (DRG) revealed immunoreactivity for RyR3 but not RyR1 or RyR2 (Lokuta,
Komai, McDowell, & Valdivia, 2002; Ouyang et al., 2005) in these sensory neurons.

2.5.2. RyR-Mediated Mechanisms in Neurodevelopment—Given that RyRs are
expressed in both presynaptic and postsynaptic sites in virtually all brain areas (Hidalgo,
2005; Nozaki et al., 1999; Ogawa & Murayama, 1995) as well as in CNS glial cells and PNS
neurons, it is perhaps not unexpected that experimental evidence indicates that RyRs contribute
to fundamentally important aspects of neuronal excitability and use-dependent synaptic
plasticity (Berridge, 1998; Kennedy, 2000; Korkotian & Segal, 1999; Matus, 2000; Segal,
2001). Inaxon terminals, RyRs mediate spontaneous, evoked and facilitated neurotransmission
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(Collin et al., 2005; De Crescenzo et al., 2006; T. W. Dunn & Syed, 2006; Q. Liu et al.,
2005; Shimizu et al., 2008) and regulate the mobilization and recycling of synaptic vesicles
(Levitan, 2008; Shakiryanova et al., 2007). RyRs localized to the somatodendritic domain
influence the intracellular encoding of neural activity and are implicated in modulating both
neurochemical (Bardo et al., 2006; Berridge, 2006) and structural (Segal, Korkotian, &
Murphy, 2000) aspects of synaptic plasticity. Diverse neurochemical changes associated with
dendritic synaptic plasticity have been shown to rely on RyR function, including: 1) activity-
dependent postsynaptic translation (Jourdi et al., 2009) and secretion (Kolarow, Brigadski, &
Lessmann, 2007) of neurotrophins, 2) modulation of Gg-coupled receptor function by stress
peptides and hormones (Riegel & Williams, 2008); 3) activity-dependent enhancement of
glutamate responses and the associated increase of GIuR1 within spines mediated by
synaptopodin, an actin-binding protein that co-localizes with RyRs within the spine apparatus
of hippocampal neurons (Vlachos et al., 2009); and 4) sequential activation of CaM kinases,
CREB and transcription of genes encoding Ca2*-regulated proteins triggered by repetitive or
prolonged depolarization of hippocampal neurons (Deisseroth, Heist, & Tsien, 1998). RyRs
similarly function in peripheral neurons to regulate the release of (Cong, Takeuchi, Tokuno,
& Kuba, 2004; W. Huang, Wang, Galligan, & Wang, 2008; Ouyang et al., 2005) and response
to (Brain, Trout, Jackson, Dass, & Cunnane, 2001; Locknar, Barstow, Tompkins, Merriam, &
Parsons, 2004) neurotransmitters and neuropeptides, and their function underlies the exocytotic
release of glutamate from astrocytes (reviewed in Reyes & Parpura, 2009). Changes in
postsynaptic efficacy are also associated with morphological changes in dendritic spines. Pulse
application of caffeine, a RyR agonist, has been reported to cause a rapid and significant
increase in the size of existing dendritic spines in mature cultures of hippocampal neurons and
this effect is blocked by antagonizing concentrations of ryanodine (Korkotian & Segal,
1999), supporting the involvement of RyR in mediating activity-dependent changes in dendritic
spine morphology.

Consistent with the demonstrated role of RyRs in neurotransmission and synaptic plasticity at
the cellular level, ligands that directly modulate RyR, such as ryanodine, alter functional
aspects of neuroplasticity including long term potentiation (LTP) (Y. Wang, Wu, Rowan, &
Anwyl, 1996) and long term depression (LTD) (Y. Wang, Rowan, & Anwyl, 1997) in the
hippocampus. FK506 and rapamycin, which deregulate RyR2 by dissociating the RyR2/
FKBP12/12.6 complexes also inhibit LTD (Li, Kato, & Mikoshiba, 1998). Thus, RyRs appear
to play a critical role in use-dependent plasticity that underlies the early stages of associative
memory. Earlier evidence suggested that RyR2 through its interaction with calexcitin might
also alter Ca2* signaling over a longer time frame, implying a critical role for RyRs in the
consolidation phase of associative memory (Alkon, Nelson, Zhao, & Cavallaro, 1998). Most
intriguing is work showing a tight correlation between acquisition of spatial learning and
selective up-regulation of RyR2 in the dentate gyrus and CA3 (Cavallaro et al., 1997),
implicating RyR2 in storage phases of associative memory (Alkon et al., 1998). Additional
studies demonstrate that mice with targeted deletion of RyR3 have deficits in contextual fear
conditioning but improved spatial learning in the Morris water maze task (Futatsugi et al.,
1999; Kouzu et al., 2000). Interestingly, comprehensive behavioral phenotyping of RyR3
knockout mice revealed decreased social interaction, hyperactivity and mildly impaired
prepulse inhibition, whereas no measurable impairments in motor function and working and
reference memory tests were detected (Matsuo et al., 2009).

A recent discovery is that RyRs also function as a key element of the output pathway from the
molecular circadian clock in neurons of the suprachiasmatic nucleus (SCN).
Electrophysiological and calcium mobilization experiments indicate that RyR activation by
administration of caffeine or 100 nM ryanodine increased the firing frequency of SCN neurons,
whereas inhibition of RyRs by dantrolene or 80 pM ryanodine decreased firing rate, suggesting
that RyRs are involved in the circadian rhythmicity of SCN neurons (Aguilar-Roblero,
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Mercado, Alamilla, Laville, & Diaz-Munoz, 2007). Subsequent behavioral studies
demonstrated that RyR activation induced a significant shortening of the endogenous period,
whereas RyR inhibition disrupted circadian rhythmicity. In both experiments, the period of
rhythmicity returned to basal levels upon cessation of pharmacological treatment (Mercado et
al., 2009). In light of these studies, it is interesting to note that it had been reported some 25
years earlier that PCBs interfered with rhythmic pituitary-adrenal function in rats (J. D. Dunn,
Carter, & Henderson, 1983).

Dynamic changes in intracellular Ca?* concentrations play a crucial role in not only neuronal
excitability and synaptic plasticity but also in cell proliferation and differentiation, cell
movement, and cell death (Cline, 2001; Moody & Bosma, 2005; Spitzer, Root, & Borodinsky,
2004; Zheng & Poo, 2007). Thus, it might be predicted that RyRs function to regulate diverse
aspects of neurodevelopment, and emerging evidence supports that prediction. Early reports
that RyRs are upregulated during NGF-induced differentiation of adrenal chromaffin cells
(Jimenez & Hernandez-Cruz, 2001) suggested the possibility that RyRs mediate the CICR
necessary for neurogenesis and neuronal differentiation. In support of this hypothesis, it was
recently shown that activation of L-type Ca2* channels, GABA4 receptors or RyRs promoted
neuronal differentiation, while inhibition of these channels/receptors had the opposite effect
on mouse embryonic stem (ES) cells (Yu et al., 2008). Moreover, the activity of intracellular
Ca?* signaling, expression of the neuronal transcription factor NeuroD and the rate of
neurogenesis was significantly inhibited in neuronal cells derived from embryonic stem cells
obtained from RyR2 deficient mice relative to wild-type controls even in the presence of L-
type Ca?* channel and GABA 4 receptor activation. Apoptosis is another neurodevelopmental
process that is essential to normal brain development (Dikranian et al., 2001; Martin, 2001),
occurring in proliferative zones and in postmitotic cells in both the fetal and postnatal brain
(White & Barone, 2001). The spatiotemporal pattern of apoptosis in the developing CNS is
tightly regulated and disruption of either the timing or the magnitude of apoptosis in a given
brain region can alter cell number and thus connectivity, causing deficits in higher order
function even in the absence of obvious pathology (Barone, Das, Lassiter, & White, 2000;
Martin, 2001; Sastry & Rao, 2000). Increased Ca?* and ROS are significant triggers of
apoptosis, and RyR activation a critical component of apoptotic signaling pathways (Berridge,
Lipp, & Bootman, 2000; Carmody & Cotter, 2001; Ermak & Davies, 2002; Ravagnan,
Roumier, & Kroemer, 2002; Robertson, Chandra, Gogvadze, & Orrenius, 2001).

RyRs have also been implicated in regulating morphogenetic processes in the developing
nervous system. Specifically, RyR3 has been shown to be necessary for astrocyte migration
(Matyash et al., 2002), and for axonal growth cone responses to nitric oxide (Welshhans &
Rehder, 2007) or activation of cell adhesion molecules (Ooashi, Futatsugi, Yoshihara,
Mikoshiba, & Kamiguchi, 2005). With respect to the latter, in the presence of RyR3-mediated
CICR, growth cones exhibited attractive turning, but in the absence of RyR3-mediated CICR,
Ca2* signaling elicited growth cone repulsion. The authors suggest on the basis of these
observations that the source of Ca2* influx, rather than its amplitude or the baseline Ca?* level,
is the primary determinant of the direction of axonal growth cone turning. Based on
pharmacological inhibition studies, RyRs have also been implicated in regulating Ca2*-
dependent neurite outgrowth (Arie et al., 2009) in DRG neurons, a cell type that extends only
axons, as well as activity-dependent dendritic growth and retraction in retinal ganglia neurons
(Lohmann, Finski, & Bonhoeffer, 2005; Lohmann, Myhr, & Wong, 2002). A generalization
emerging from studies of activity-dependent dendritic growth is that Ca?* exerts bimodal
effects on dendritic structure. Thus, increased intracellular Ca2* has been linked to both
dendritic growth and to dendritic retraction (reviewed in Lohmann & Wong, 2005; Redmond,
Kashani, & Ghosh, 2002; Segal et al., 2000). Two possibilities have been proposed to explain
why Ca2* signaling stimulates dendritic growth in some cases while inhibiting dendritic
plasticity in others. First, Segal et al. (2000) suggest that moderate and/or transient increases
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in intracellular Ca2* cause growth of dendritic branches and spines, whereas large Ca*
increases cause destabilization and retraction of these dendritic structures (Fig 13). Consistent
with this possibility, relatively sustained increases in intracellular Ca2* versus transient
changes in CaZ* influx activate different Ca*-dependent signaling pathways with distinct
effects on dendrites (Redmond et al., 2002; Wilson, Kisaalita, & Keith, 2000). The second
possibility is that dendritic responses to Ca2* differ with neuronal maturation such that early
in development, increased Ca2* promotes dendritic growth, while later in development,
increased Ca2* functions to stabilize dendritic structure (Lohmann & Wong, 2005). While
pharmacological manipulation of RyRs has been shown to influence activity-dependent
dendritic morphogenesis, the specific isoforms associated with any specific effect have yet to
be determined.

In addition to regulating neurodevelopment and physiological processes in the central and
peripheral nervous system, RyRs are also implicated in Ca2* dysregulation associated with cell
toxicity, aging and neurodegeneration (reviewed in Thibault, Gant, & Landfield, 2007). The
model that has been proposed is that aging and/or pathological changes occur in both L-type
Ca?* channels and RyRs and these interact to abnormally amplify Ca2* transients. In turn, the
increased transients result in dysregulation of multiple Ca2*-dependent processes ultimately
accelerating functional decline. Diverse pathogenic stimuli, including HIVV-1 Tat (Norman et
al., 2008), amyloid-beta and prion peptides (Ferreiro, Oliveira, & Pereira, 2008) as well as
mutations associated with neurodegeneration such as the presenilin (PS2) mutation (S. Y. Lee
et al., 2006) activate apoptotic or excitotoxic pathways via RyR-dependent mechanisms that
increase intracellular Ca2* levels in neurons. Consistent with this model, two recent reports
confirm a role for interactions between presenilins and RyRs in regulating release of calcium
from both pre-synaptic and post-synaptic ER (C. Zhang et al., 2009; S. Chakroborty,
Goussakov, Miller & Stutzmann, 2009). This interaction is perturbed in 3xTg-AD mice such
that RyR-evoked Ca?* release in CA1 pyramidal neurons is markedly increased resulting in
altered synaptic homeostasis of these neurons relative to wildtype mice (Chakroborty et al.,
2009). Interestingly, the RyR2 isoform was found to be selectively increased more than fivefold
in the hippocmpaus of 3xTg-AD mice relative to controls and the authors propose this as the
mechanism to explain the deviant, yet functional calcium signaling evident in presymptomatic
3xTg-AD mice long before the onset of AD histopathology. RyR-dependent Ca?* release from
presynaptic internal stores is also required for ethanol to increase spontaneous y-aminobutryic
acid release onto cerebellum Purkinje neurons (Kelm, Criswell, & Breese, 2007), and the
imbalance between excitatory and inhibitory circuits that underlies NMDA receptor-mediated
epileptiform persistent activity is blocked by inhibition of the ryanodine receptor (W.-J. Gao
& Goldman-Rakic, 2006). These observations support the hypothesis that factors that alter
RyR expression and/or function have the potential to interfere with normal neurodevelopment
and neuronal function.

2.5.3. Experimental evidence of RyR-mediated mechanisms of PCB
neurotoxicity—Of the various adverse effects associated with PCBs, developmental
neurotoxicity has emerged as a particularly vulnerable endpoint (Carpenter, 2006; NIEHS,
1999; Schantz et al., 2003). Population-based studies have consistently demonstrated that PCBs
negatively impact neuropsychological function in exposed children (Carpenter, 2006; Korrick
& Sagiv, 2008; Schantz et al., 2003). PCB exposure has been positively correlated with
decreased 1Q scores, impaired learning and memory, lower reading comprehension, attentional
deficits and psychomotor dysfunction (Y. C. Chen et al., 1992; Grandjean & Landrigan,
2006; Jacobson et al., 1992; Koopman-Esseboom et al., 1996; Roegge & Schantz, 2006; Rogan
& Ragan, 2007; Schantz et al., 2003; P. W. Stewart et al., 2008). Comparable cognitive and
psychomotor behavioral deficits are observed in primate and rodent models following
developmental PCB exposures (Rice, 1998; Schantz, 1996; Schantz, Levin, Bowman,
Heironimus, & Laughlin, 1989; Schantz, Moshtaghian, & Ness, 1995; Tilson, Jacobson, &
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Rogan, 1990; Tilson & Kodavanti, 1998). More recently, it has been postulated that exposure
of the developing brain to PCBs may also influence the susceptibility of the adult brain to acute
stressors and neurodegeneration (Lein, Kim, Berman, & Pessah, In press). This hypothesis is
derived in part from a mortality study of 17,000 workers occupationally exposed to PCBs that
revealed an increased incidence of PD in female subjects (Steenland et al., 2006) and findings
of a positive correlation between PCB exposure and depression and impaired memory and
learning among adults 49-86 years of age living in Michigan and exposed to PCBs via
consumption of Great Lakes fish (Schantz et al., 2001) and adults 55-74 years of age living
along regions of the Hudson River in New York that have been heavily contaminated with
PCBs (Fitzgerald et al., 2008). In the latter study, the PCB body burdens of affected individuals
were similar to those of the general population, suggesting persistent neuropsychological
effects from prior exposures. Whether early-life exposures to PCBs increase susceptibility to
neurodegenerative processes that contribute to dementia and motor deficits is difficult to
determine from these studies because the critical exposure period could not be identified.
However, several recent studies using experimental animal models support this possibility.
The first set of studies utilized a well-established model of focal cerebral ischemia, middle
cerebral artery occlusion (MCAO) in rats, to demonstrate that exposure to Aroclor 1254 in the
maternal diet throughout gestation and lactation confers neuroprotection against focal ischemic
stress in the adult brain (Dziennis et al., 2008). Congener-specific analyses of tissues harvested
from adult animals immediately following MCAO indicated no difference in PCB levels
between control and PCB-exposed brains, suggesting that PCB effects on stroke outcome may
reflect PCB interactions with developmental processes. In the second set of studies,
developmental PCB exposure was shown to influence seizure susceptibility in the weanling
and young adult rat. Seizure susceptibility was assessed by quantifying the threshold for
seizures induced by flurothyl (bis-2,2,2-triflurothyl ether), a convulsive drug used to
investigate seizure susceptibility in rodents (Ferland & Applegate, 1998; Szot et al., 2001) and
the response to pentylenetetrazole (PTZ), which kindles seizures within 15-20 injections of
initially subconvulsive doses in rats (Corda et al., 1991). Exposure to PCB 95 in the maternal
diet from gestational day 5 through weaning on postnatal day 21 significantly decreased seizure
thresholds in animals challenged with flurothyl on postnatal day 35 and caused faster kindling
with PTZ on postnatal day 60-83 (Lein et al., In press). Considered collectively, these studies
support the possibility that exposure of the developing brain to PCBs may elicit persistent
changes in the brain that influence the susceptibility of the adult brain to subsequent stressors.

How developmental PCB exposure causes persistent neuropsychological impairment in either
children or adults has yet to be resolved. Several lines of evidence suggest mechanisms
independent of the AhR. First, congener-specific analyses of brain tissues from human subjects
(Corrigan, Murray, Wyatt, & Shore, 1998) and experimental animals (Dziennis et al., 2008;
D. Yang et al., 2009) exhibiting neuropsychological impairment associated with exposure to
complex PCB mixtures indicate enrichment of non-coplanar ortho-rich congeners. Second,
studies utilizing purified congeners have consistently demonstrated developmental
neurotoxicity associated with non-coplanar ortho-rich congeners (Fonnum et al., 2006; P. R.
S. Kodavanti, 2005; Mariussen & Fonnum, 2006; Schantz et al., 2003; Tilson & Kodavanti,
1998). For example, perinatal exposure to PCB 95 has been shown to persistently alter
cognitive and psychomotor activity in rodent models (Schantz, Seo, Wong, & Pessah, 1997)
aswell as LTP in hippocampal slice cultures (P. W. Wong, Joy, Albertson, Schantz, & Pessah,
1997), and to alter the ratio of excitatory to inhibitory neurotransmission in the developing
auditory cortex (Kenet et al., 2007) and hippocampal slice cultures (Kim, Inan, Berman, &
Pessah, 2009).

The mechanisms underlying the neurotoxic effects of non-coplanar PCBs are only partially
understood. Biological activities associated with ortho-rich and hydroxyl metabolites of ortho-
poor PCBs include: 1) endocrine disruption, specifically weak estrogenicity (Safe, 2004),
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enhanced insulin (Fischer et al., 1999) and arachidonic acid secretion (Bae, Peters-Golden et
al., 1999), and disruption of the hypothalamic-pituitary-thyroid axis (Knerr & Schrenk,
2006; Zoeller, 2005; Zoeller et al., 2000); 2) reduced levels of dopamine and other biogenic
amines in the brain and in cultured neurons (Mariussen & Fonnum, 2006; Seegal, 1996); and
3) increased levels of reactive oxygen species (ROS) and intracellular Ca%* in neurons (P. R.
S. Kodavanti, 2005; Mariussen & Fonnum, 2006). There is evidence that non-coplanar PCBs
may induce increases in intracellular Ca2* by several mechanisms, including influx of
extracellular CaZ* through L-type voltage-sensitive Ca* channels or the NMDA receptor
(Inglefield & Shafer, 2000; Mundy, Shafer, Tilson, & Kodavanti, 1999) or via release of
intracellular Ca%* stores subsequent to activation of IP3Rs (Inglefield et al., 2001) or RyR (P.
W. Wong, Brackney et al., 1997); however, RyR activation is the most sensitive of these
mechanisms (P. W. Wong, Brackney et al., 1997; P. W. Wong, Joy et al., 1997; P. W. Wong
& Pessah, 1996). It is interesting to note that these mechanisms may not be mutually exclusive
since RyR activation is known to interact with IP3R and with both L-type voltage-sensitive
Ca?* channels and the NMDA receptor (see section 2.5.4.), and low uM concentrations of non-
coplanar PCBs have been shown to enhance significantly the sensitivity of primary cultured
neurons to NMDA- and AMPA-elicited Ca2* signals (Gafni et al., 2004), revealing a functional
link between PCB amplification of RyR signaling and sensitivity to excitatory amino acids.

The causal relationship between these biological activities of non-coplanar PCBs and the
neuropsychological deficits associated with PCB developmental neurotoxicity remains a
pressing question in the field. It has been postulated that these biological activities contribute
to the developmental neurotoxicity associated with non-coplanar PCBs by interfering with the
patterning of neuronal connectivity in the developing brain (Gilbert, 2000; Seegal, 1996).
Critical determinants of neuronal connectivity include neuronal apoptosis (Barone et al.,
2000; Martin, 2001; Sastry & Rao, 2000) and dendritic morphogenesis (Kennedy, 2000; Matus,
2000). Altered patterns of neuronal apoptosis not only impact neuronal connectivity in the
developing brain, but also influence the susceptibility of the adult brain to subsequent
environmental insults or aging (Barlow, Cory-Slechta, Richfield, & Thiruchelvam, 2007;
Langston et al., 1999). The shape of the dendritic arbor determines the total synaptic input a
neuron can receive (Purpura, 1967; Purves, 1975, 1988), and influences the types and
distribution of these inputs (Miller & Jacobs, 1984; Schuman, 1997; Sejnowski, 1997). Altered
patterns of dendritic growth and plasticity are associated with impaired neuropsychological
function in experimental models (Berger-Sweeney & Hohmann, 1997) and are thought to
contribute to diverse disorders of neurodevelopmental origin (Connors et al., 2008; Pardo &
Eberhart, 2007; Zoghbi, 2003) as well as neurodegenerative diseases (de Ruiter & Uylings,
1987; Flood & Coleman, 1990; Jagadha & Becker, 1989). Each of the biological activities
associated with non-coplanar PCBs have been shown to influence neuronal apoptosis and to
contribute to the dynamic control of dendritic growth; however, to date, experimental evidence
linking these activities to PCB-induced alterations in neuronal connectivity has been reported
only for RyR-dependent mechanisms.

PCBs have been shown to induce caspase-dependent apoptosis in primary cultures of
hippocampal neurons (Howard et al., 2003). Neuronal apoptosis was induced by A1254 and
non-coplanar PCB 47 but not by coplanar PCB 77. Aroclor 1254 contains predominantly ortho-
rich PCBs with significant activity at the RyR (P. W. Wong, Brackney et al., 1997; P. W. Wong
& Pessah, 1996), and SAR studies identified PCB 47 as a RyR-active congener and the coplanar
PCB 77 as a congener with negligible activity at the RyR (Pessah et al., 2006). Further evidence
that RyR activation mediated the pro-apoptotic activity of PCBs includes the inhibition of PCB-
induced apoptosis by FLA 365, a selective RyR antagonist (Chiesi, Schwaller, & Calviello,
1988; Mack, Zimanyi, & Pessah, 1992) but not by antagonists previously shown to block PCB-
mediated Ca2* flux through L-type voltage-sensitive channels, NMDA receptors, and IP3Rs
in cultured neurons.
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Recent evidence suggests that PCBs may also interfere with neuronal connectivity in vivo.
Developmental exposure to A1254 was observed to enhance basal levels of dendritic growth
but block experience-dependent dendritic growth in the cortex and cerebellum of weanling rats
(P.J. Leinetal., 2007; D. Yang et al., 2009) (Fig 14), and developmental exposure to PCB 95
was reported to disrupt the balance of neuronal inhibition to excitation in the developing rat
auditory cortex (Kenet et al., 2007). Several lines of evidence suggest that PCB sensitization
of RyRs contributes to the effects of these compounds on neuronal connectivity. First, these
changes in neuronal connectivity are associated with exposure to non-coplanar PCB congeners
with high affinity for the RyR. Second, PCB-induced changes in dendritic growth and plasticity
are coincident with increased [3H]ryanodine binding sites and RyR expression in the brains of
untrained animals and inhibition of training-induced RyR upregulation. Moreover, the dose-
response relationship for PCB effects on dendritic growth and plasticity were similar to that
of PCB effects on RyR expression but not to that of PCB effects on thyroid hormone levels or
sex-steroid-dependent developmental endpoints (D. Yang et al., 2009). Increased RyR
expression in brain tissues has also been associated with PCB-induced changes in gene
expression (Royland & Kodavanti, 2008; Royland, Wu, Zawia, & Kodavanti, 2008) and
locomotor activity (Roegge et al., 2006). In vitro studies confirmed a link between PCB
sensitization of RyR and effects on dendritic arborization. PCB 95, a congener with potent
RyR activity, but not PCB 66, a congener with negligible RyR activity, promoted dendritic
growth in primary cortical neuron cultures and this effect was blocked by pharmacological
antagonism of RyR activity (D. Yang et al., 2009). The downstream mechanisms by which
PCB sensitization of the RyR influences dendritic arborization have yet to be established, but
it is postulated these involve modulation of Ca2*-dependent signaling pathways linked to
activity-dependent dendritic growth and plasticity. Activation of a CaMK-CREB-Wnt
signaling pathway has recently been demonstrated to link neuronal activity to transcription of
gene products that regulate dendritic growth (Wayman et al., 2006) (Fig 15); and activity-
dependent translation is mediated by the serine-threonine protein kinase mammalian target of
rapamycin (mTOR) (Gong, Park, Abbassi, & Tang, 2006; Jaworski, Spangler, Seeburg,
Hoogenraad, & Sheng, 2005; Kumar, Zhang, Swank, Kunz, & Wu, 2005; Takei et al., 2004).
RyR activation has been shown to cause sequential activation of CaM kinases, CREB and
transcription of genes encoding Ca%*-regulated proteins (Deisseroth et al., 1998); translation
mechanisms of activity-dependent growth are Ca*-dependent; and PCB effects on RyR-
mediated Ca2* signaling require interactions with FKBP12 (Gafni et al., 2004; P. W. Wong et
al., 2001; P. W. Wong & Pessah, 1997), which regulates mTOR activity (reviewed in (J. Chen
& Fang, 2002)).

These data linking a direct molecular effect of PCBs (RyR activation) to disruption of specific
neurodevelopmental events (neuronal apoptosis and dendritic growth and plasticity) provide
the first evidence of a receptor-based mechanism for PCB developmental neurotoxicity. This
not only provides a powerful means for predicting which of the 209 possible congeners within
the PCB family present the greatest risks to neurodevelopment, but also supports the
development of mechanism-based tools for screening other chemical classes of environmental
health concern, such as PBDEs. Human polymorphisms in RYR genes are linked to
environmentally triggered disorders including malignant hyperthermia (MH) (Gronert, Pessah,
Muldoon, & Tautz, 2004), cardiac arrhythmias (Wehrens, Lehnart, & Marks, 2005), and
sudden death (Laitinen et al., 2004), suggesting the testable hypothesis that individuals with
mutation(s) in one or more CRU proteins exhibit increased susceptibility to developmental
neurotoxicity resulting from low-level environmental exposures to non-coplanar PCBs. In
support of this hypothesis, we recently showed that non-coplanar PCB 95 is significantly more
potent and efficacious in disrupting cation regulation of MH mutation R615C-RyR1 compared
to wild type RyR1 (Ta & Pessah, 2007). Considered together, these observations identify non-
coplanar PCBs with high RyR activity as candidate environmental risk factors in
neurodevelopmental disorders and provide insight regarding potential gene-environment
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interactions that influence susceptibility to environmentally triggered neurodevelopmental
deficits.

2.5.4. RyRs as a point of convergence in PCB neurotoxicity—While emerging
evidence clearly identifies RyRs as critical molecular targets in PCB developmental
neurotoxicity, other biological activities have been ascribed to non-coplanar PCBs, including
increased intracellular levels of ROS (Fonnum et al., 2006; Mariussen & Fonnum, 2006),
disruption of thyroid hormone signaling (Crofton, 2008; Zoeller, 2007) and decreased levels
of dopamine (Mariussen & Fonnum, 2006). Are these biological activities causally related to
PCB developmental neurotoxicity, and if so, do they represent divergent or convergent
mechanisms of PCB developmental neurotoxicity?

In the case of PCB disruption of thyroid hormone signaling, animal studies have shown that
reductions in circulating TH levels with developmental exposure to PCBs are associated with
low frequency hearing loss and damage to cochlear hair cells, especially outer hair cells
(Goldey, Kehn, Lau, Rehnberg, & Crofton, 1995; Lasky, Widholm, Crofton, & Schantz,
2002). Since TH is necessary for normal cochlear development (Uziel, 1986), the loss of hair
cells has been considered the indirect consequence of TH deficiency during critical periods of
development. However, the profile of cochlear damage following PCB exposure is not entirely
consistent with models of hypothyroidism, and TH replacement in PCB-exposed rats only
partially reversed hearing deficits (Crofton, Ding, Padich, Taylor, & Henderson, 2000; Crofton
& Zoeller, 2005; Goldey & Crofton, 1998; Sharlin, Bansal, & Zoeller, 2006). Additional
evidence that an alternative, TH independent, mechanism contributes to PCB ototoxicity was
recently presented (Powers BE, 2009). Interestingly, these effects on cochlear development
are produced primarily by non-coplanar PCBs (Kostyniak et al., 2005; Powers, Widholm,
Lasky, & Schantz, 2006), and all three RyR isoforms are differentially expressed throughout
the organ of Corti, including inner and outer hair cells, and within spiral ganglion neurons
(Grant, Slapnick, Kennedy, & Hackney, 2006; Morton-Jones, Cannell, Jeyakumar, Fleischer,
& Housley, 2006). RyR1 is the major isoform expressed in the outer hair cells where it is co-
localized with nicotinic cholinergic receptors at “synaptic cisterns” resembling triadic
junctions that are essential for engaging excitation-contraction coupling in skeletal muscle
(Lioudyno et al., 2004). RyR1 channels tightly couple Ca2* release from ER stores in response
to cholinergic input to the outer hair cell thereby regulating Ca2*-activated potassium currents
that are necessary for long-term survival of olivocochlear fibers and synapses (Murthy et al.,
2009). RyRs expressed in inner hair cells functionally couple to Ca%*-activated potassium
channels (Beurg et al., 2005), whereas in spiral ganglion neurons, RyRs are functionally
coupled to somatic AMPA-type glutamate receptors (Morton-Jones, Cannell, & Housley,
2008). These observations suggest the possibility that the cochlea represents a direct target of
RyR-active PCBs, and that RyR-dependent mechanisms work in parallel or in series with TH-
dependent mechanisms to cause ototoxicity.

Emerging evidence from diverse areas of research raises the intriguing possibility that RyR
sensitization contributes to other known biological activities of PCBs. For example, it has been
demonstrated that PCBs activate the RyR causing release of Ca?* from the ER (P. W. Wong
& Pessah, 1997), which in turn can increase production of ROS (Ermak & Davies, 2002;
Ravagnan et al., 2002) (Fig 16). This might be a reciprocal interaction in that ROS can directly
modulate the channel activity of the RyR (Feng, Liu, Allen, & Pessah, 2000; I. N. Pessah,
2001). An interesting speculation is that RyR-dependent mechanisms also contribute to the
decreased levels of circulating thyroid hormone associated with PCB exposure. The thyroid
gland is a major target organ of the sympathetic nervous system, and sympathetic neurons
express RyRs (Vanterpool et al., 2006) and neurotransmitter release from sympathetic neurons
is regulated by RyR activity (Cong et al., 2004). Conversely, since thyroid hormone regulates
RyR expression in at least the heart (Dillmann, 2002; Hudecova, Vadaszova, Soukup, &
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Krizanova, 2004; Jiang, Xu, Tokmakejian, & Narayanan, 2000), perhaps PCB effects on
thyroid hormone signaling are mediated in part by changes in RyR expression.

Similarly, emerging evidence regarding a role for RyRs in regulating dopamine homeostasis
suggests the possibility that PCB sensitization of RyR contributes to the effects of PCBs on
dopamine. Several mechanisms are currently postulated to contribute to dopamine reductions
seen following PCB exposure, including inhibition of tyrosine hydroxylase and L-aromatic
acid decarboxylase (Angus & Contreras, 1996; Angus et al., 1997), two of the enzymes
involved in the synthesis of dopamine, decreased striatal levels of the dopamine transport
(DAT) (Caudle et al., 2006) and selective activation of oxidative stress-related pathways in
dopaminergic neurons (D. W. Lee & Opanashuk, 2004). Ryanodine induces dopamine release
from striatal dopaminergic neurons and this effect is significantly attenuated in striatal slices
isolated from RyR3 null mice (Wan, Moriya, Akiyama, Takeshima, & Shibata, 1999). More
recently, it has been demonstrated that pharmacological manipulations of RyR activity alter
somatodendritic dopamine release (Patel, Witkovsky, Avshalumov, & Rice, 2009) as well as
action potential- and NMDA receptor - evoked Ca2+ signaling (Cui, Bernier, Harnett, &
Morikawa, 2007; Harnett, Bernier, Ahn, & Morikawa, 2009) in midbrain dopaminergic
neurons, and that internal Ca2*stores are necessary for the abnormal release of dopamine via
reverse transport through the dopamine transporter caused by amphetamine and
methamphetamine (Goodwin et al., 2009). Collectively these observations provide biological
plausibility to the intriguing speculation that RyR sensitization may be a convergent
mechanism of PCB developmental neurotoxicity.

2.6. Convergent mechanism for non-coplanar POPs: Toward an alternative TEF

The observation that RyRs play a critical role in diverse tissue types and in numerous cellular
processes raises an interesting challenge in light of emerging data identifying RyRs as a direct
molecular target in PCB neurodevelopmental toxicity. What factor(s) determine the specificity
of PCB toxicity? Why do PCBs seem to preferentially target the developing nervous system?
Certainly the timing of exposure will influence the biological outcomes of PCB exposures, as
will pharmacokinetic parameters such as dosage, the metabolites produced, and distribution of
PCBs within the body. But other factors that could be equally important include expression
patterns of RyRs and the complement of accessory proteins that comprise the calcium release
unit as well as the antioxidant capacity of the cell. Alternatively, perhaps the developing
nervous system is not the only preferential target, and we have simply missed toxic effects of
PCBs on peripheral target organs (muscle, cochlea, pancreatic beta cells, etc) because little
attention has been paid to these endpoints. Given the role of the RyR in a number of peripheral
tissues where PCBs have been shown to have effects, at least in vitro, understanding how PCBs
impact these peripheral targets and their implications for human and animal health and risk
assessment seem warranted.

Another interesting hypothesis that emerges from consideration of the structure-activity
relationship of PCB interactions with the RyR is whether the RyR functions as a target for
other toxicants that possess non-coplanar structures. Obvious candidates are the
polybrominated diphenyl ethers (PBDEs) (Fig. 17). Recently Dingemans and coworkers
reported that the 6-hydroxyl metabolite of BDE-47 (20-120 uM) rapidly influences
intracellular Ca?* homeostasis in PC12 cells, which can be at least partially accounted for by
release from the ER store (Dingemans et al., 2008). Preliminary evidence that certain PBDE
congeners and their metabolites directly alter RyR function has emerged (K. Kim, Marsh,
Bergman, LaSalle & Pessah, 2009). Careful consideration of the 3-dimensional structure of
these and related environmental contaminants concerning human health may reveal other RyR
ligands. One such candidate, triclosan (Fig 17), has been shown in pilot studies to alter Ca2*
signals in a RyR-dependent manner (Anh et al, 2008). Another candidate, bisphenol A (Fig.
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17), remains untested. Whether the effects of non-coplanar compounds that are capable of
altering subtle aspects of RyR function are additive remains to be established. However, based
on results obtained with non-dioxin-like PCBs, the potential for toxiciological significance is
clear. The SAR data available for PCB interactions with RyRs, and the identification of a RyR-
based mechanism of neurodevelopmental toxicity, suggest the utility of developing an
alternative TEF strategy for non-dioxin-like PCBs based on their relative RyR activity. This
strategy has great appeal for assessing the risk of neurodevelopmental toxicity associated with
exposure to mixtures of PCBs and has the flexibility to adjust to emerging data about exposures
to existing and new non-coplanar compounds and their metabolites based on RyR activity.

Acknowledgments

We thank Drs. Kyung Ho Kim, Dongren Yang and Diptiman Bose for providing editorial corrections. Supported by
National Institutes of Health 1R01 ES014901 and 1P01 ES11269, the U.S. Environmental Protection Agency (U.S.
EPA) through the Science to Achieve Results (STAR) program (Grant R829388 &833292), Autism Speaks/Cure
Autism Now Environmental Innovator Award, the UC Davis M.I.N.D. Institute, and the Superfund Basic Research
Program (P42 ES04699).

3. References

Abdellatif Y, Liu D, Gallant EM, Gage PW, Board PG, Dulhunty AF. The Mu class glutathione
transferase is abundant in striated muscle and is an isoform-specific regulator of ryanodine receptor
calcium channels. Cell Calcium 2007;41(5):429-440. [PubMed: 17023043]

Abramson JJ, Buck E, Salama G, Casida JE, Pessah IN. Mechanism of anthraquinone-induced calcium
release from skeletal muscle sarcoplasmic reticulum. J Biol Chem 1988;263(35):18750-18758.
[PubMed: 3198599]

Abramson JJ, Zable AC, Favero TG, Salama G. Thimerosal interacts with the Ca2+ release channel
ryanodine receptor from skeletal muscle sarcoplasmic reticulum. J Biol Chem 1995;270(50):29644—
29647. [PubMed: 8530347]

Agudo A, Goni F, Etxeandia A, Vives A, Millan E, Lopez R, et al. Polychlorinated biphenyls in Spanish
adults: determinants of serum concentrations. Environ Res 2009;109(5):620-628. [PubMed:
19403125]

Aguilar-Roblero R, Mercado C, Alamilla J, Laville A, Diaz-Munoz M. Ryanodine receptor Ca2+-release
channels are an output pathway for the circadian clock in the rat suprachiasmatic nuclei. Eur J Neurosci
2007;26(3):575-582. [PubMed: 17686038]

Ahn KC, Zhao B, Chen J, Cherednichenko G, Sanmarti E, Denison MS, et al. In vitro biologic activities
of the antimicrobials triclocarban, its analogs, and triclosan in bioassay screens: receptor-based
bioassay screens. Environ Health Perspect 2008;116(9):1203-1210. [PubMed: 18795164]

Alkon DL, Nelson TJ, Zhao W, Cavallaro S. Time domains of neuronal Ca2+ signaling and associative
memory: steps through a calexcitin, ryanodine receptor, K+ channel cascade. Trends Neurosci 1998;21
(12):529-537. [PubMed: 9881851]

Amberg GC, Bonev AD, Rossow CF, Nelson MT, Santana LF. Modulation of the molecular composition
of large conductance, Ca(2+) activated K(+) channels in vascular smooth muscle during hypertension.
J Clin Invest 2003;112(5):717-724. [PubMed: 12952920]

Andronache Z, Hamilton SL, Dirksen RT, Melzer W. A retrograde signal from RyR1 alters DHP receptor
inactivation and limits window Ca2+ release in muscle fibers of Y522S RyR1 knock-in mice. Proc
Natl Acad Sci U S A 2009;106(11):4531-4536. [PubMed: 19246389]

Angus WG, Contreras ML. Effects of polychlorinated biphenyls on dopamine release from PC12 cells.

Toxicol Lett 1996;89(3):191-199. [PubMed: 9001587]

Angus WG, Mousa MA, Vargas VM, Quensen JF, Boyd SA, Contreras ML. Inhibition of L-aromatic
amino acid decarboxylase by polychlorinated biphenyls. Neurotoxicology 1997;18(3):857—-867.
[PubMed: 9339832]

Anonymous. Final National Priorities List (NPL) sites as of Sep. 27, 2007. 2007. Retrieved. from
http://www.epa.gov/superfund/sites/query/queryhtm/nplprop.htm

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.


http://www.epa.gov/superfund/sites/query/queryhtm/nplprop.htm

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 27

Aracena P, Sanchez G, Donoso P, Hamilton SL, Hidalgo C. S-glutathionylation decreases Mg2+
inhibition and S-nitrosylation enhances Ca2+ activation of RyR1 channels. J Biol Chem 2003;278
(44):42927-42935. [PubMed: 12920114]

Aracena-Parks P, Goonasekera SA, Gilman CP, Dirksen RT, Hidalgo C, Hamilton SL. Identification of
cysteines involved in S-nitrosylation, S-glutathionylation, and oxidation to disulfides in ryanodine
receptor type 1. J Biol Chem 2006;281(52):40354-40368. [PubMed: 17071618]

Avrie Y, lketani M, Takamatsu K, Mikoshiba K, Goshima Y, Takei K. Developmental changes in the
regulation of calcium-dependent neurite outgrowth. Biochem Biophys Res Commun 2009;379(1):
11-15. [PubMed: 19068207]

Asher BJ, Wong CS, Rodenburg LA. Chiral source apportionment of polychlorinated biphenyls to the
Hudson River estuary atmosphere and food web. Environ Sci Technol 2007;41(17):6163-6169.
[PubMed: 17937297]

Axelrad DA, Goodman S, Woodruff TJ. PCB body burdens in US women of childbearing age 2001—
2002: An evaluation of alternate summary metrics of NHANES data. Environ Res 2009;109(4):368—
378. [PubMed: 19251256]

Aydin J, Shabalina IG, Place N, Reiken S, Zhang SJ, Bellinger AM, et al. Nonshivering thermogenesis
protects against defective calcium handling in muscle. FASEB J 2008;22(11):3919-3924. [PubMed:
18687806]

Bae J, Mousa MA, Quensen JF 3rd, Boyd SA, Loch-Caruso R. Stimulation of contraction of pregnant
rat uterus in vitro by non-dechlorinated and microbially dechlorinated mixtures of polychlorinated
biphenyls. Environ Health Perspect 2001;109(3):275-282. [PubMed: 11333189]

Bae J, Peters-Golden M, Loch-Caruso R. Stimulation of pregnant rat uterine contraction by the
polychlorinated biphenyl (PCB) mixture aroclor 1242 may be mediated by arachidonic acid release
through activation of phospholipase A2 enzymes. J Pharmacol Exp Ther 1999;289(2):1112-1120.
[PubMed: 10215694]

Bae J, Stuenkel EL, Loch-Caruso R. Stimulation of oscillatory uterine contraction by the PCB mixture
Aroclor 1242 may involve increased [Ca2+]i through voltage-operated calcium channels. Toxicol
Appl Pharmacol 1999;155(3):261-272. [PubMed: 10079212]

Bannister RA, Pessah IN, Beam KG. The skeletal L-type Ca(2+) current is a major contributor to
excitation-coupled Ca(2+) entry. J Gen Physiol 2009;133(1):79-91. [PubMed: 19114636]

Bardo S, Cavazzini MG, Emptage N. The role of the endoplasmic reticulum Ca2+ store in the plasticity
of central neurons. Trends in Pharmacological Sciences 2006;27(2):78-84. [PubMed: 16412523]

Barlow BK, Cory-Slechta DA, Richfield EK, Thiruchelvam M. The gestational environment and
Parkinson’s disease: evidence for neurodevelopmental origins of a neurodegenerative disorder.
Reprod Toxicol 2007;23(3):457-470. [PubMed: 17350799]

Barone S Jr, Das KP, Lassiter TL, White LD. Vulnerable processes of nervous system development: a
review of markers and methods. Neurotoxicology 2000;21(1-2):15-36. [PubMed: 10794382]

Beard NA, Wei L, Dulhunty AF. Control of muscle ryanodine receptor calcium release channels by
proteins in the sarcoplasmic reticulum lumen. Clin Exp Pharmacol Physiol 2009;36(3):340-345.
[PubMed: 19278523]

Behringer EJ, Vanterpool CK, Pearce WJ, Wilson SM, Buchholz JN. Advancing age alters the
contribution of calcium release from smooth endoplasmic reticulum stores in superior cervical
ganglion cells. J Gerontol A Biol Sci Med Sci 2009;64(1):34-44. [PubMed: 19196634]

Bellinger AM, Mongillo M, Marks AR. Stressed out: the skeletal muscle ryanodine receptor as a target
of stress. J Clin Invest 2008;118(2):445-453. [PubMed: 18246195]

Bellinger AM, Reiken S, Carlson C, Mongillo M, Liu X, Rothman L, et al. Hypernitrosylated ryanodine
receptor calcium release channels are leaky in dystrophic muscle. Nat Med 2009;15(3):325-330.
[PubMed: 19198614]

Benninghoff AD, Thomas P. Involvement of calcium and calmodulin in the regulation of ovarian
steroidogenesis in Atlantic croaker (Micropogonias undulatus) and modulation by Aroclor 1254. Gen
Comp Endocrinol 2005;144(3):211-223. [PubMed: 16102761]

Berger-Sweeney J, Hohmann CF. Behavioral consequences of abnormal cortical development: insights
into developmental disabilities. Behav Brain Res 1997;86(2):121-142. [PubMed: 9134147]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 28

Berra-Romani R, Mazzocco-Spezzia A, Pulina MV, Golovina VA. Ca2+ handling is altered when arterial
myocytes progress from a contractile to a proliferative phenotype in culture. Am J Physiol Cell
Physiol 2008;295(3):C779-790. [PubMed: 18596214]

Berridge MJ. Neuronal calcium signaling. Neuron 1998;21(1):13-26. [PubMed: 9697848]

Berridge MJ. Calcium microdomains: organization and function. Cell Calcium 2006;40(5-6):405-412.
[PubMed: 17030366]

Berridge MJ, Lipp P, Bootman MD. The versatility and universality of calcium signalling. Nat Rev Mol
Cell Biol 2000;1(1):11-21. [PubMed: 11413485]

Bers DM. Calcium cycling and signaling in cardiac myocytes. Annu Rev Physiol 2008;70:23-49.
[PubMed: 17988210]

Beurg M, Hafidi A, Skinner LJ, Ruel J, Nouvian R, Henaff M, et al. Ryanodine receptors and BK channels
act as a presynaptic depressor of neurotransmission in cochlear inner hair cells. Eur J Neurosci
2005;22(5):1109-1119. [PubMed: 16176352]

Birnbaum LS. Distribution and excretion of 2,3,6,2',3',6'- and 2,4,5,2',4',5'-hexachlorobiphenyl in
senescent rats. Toxicol Appl Pharmacol 1983;3:262-272. [PubMed: 6414105]

Blayney LM, Lai FA. Ryanodine receptor-mediated arrhythmias and sudden cardiac death. Pharmacol
Ther 2009;123(2):151-177. [PubMed: 19345240]

Bordajandi LR, Gonzalez MJ. Enantiomeric fraction of selected chiral polychlorinated biphenyls in cow,
goat, and ewe milk and dairy products by heart-cut multidimensional gas chromatography: first
results. J Dairy Sci 2008;91(2):483-489. [PubMed: 18218734]

Bordajandi LR, Ramos JJ, Sanz J, Gonzalez MJ, Ramos L. Comprehensive two-dimensional gas
chromatography in the screening of persistent organohalogenated pollutants in environmental
samples. J Chromatogr A 2008;1186(1-2):312—-324. [PubMed: 18160072]

Bordajandi LR, Ramos L, Gonzalez MJ. Chiral comprehensive two-dimensional gas chromatography
with electron-capture detection applied to the analysis of chiral polychlorinated biphenyls in food
samples. J Chromatogr A 2005;1078(1-2):128-135. [PubMed: 16007990]

Brain KL, Trout SJ, Jackson VM, Dass N, Cunnane TC. Nicotine induces calcium spikes in single nerve
terminal varicosities: a role for intracellular calcium stores. Neuroscience 2001;106(2):395-403.
[PubMed: 11566509]

Brandt I, Mohammed A, Slanina P. Persistence of 2,3,6-substituted pentachlorobiphenyls in the lung
parenchyma: A new structure-dependent tissue localization of polychlorinated biphenyls in mice.
Toxicology 1981;21:317-322. [PubMed: 6795760]

Bredhult C, Backlin BM, Olovsson M. Effects of chlorinated biphenyls and metabolites on human uterine
myocyte proliferation. Hum Exp Toxicol 2007;26(10):801-809. [PubMed: 18025052]

Breivik K, Sweetman A, Pacyna JM, Jones KC. Towards a global historical emission inventory for
selected PCB congeners--a mass balance approach. 1. Global production and consumption. Sci Total
Environ 2002;290(1-3):181-198. [PubMed: 12083709]

Brenner R, Perez GJ, Bonev AD, Eckman DM, Kosek JC, Wiler SW, et al. VVasoregulation by the betal
subunit of the calcium-activated potassium channel. Nature 2000;407(6806):870-876. [PubMed:
11057658]

Brillantes AB, Ondrias K, Scott A, Kobrinsky E, Ondriasova E, Moschella MC, et al. Stabilization of
calcium release channel (ryanodine receptor) function by FK506-binding protein. Cell 1994;77(4):
513-523. [PubMed: 7514503]

Buchholz JN, Behringer EJ, Pottorf WJ, Pearce WJ, Vanterpool CK. Age-dependent changes in Ca2+
homeostasis in peripheral neurones: implications for changes in function. Aging Cell 2007;6(3):285—
296. [PubMed: 17517039]

Buck ED, Nguyen HT, Pessah IN, Allen PD. Dyspedic mouse skeletal muscle expresses major elements
of the triadic junction but lacks detectable ryanodine receptor protein and function. J Biol Chem
1997;272(11):7360-7367. [PubMed: 9054435]

Burdyga T, Wray S. Action potential refractory period in ureter smooth muscle is set by Ca sparks and
BK channels. Nature 2005;436(7050):559-562. [PubMed: 16049489]

Carmody RJ, Cotter TG. Signalling apoptosis: a radical approach. Redox Rep 2001;6(2):77-90.
[PubMed: 11450987]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 29

Carpenter DO. Polychlorinated biphenyls (PCBs): routes of exposure and effects on human health. Rev
Environ Health 2006;21(1):1-23. [PubMed: 16700427]

Carpenter DO. Environmental contaminants as risk factors for developing diabetes. Rev Environ Health
2008;23(1):59-74. [PubMed: 18557598]

Caudle WM, Richardson JR, Delea KC, Guillot TS, Wang M, Pennell KD, et al. Polychlorinated biphenyl-
induced reduction of dopamine transporter expression as a precursor to Parkinson’s disease-
associated dopamine toxicity. Toxicol Sci 2006;92(2):490-499. [PubMed: 16702228]

Cavallaro S, Meiri N, Yi CL, Musco S, Ma W, Goldberg J, et al. Late memory-related genes in the
hippocampus revealed by RNA fingerprinting. Proc Natl Acad Sci U S A 1997;94(18):9669-9673.
[PubMed: 9275181]

Chalmers S, Olson ML, MacMillan D, Rainbow RD, McCarron JG. lon channels in smooth muscle:
regulation by the sarcoplasmic reticulum and mitochondria. Cell Calcium 2007;42(4-5):447-466.
[PubMed: 17629940]

Chakroborty S, Goussakov I, Miller MB, Stutzmann GE. Deviant ryanodine receptor-mediated calcium
release resets synaptic homeostasis in presymptomatic 3xTg-AD mice. J Neurosci 2009;29(30):
9458-9470. [PubMed: 19641109]

Chen J, Fang Y. A novel pathway regulating the mammalian target of rapamycin (mTOR) signaling.
Biochem Pharmacol 2002;64(7):1071-1077. [PubMed: 12234610]

Chen L, Molinski TF, Pessah IN. Bastadin 10 stabilizes the open conformation of the ryanodine-sensitive
Ca(2+) channel in an FKBP12-dependent manner. J Biol Chem 1999;274(46):32603-32612.
[PubMed: 10551814]

Chen YC, Guo YL, Hsu CC. Cognitive development of children prenatally exposed to polychlorinated
biphenyls (Yu-Cheng children) and their siblings. J Formos Med Assoc 1992;91(7):704-707.
[PubMed: 1360299]

Cheng H, Lederer WJ. Calcium sparks. Physiol Rev 2008;88(4):1491-1545. [PubMed: 18923188]

Cherednichenko G, Pessah IN. PCB 95 alters the fidelity of excitation-contraction coupling in skeletal
myotubes. NeuroToxicology. 2009 submitted.

Cherednichenko G, Hurne AM, Fessenden JD, Lee EH, Allen PD, Beam KG, et al. Conformational
activation of Ca2+ entry by depolarization of skeletal myotubes. Proc Natl Acad Sci U S A 2004;101
(44):15793-15798. [PubMed: 15505226]

Cherednichenko G, Ward CW, Feng W, Cabrales E, Michaelson L, Samso M, et al. Enhanced excitation-
coupled calcium entry in myotubes expressing malignant hyperthermia mutation R163C is attenuated
by dantrolene. Mol Pharmacol 2008;73(4):1203-1212. [PubMed: 18171728]

Cherednichenko G, Zima AV, Feng W, Schaefer S, Blatter LA, Pessah IN. NADH oxidase activity of
rat cardiac sarcoplasmic reticulum regulates calcium-induced calcium release. Circ Res 2004;94(4):
478-486. [PubMed: 14699012]

Chiesi M, Schwaller R, Calviello G. Inhibition of rapid Ca-release from isolated skeletal and cardiac
sarcoplasmic reticulum (SR) membranes. Biochem Biophys Res Commun 1988;154(1):1-8.
[PubMed: 2456059]

Chu S, Covaci A, Schepens P. Levels and chiral signatures of persistent organochlorine pollutants in
human tissues from Belgium. Environ Res 2003;93(2):167-176. [PubMed: 12963401]

Chu S, Covaci A, Van de Vijver K, De Coen W, Blust R, Schepens P. Enantiomeric signatures of chiral
polychlorinated biphenyl atropisomers in livers of harbour porpoises (Phocoena phocoena) from the
southern North Sea. J Environ Monit 2003;5(3):521-526. [PubMed: 12833998]

Chun LG, Ward CW, Schneider MF. Ca2+ sparks are initiated by Ca2+ entry in embryonic mouse skeletal
muscle and decrease in frequency postnatally. Am J Physiol Cell Physiol 2003;285(3):C686-697.
[PubMed: 12724135]

Chung D, Caruso RL. Potential role for oxidative stress in 2,2-dichlorobiphenyl-induced inhibition of
uterine contractions but not myometrial gap junctions. Toxicol Sci 2006;93(1):172-179. [PubMed:
16751230]

Chung D, Loch Caruso R. 2,2'-Dichlorobiphenyl decreases amplitude and synchronization of uterine
contractions through MAPK1-mediated phosphorylation of GJA1 (connexin43) and inhibition of
myometrial gap junctions. Biol Reprod 2005;73(5):974-982. [PubMed: 16000550]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 30

Cline HT. Dendritic arbor development and synaptogenesis. Curr Opin Neurobiol 2001;11(1):118-126.
[PubMed: 11179881]

Collin T, Marty A, Llano 1. Presynaptic calcium stores and synaptic transmission. Curr Opin Neurobiol
2005;15(3):275-281. [PubMed: 15919193]

Cong YL, Takeuchi S, Tokuno H, Kuba K. Long-term potentiation of transmitter exocytosis expressed
by Ca2+-induced Ca2+ release from thapsigargin-sensitive Ca2+ stores in preganglionic nerve
terminals. Eur J Neurosci 2004;20(2):419-426. [PubMed: 15233751]

Connors SL, Levitt P, Matthews SG, Slotkin TA, Johnston MV, Kinney HC, et al. Fetal mechanisms in
neurodevelopmental disorders. Pediatr Neurol 2008;38(3):163-176. [PubMed: 18279750]

Conti A, Reggiani C, Sorrentino V. Selective expression of the type 3 isoform of ryanodine receptor Ca2
+ release channel (RyR3) in a subset of slow fibers in diaphragm and cephalic muscles of adult rabbits.
Biochem Biophys Res Commun 2005;337(1):195-200. [PubMed: 16176801]

Corda MG, Orlandi M, Lecca D, Carboni G, Frau V, Giorgi O. Pentylenetetrazol-induced kindling in
rats: effect of GABA function inhibitors. Pharmacol Biochem Behav 1991;40(2):329-333. [PubMed:
1805236]

Corrigan FM, Murray L, Wyatt CL, Shore RF. Diorthosubstituted polychlorinated biphenyls in caudate
nucleus in Parkinson’s disease. Exp Neurol 1998;150(2):339-342. [PubMed: 9527905]

Covaci A, de Boer J, Ryan JJ, Voorspoels S, Schepens P. Distribution of organobrominated and
organochlorinated contaminants in Belgian human adipose tissue. Environ Res 2002;88(3):210-218.
[PubMed: 12051799]

Crofton KM. Thyroid disrupting chemicals: mechanisms and mixtures. Int J Androl 2008;31(2):209—
223. [PubMed: 18217984]

Crofton KM, Ding D, Padich R, Taylor M, Henderson D. Hearing loss following exposure during
development to polychlorinated biphenyls: a cochlear site of action. Hear Res 2000;144(1-2):196-
204. [PubMed: 10831878]

Crofton KM, Zoeller RT. Mode of action: neurotoxicity induced by thyroid hormone disruption during
development--hearing loss resulting from exposure to PHAHSs. Crit Rev Toxicol 2005;35(8-9):757—
769. [PubMed: 16417043]

Cui G, Bernier BE, Harnett MT, Morikawa H. Differential regulation of action potential- and
metabotropic glutamate receptor-induced Ca2+ signals by inositol 1,4,5-trisphosphate in
dopaminergic neurons. J Neurosci 2007;27(17):4776-4785. [PubMed: 17460090]

Currie S, Loughrey CM, Craig MA, Smith GL. Calcium/calmodulin-dependent protein kinase Ildelta
associates with the ryanodine receptor complex and regulates channel function in rabbit heart.
Biochem J 2004;377(Pt 2):357-366. [PubMed: 14556649]

Dabertrand F, Fritz N, Mironneau J, Macrez N, Morel JL. Role of RYR3 splice variants in calcium
signaling in mouse nonpregnant and pregnant myometrium. Am J Physiol Cell Physiol 2007;293
(3):C848-854. [PubMed: 17596299]

Dai S, Hall DD, Hell JW. Supramolecular assemblies and localized regulation of voltage-gated ion
channels. Physiol Rev 2009;89(2):411-452. [PubMed: 19342611]

Darras VM. Endocrine disrupting polyhalogenated organic pollutants interfere with thyroid hormone
signalling in the developing brain. Cerebellum 2008;7(1):26-37. [PubMed: 18418666]

Davis JA, Hetzel F, Oram JJ, McKee LJ. Polychlorinated biphenyls (PCBs) in San Francisco Bay. Environ
Res 2007;105(1):67-86. [PubMed: 17451673]

De Crescenzo V, Fogarty KE, Zhuge R, Tuft RA, Lifshitz LM, Carmichael J, et al. Dihydropyridine
receptors and type 1 ryanodine receptors constitute the molecular machinery for voltage-induced Ca2
+ release in nerve terminals. J Neurosci 2006;26(29):7565-7574. [PubMed: 16855084]

De Crescenzo V, ZhuGe R, Velazquez-Marrero C, Lifshitz LM, Custer E, Carmichael J, et al. Ca2+
syntillas, miniature Ca2+ release events in terminals of hypothalamic neurons, are increased in
frequency by depolarization in the absence of Ca2+ influx. J Neurosci 2004;24(5):1226-1235.
[PubMed: 14762141]

de Ruiter JP, Uylings HB. Morphometric and dendritic analysis of fascia dentata granule cells in human
aging and senile dementia. Brain Res 1987;402(2):217-229. [PubMed: 3828794]

DeCaprio AP, Johnson GW, Tarbell AM, Carpenter DO, Chiarenzelli JR, Morse GS, et al.
Polychlorinated biphenyl (PCB) exposure assessment by multivariate statistical analysis of serum

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 31

congener profiles in an adult Native American population. Environ Res 2005;98(3):284-302.
[PubMed: 15910784]

Deisseroth K, Heist EK, Tsien RW. Translocation of calmodulin to the nucleus supports CREB
phosphorylation in hippocampal neurons. Nature 1998;392(6672):198-202. [PubMed: 9515967]

Denison MS, Nagy SR. Activation of the aryl hydrocarbon receptor by structurally diverse exogenous
and endogenous chemicals. Annu Rev Pharmacol Toxicol 2003;43:309-334. [PubMed: 12540743]

Di Biase V, Franzini-Armstrong C. Evolution of skeletal type e-c coupling: a novel means of controlling
calcium delivery. J Cell Biol 2005;171(4):695-704. [PubMed: 16286507]

Dikranian K, Ishimaru MJ, Tenkova T, Labruyere J, Qin YQ, Ikonomidou C, et al. Apoptosis in the in
vivo mammalian forebrain. Neurobiol Dis 2001;8(3):359-379. [PubMed: 11447994]

Dillmann WH. Cellular action of thyroid hormone on the heart. Thyroid 2002;12(6):447-452. [PubMed:
12165105]

Dingemans MM, deGroot A, van Kleef RG, Bergman A, van den Berg M, Vijverberg HP, Westernick
RH. Hydroxylation increases the neurotoxic potential of BDE- 47 to affect exocytosis and calcium
homeostasis in PC12 cells. Env Health Perspect 2008;116(5):637-643. [PubMed: 18470311]

Dunn JD, Carter JW, Henderson DA. Effect of polychlorinated biphenyls (Aroclor 1254) on rhythmic
pituitary-adrenal function. Bull Environ Contam Toxicol 1983;31(3):322-325. [PubMed: 6414562]

Dunn TW, Syed NI. Ryanodine receptor-transmitter release site coupling increases quantal size in a
synapse-specific manner. Eur J Neurosci 2006;24(6):1591-1605. [PubMed: 17004923]

Duntas LH. Environmental factors and autoimmune thyroiditis. Nat Clin Pract Endocrinol Metab 2008;4
(8):454-460. [PubMed: 18607401]

Durham WJ, Aracena-Parks P, Long C, Rossi AE, Goonasekera SA, Boncompagni S, et al. RyR1 S-
nitrosylation underlies environmental heat stroke and sudden death in Y522S RyR1 knockin mice.
Cell 2008;133(1):53-65. [PubMed: 18394989]

Dziennis S, Yang D, Cheng J, Anderson KA, Alkayed NJ, Hurn PD, et al. Developmental exposure to
polychlorinated biphenyls influences stroke outcome in adult rats. Environ Health Perspect
2008;116(4):474-480. [PubMed: 18414629]

Earley S, Heppner TJ, Nelson MT, Brayden JE. TRPV4 forms a novel Ca2+ signaling complex with
ryanodine receptors and BKCa channels. Circ Res 2005;97(12):1270-1279. [PubMed: 16269659]

Ermak G, Davies KJ. Calcium and oxidative stress: from cell signaling to cell death. Mol Immunol
2002;38(10):713-721. [PubMed: 11841831]

Everett CJ, Mainous AG 3rd, Frithsen IL, Player MS, Matheson EM. Association of polychlorinated
biphenyls with hypertension in the 1999-2002 National Health and Nutrition Examination Survey.
Environ Res 2008;108(1):94-97. [PubMed: 18606400]

Farrell EF, Antaramian A, Benkusky N, Zhu X, Rueda A, Gomez AM, et al. Regulation of cardiac
excitation-contraction coupling by sorcin, a novel modulator of ryanodine receptors. Biol Res
2004;37(4):609-612. [PubMed: 15709688]

Farrell EF, Antaramian A, Rueda A, Gomez AM, Valdivia HH. Sorcin inhibits calcium release and
modulates excitation-contraction coupling in the heart. J Biol Chem 2003;278(36):34660-34666.
[PubMed: 12824171]

Favero TG, Zable AC, Abramson JJ. Hydrogen peroxide stimulates the Ca2+ release channel from
skeletal muscle sarcoplasmic reticulum. J Biol Chem 1995;270(43):25557-25563. [PubMed:
7592726]

Feng W, Liu G, Allen PD, Pessah IN. Transmembrane redox sensor of ryanodine receptor complex. J
Biol Chem 2000;275(46):35902—-35907. [PubMed: 10998414]

Feng W, Liu G, Xia R, Abramson JJ, Pessah IN. Site-selective modification of hyperreactive cysteines
of ryanodine receptor complex by quinones. Mol Pharmacol 1999;55(5):821-831. [PubMed:
10220560]

Feng W, Pessah IN. Detection of redox sensor of ryanodine receptor complexes. Methods Enzymol
2002;353:240-253. [PubMed: 12078499]

Feng W, Tu J, Pouliquin P, Cabrales E, Shen X, Dulhunty A, et al. Dynamic regulation of ryanodine
receptor type 1 (RyR1) channel activity by Homer 1. Cell Calcium 2008;43(3):307-314. [PubMed:
17707505]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 32

Feng W, Tu J, Yang T, Vernon PS, Allen PD, Worley PF, et al. Homer regulates gain of ryanodine
receptor type 1 channel complex. J Biol Chem 2002;277(47):44722-44730. [PubMed: 12223488]

Ferland RJ, Applegate CD. Decreased brainstem seizure thresholds and facilitated seizure propagation
in mice exposed to repeated flurothyl-induced generalized forebrain seizures. Epilepsy Research
1998;30(1):49-62. [PubMed: 9551844]

Fernandez MF, Kiviranta H, Molina-Molina JM, Laine O, Lopez-Espinosa MJ, Vartiainen T, et al.
Polychlorinated biphenyls (PCBs) and hydroxy-PCBs in adipose tissue of women in Southeast
Spain. Chemosphere 2008;71(6):1196-1205. [PubMed: 18045642]

Ferreiro E, Oliveira CR, Pereira CM. The release of calcium from the endoplasmic reticulum induced by
amyloid-beta and prion peptides activates the mitochondrial apoptotic pathway. Neurobiol Dis
2008;30(3):331-342. [PubMed: 18420416]

Fischer LJ, Wagner MA, Madhukar BV. Potential involvement of calcium, CaM kinase Il, and MAP
kinases in PCB-stimulated insulin release from RINm5F cells. Toxicol Appl Pharmacol 1999;159
(3):194-203. [PubMed: 10486306]

Fitzgerald EF, Belanger EE, Gomez MI, Cayo M, McCaffrey RJ, Seegal RF, et al. Polychlorinated
biphenyl exposure and neuropsychological status among older residents of upper Hudson River
communities. Environ Health Perspect 2008;116(2):209-215. [PubMed: 18288320]

Fleig A, Takeshima H, Penner R. Absence of Ca2+ current facilitation in skeletal muscle of transgenic
mice lacking the type 1 ryanodine receptor. J Physiol 1996;496(Pt 2):339-345. [PubMed: 8910220]

Flood DG, Coleman PD. Hippocampal plasticity in normal aging and decreased plasticity in Alzheimer’s
disease. Prog Brain Res 1990;83:435-443. [PubMed: 2203107]

Fonnum F, Mariussen E, Reistad T. Molecular mechanisms involved in the toxic effects of
polychlorinated biphenyls (PCBs) and brominated flame retardants (BFRs). J Toxicol Environ
Health A 2006;69(1-2):21-35. [PubMed: 16291560]

Franzini-Armstrong C, Protasi F, Tijskens P. The assembly of calcium release units in cardiac muscle.
Ann N 'Y Acad Sci 2005;1047:76-85. [PubMed: 16093486]

Furuichi T, Furutama D, Hakamata Y, Nakai J, Takeshima H, Mikoshiba K. Multiple types of ryanodine
receptor/Ca2+ release channels are differentially expressed in rabbit brain. J Neurosci 1994;14(8):
4794-4805. [PubMed: 8046450]

Futatsugi A, Kato K, Ogura H, Li ST, Nagata E, Kuwajima G, et al. Facilitation of NMDAR-independent
LTP and spatial learning in mutant mice lacking ryanodine receptor type 3. Neuron 1999;24(3):
701-713. [PubMed: 10595520]

Gaburjakova M, Gaburjakova J, Reiken S, Huang F, Marx SO, Rosemblit N, et al. FKBP12 binding
modulates ryanodine receptor channel gating. J Biol Chem 2001;276(20):16931-16935. [PubMed:
11279144]

Gafni J, Wong PW, Pessah IN. Non-coplanar 2,2',3,5’,6-pentachlorobiphenyl (PCB 95) amplifies
ionotropic glutamate receptor signaling in embryonic cerebellar granule neurons by a mechanism
involving ryanodine receptors. Toxicol Sci 2004;77(1):72-82. [PubMed: 14600284]

Gao J, Voss AA, Pessah IN, Lauer FT, Penning TM, Burchiel SW. Ryanodine receptor-mediated rapid
increase in intracellular calcium induced by 7,8-benzo(a)pyrene quinone in human and murine
leukocytes. Toxicol Sci 2005;87(2):419-426. [PubMed: 16049270]

Gao WJ, Goldman-Rakic PS. NMDA receptor-mediated epileptiform persistent activity requires calcium
release from intracellular stores in prefrontal neurons. Experimental Neurology 2006;197(2):495—
504. [PubMed: 16289054]

Giannini G, Conti A, Mammarella S, Scrobogna M, Sorrentino V. The ryanodine receptor/calcium
channel genes are widely and differentially expressed in murine brain and peripheral tissues. J Cell
Biol 1995;128(5):893-904. [PubMed: 7876312]

Gilbert ME. In vitro systems as simulations of in vivo conditions: the study of cognition and synaptic
plasticity in neurotoxicology. Ann N Y Acad Sci 2000;919:119-132. [PubMed: 11083104]
Glauert HP, Tharappel JC, Lu Z, Stemm D, Banerjee S, Chan LS, et al. Role of Oxidative Stress in the
Promoting Activities of PCBs. Environ Toxicol Pharmacol 2008;25(2):247-250. [PubMed:

19122744]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 33

Goldey ES, Crofton KM. Thyroxine replacement attenuates hypothyroxinemia, hearing loss, and motor
deficits following developmental exposure to Aroclor 1254 in rats. Toxicol Sci 1998;45(1):94-105.
[PubMed: 9848116]

Goldey ES, Kehn LS, Lau C, Rehnberg GL, Crofton KM. Developmental exposure to polychlorinated
biphenyls (Aroclor 1254) reduces circulating thyroid hormone concentrations and causes hearing
deficits in rats. Toxicol Appl Pharmacol 1995;135(1):77-88. [PubMed: 7482542]

Gollasch M, Wellman GC, Knot HJ, Jaggar JH, Damon DH, Bonev AD, et al. Ontogeny of local
sarcoplasmic reticulum Ca2+ signals in cerebral arteries: Ca2+ sparks as elementary physiological
events. Circ Res 1998;83(11):1104-1114. [PubMed: 9831705]

Gong R, Park CS, Abbassi NR, Tang SJ. Roles of glutamate receptors and the mammalian target of
rapamycin (mTOR) signaling pathway in activity-dependent dendritic protein synthesis in
hippocampal neurons. J Biol Chem 2006;281(27):18802-18815. [PubMed: 16651266]

Gonzalez A, Kirsch WG, Shirokova N, Pizarro G, Brum G, Pessah IN, et al. Involvement of multiple
intracellular release channels in calcium sparks of skeletal muscle. Proc Natl Acad Sci U S A
2000;97(8):4380-4385. [PubMed: 10759554]

Goodwin JS, Larson GA, Swant J, Sen N, Javitch JA, Zahniser NR, et al. Amphetamine and
methamphetamine differentially affect dopamine transporters in vitro and in vivo. J Biol Chem
2009;284(5):2978-2989. [PubMed: 19047053]

Grabner M, Dirksen RT, Suda N, Beam KG. The II-111 loop of the skeletal muscle dihydropyridine
receptor is responsible for the Bi-directional coupling with the ryanodine receptor. J Biol Chem
1999;274(31):21913-21919. [PubMed: 10419512]

Grandjean P, Landrigan PJ. Developmental neurotoxicity of industrial chemicals. Lancet 2006;368
(9553):2167-2178. [PubMed: 17174709]

Grant L, Slapnick S, Kennedy H, Hackney C. Ryanodine receptor localisation in the mammalian cochlea:
an ultrastructural study. Hear Res 2006;219(1-2):101-109. [PubMed: 16889917]

Gronert, GA.; Pessah, IN.; Muldoon, SM.; Tautz, TJ. Malignant hyperthermia. In: Miller, R., editor.
Anesthesia. Philadelphia, PA: Churchill Livingstone; 2004.

Guo W, Jorgensen AO, Campbell KP. Triadin, a linker for calsequestrin and the ryanodine receptor. Soc
Gen Physiol Ser 1996;51:19-28. [PubMed: 8809931]

Gyorke S. Molecular basis of catecholaminergic polymorphic ventricular tachycardia. Heart Rhythm
2009;6(1):123-129. [PubMed: 19121813]

Gyorke S, Carnes C. Dysregulated sarcoplasmic reticulum calcium release: potential pharmacological
target in cardiac disease. Pharmacol Ther 2008;119(3):340-354. [PubMed: 18675300]

Gyorke S, Hagen BM, Terentyev D, Lederer WJ. Chain-reaction Ca(2+) signaling in the heart. J Clin
Invest 2007;117(7):1758-1762. [PubMed: 17607353]

Haak LL, Song LS, Molinski TF, Pessah IN, Cheng H, Russell JT. Sparks and puffs in oligodendrocyte
progenitors: cross talk between ryanodine receptors and inositol trisphosphate receptors. J Neurosci
2001;21(11):3860-3870. [PubMed: 11356874]

Haglund, a. Isolation and characterization of polychlorinated biphenyl (PCB) atropisomers. Chemospere
1996;32:2133-2140.

Harnett MT, Bernier BE, Ahn KC, Morikawa H. Burst-timing-dependent plasticity of NMDA receptor-
mediated transmission in midbrain dopamine neurons. Neuron 2009;62(6):826-838. [PubMed:
19555651]

Harrad S, Ren J, Hazrati S, Robson M. Chiral signatures of PCB#s 95 and 149 in indoor air, grass,
duplicate diets and human faeces. Chemosphere 2006;63(8):1368-1376. [PubMed: 16289232]

Heilmann C, Grandjean P, Weihe P, Nielsen F, Budtz-Jorgensen E. Reduced antibody responses to
vaccinations in children exposed to polychlorinated biphenyls. PLoS Med 2006;3(8):e311.
[PubMed: 16942395]

Helyar SG, Patel B, Headington K, El-Assal M, Chatterjee PK, Pacher P, et al. PCB-induced endothelial
cell dysfunction: role of poly (ADP-ribose) polymerase. Biochem Pharmacol. 2009

Hennig B, Reiterer G, Majkova Z, Oesterling E, Meerarani P, Toborek M. Modification of environmental
toxicity by nutrients: implications in atherosclerosis. Cardiovasc Toxicol 2005;5(2):153-160.
[PubMed: 16046791]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 34

Herrera GM, Nelson MT. Differential regulation of SK and BK channels by Ca(2+) signals from Ca(2
+) channels and ryanodine receptors in guinea-pig urinary bladder myocytes. J Physiol 2002;541
(Pt 2):483-492. [PubMed: 12042353]

Hertle DN, Yeckel MF. Distribution of inositol-1,4,5-trisphosphate receptor isotypes and ryanodine
receptor isotypes during maturation of the rat hippocampus. Neuroscience 2007;150(3):625-638.
[PubMed: 17981403]

Hidalgo C. Cross talk between Ca2+ and redox signalling cascades in muscle and neurons through the
combined activation of ryanodine receptors/Ca2+ release channels. Philos Trans R Soc Lond B Biol
Sci 2005;360(1464):2237-2246. [PubMed: 16321793]

Howard AS, Fitzpatrick R, Pessah I, Kostyniak P, Lein PJ. Polychlorinated biphenyls induce caspase-
dependent cell death in cultured embryonic rat hippocampal but not cortical neurons via activation
of the ryanodine receptor. Toxicol Appl Pharmacol 2003;190(1):72-86. [PubMed: 12831785]

Hu D, Martinez A, Hornbuckle KC. Discovery of non-aroclor PCB (3,3'-dichlorobiphenyl) in Chicago
air. Environ Sci Technol 2008;42(21):7873-7877. [PubMed: 19031874]

Huang G, Kim JY, Dehoff M, Mizuno Y, Kamm KE, Worley PF, et al. Ca2+ signaling in microdomains:
Homerl mediates the interaction between RyR2 and Cav1.2 to regulate excitation-contraction
coupling. J Biol Chem 2007;282(19):14283-14290. [PubMed: 17355963]

Huang W, Wang H, Galligan JJ, Wang DH. Transient receptor potential vanilloid subtype 1 channel
mediated neuropeptide secretion and depressor effects: role of endoplasmic reticulum associated
Ca2+ release receptors in rat dorsal root ganglion neurons. J Hypertens 2008;26(10):1966-1975.
[PubMed: 18806620]

Hudecova S, Vadaszova A, Soukup T, Krizanova O. Effect of thyroid hormones on the gene expression
of calcium transport systems in rat muscles. Life Sci 2004;75(8):923-931. [PubMed: 15193952]

Huke S, Bers DM. Ryanodine receptor phosphorylation at Serine 2030, 2808 and 2814 in rat
cardiomyocytes. Biochem Biophys Res Commun 2008;376(1):80-85. [PubMed: 18755143]

Humblet O, Birnbaum L, Rimm E, Mittleman MA, Hauser R. Dioxins and cardiovascular disease
mortality. Environ Health Perspect 2008;116(11):1443-1448. [PubMed: 19057694]

Hurne AM, O’Brien JJ, Wingrove D, Cherednichenko G, Allen PD, Beam KG, et al. Ryanodine receptor
type 1 (RyR1) mutations C4958S and C4961S reveal excitation-coupled calcium entry (ECCE) is
independent of sarcoplasmic reticulum store depletion. J Biol Chem 2005;280(44):36994-37004.
[PubMed: 16120606]

Hwang HM, Green PG, Young TM. Tidal salt marsh sediment in California, USA. Part 1: occurrence
and sources of organic contaminants. Chemosphere 2006;64(8):1383-1392. [PubMed: 16442586]

Inglefield JR, Mundy WR, Meacham CA, Shafer TJ. Identification of calcium-dependent and -
independent signaling pathways involved in polychlorinated biphenyl-induced cyclic AMP-
responsive element-binding protein phosphorylation in developing cortical neurons. Neuroscience
2002;115(2):559-573. [PubMed: 12421622]

Inglefield JR, Mundy WR, Shafer TJ. Inositol 1,4,5-triphosphate receptor-sensitive Ca(2+) release, store-
operated Ca(2+) entry, and cAMP responsive element binding protein phosphorylation in
developing cortical cells following exposure to polychlorinated biphenyls. J Pharmacol Exp Ther
2001;297(2):762-773. [PubMed: 11303068]

Inglefield JR, Shafer TJ. Polychlorinated biphenyl-stimulation of Ca(2+) oscillations in developing
neocortical cells: a role for excitatory transmitters and L- type voltage-sensitive Ca(2+) channels.
J Pharmacol Exp Ther 2000;295(1):105-113. [PubMed: 10991967]

Isaac, N.; Pessah, PWW. Etiology of PCB Neurotoxicity; From Molecules to Cellular Dysfunction. In:
Robertson, L.; Hansen, LG., editors. PCBs: Recent Advances in Environmental Toxicology and
Health Effects. New York: Academic Press; 2001. p. 179-184.

Islam MS. The ryanodine receptor calcium channel of beta-cells: molecular regulation and physiological
significance. Diabetes 2002;51(5):1299-1309. [PubMed: 11978625]

Ito K, Komazaki S, Sasamoto K, Yoshida M, Nishi M, Kitamura K, et al. Deficiency of triad junction
and contraction in mutant skeletal muscle lacking junctophilin type 1. J Cell Biol 2001;154(5):
1059-1067. [PubMed: 11535622]

Jackson JG, Thayer SA. Mitochondrial modulation of Ca2+-induced Ca2+-release in rat sensory neurons.
J Neurophysiol 2006;96(3):1093-1104. [PubMed: 16760347]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 35

Jacobson JL, Jacobson SW, Padgett R, Brumitt G, Billings R. Effects of prenatal PCB exposure on
cognitive processing efficiency and sustained attention. Dev Psychol 1992;28:297-306.

Jagadha V, Becker LE. Dendritic pathology: an overview of Golgi studies in man. Can J Neurol Sci
1989;16(1):41-50. [PubMed: 2647251]

Jaggar JH, Wellman GC, Heppner TJ, Porter VA, Perez GJ, Gollasch M, et al. Ca2+ channels, ryanodine
receptors and Ca(2+)-activated K+ channels: a functional unit for regulating arterial tone. Acta
Physiol Scand 1998;164(4):577-587. [PubMed: 9887980]

Jalilian C, Gallant EM, Board PG, Dulhunty AF. Redox potential and the response of cardiac ryanodine
receptors to CLIC-2, a member of the glutathione S-transferase structural family. Antioxid Redox
Signal 2008;10(10):1675-1686. [PubMed: 18522493]

Jamshidi A, Hunter S, Hazrati S, Harrad S. Concentrations and chiral signatures of polychlorinated
biphenyls in outdoor and indoor air and soil in a major U.K. conurbation. Environ Sci Technol
2007;41(7):2153-2158. [PubMed: 17438756]

Jaworski J, Spangler S, Seeburg DP, Hoogenraad CC, Sheng M. Control of dendritic arborization by the
phosphoinositide-3'-kinase-Akt-mammalian target of rapamycin pathway. J Neurosci 2005;25(49):
11300-11312. [PubMed: 16339025]

Jayaraman T, Brillantes AM, Timerman AP, Fleischer S, Erdjument-Bromage H, Tempst P, et al. FK506
binding protein associated with the calcium release channel (ryanodine receptor). J Biol Chem
1992;267(14):9474-9477. [PubMed: 1374404]

Jiang M, Xu A, Tokmakejian S, Narayanan N. Thyroid hormone-induced overexpression of functional
ryanodine receptors in the rabbit heart. Am J Physiol Heart Circ Physiol 2000;278(5):H1429-1438.
[PubMed: 10775119]

Jimenez N, Hernandez-Cruz A. Modifications of intracellular Ca2+ signalling during nerve growth
factor-induced neuronal differentiation of rat adrenal chromaffin cells. Eur J Neurosci 2001;13(8):
1487-1500. [PubMed: 11328344]

Jourdi H, Hsu YT, Zhou M, Qin Q, Bi X, Baudry M. Positive AMPA receptor modulation rapidly
stimulates BDNF release and increases dendritic mMRNA translation. J Neurosci 2009;29(27):8688—
8697. [PubMed: 19587275]

Jursa S, Chovancova J, Petrik J, Loksa J. Dioxin-like and non-dioxin-like PCBs in human serum of Slovak
population. Chemosphere 2006;64(4):686-691. [PubMed: 16337987]

Jurynec MJ, Xia R, Mackrill JJ, Gunther D, Crawford T, Flanigan KM, et al. Selenoprotein N is required
for ryanodine receptor calcium release channel activity in human and zebrafish muscle. Proc Natl
Acad Sci U S A 2008;105(34):12485-12490. [PubMed: 18713863]

Kakizawa S, Moriguchi S, Ikeda A, lino M, Takeshima H. Functional crosstalk between cell-surface and
intracellular channels mediated by junctophilins essential for neuronal functions. Cerebellum
2008;7(3):385-391. [PubMed: 18607668]

Kania-Korwel I, Hornbuckle KC, Robertson LW, Lehmler HJ. Dose-dependent enantiomeric enrichment
of 2,2',3,3',6,6'-hexachlorobiphenyl in female mice. Environ Toxicol Chem 2008a;27(2):299-305.
[PubMed: 18348647]

Kania-Korwel I, Hornbuckle KC, Robertson LW, Lehmler HJ. Influence of dietary fat on the
enantioselective disposition of 2,2',3,3',6,6"-hexachlorobiphenyl (PCB 136) in female mice. Food
Chem Toxicol 2008b;46(2):637-644. [PubMed: 17950514]

Kania-Korwel I, Shaikh NS, Hornbuckle KC, Robertson LW, Lehmler HJ. Enantioselective disposition
of PCB 136 (2,2',3,3',6,6'-hexachlorobiphenyl) in C57BL/6 mice after oral and intraperitoneal
administration. Chirality 2007;19(1):56-66. [PubMed: 17089340]

Kelm MK, Criswell HE, Breese GR. Calcium release from presynaptic internal stores is required for
ethanol to increase spontaneous gamma-aminobutyric acid release onto cerebellum Purkinje
neurons. J Pharmacol Exp Ther 2007;323(1):356-364. [PubMed: 17652632]

Kenet T, Froemke RC, Schreiner CE, Pessah IN, Merzenich MM. Perinatal exposure to a noncoplanar
polychlorinated bipheny! alters tonotopy, receptive fields, and plasticity in rat primary auditory
cortex. Proc Natl Acad Sci U S A. 2007

Kennedy MB. Signal-processing machines at the postsynaptic density. Science 2000;290(5492):750-
754. [PubMed: 11052931]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 36

Kim KH, Inan SY, Berman RF, Pessah IN. Excitatory and inhibitory synaptic transmission is
differentially influenced by two ortho-substituted polychlorinated biphenyls in the hippocampal
slice preparation. Toxicol Appl Pharmacol 2009;237(2):168-177. [PubMed: 19289137]

Kim KH, Marsh G, Bergman A, LaSalle JM, Pessah IN. The para substitution is a key determinant of
activity of brominated diphenylethers toward the type 1 ryanodine receptor. The Toxicologist
2009;108(1):1320.

Kiselyov KI, Shin DM, Wang Y, Pessah IN, Allen PD, Muallem S. Gating of store-operated channels by
conformational coupling to ryanodine receptors. Mol Cell 2000;6(2):421-431. [PubMed:
10983988]

Knerr S, Schrenk D. Carcinogenicity of “non-dioxinlike” polychlorinated biphenyls. Crit Rev Toxicol
2006;36(9):663-694. [PubMed: 17050081]

Kodavanti PR, Shafer TJ, Ward TR, Mundy WR, Freudenrich T, Harry GJ, et al. Differential effects of
polychlorinated biphenyl congeners on phosphoinositide hydrolysis and protein kinase C
translocation in rat cerebellar granule cells. Brain Res 1994;662(1-2):75-82. [PubMed: 7859093]

Kodavanti PR, Shin DS, Tilson HA, Harry GJ. Comparative effects of two polychlorinated biphenyl
congeners on calcium homeostasis in rat cerebellar granule cells. Toxicol Appl Pharmacol 1993;123
(1):97-106. [PubMed: 8236268]

Kodavanti PR, Tilson HA. Structure-activity relationships of potentially neurotoxic PCB congeners in
the rat. Neurotoxicology 1997;18(2):425-441. [PubMed: 9291492]

Kodavanti PR, Ward TR, McKinney JD, Tilson HA. Inhibition of microsomal and mitochondrial Ca2+-
sequestration in rat cerebellum by polychlorinated biphenyl mixtures and congeners. Structure-
activity relationships. Arch Toxicol 1996;70(3-4):150-157. [PubMed: 8825671]

Kodavanti PRS. Neurotoxicity of persistent organic pollutants: possible mode(s) of action and further
considerations. Dose Response 2005;3:273-275. [PubMed: 18648619]

Koizumi S, Bootman MD, Bobanovic LK, Schell MJ, Berridge MJ, Lipp P. Characterization of
elementary Ca2+ release signals in NGF-differentiated PC12 cells and hippocampal neurons.
Neuron 1999;22(1):125-137. [PubMed: 10027295]

Koizumi S, Lipp P, Berridge MJ, Bootman MD. Regulation of ryanodine receptor opening by lumenal
Ca(2+) underlies quantal Ca(2+) release in PC12 cells. J Biol Chem 1999;274(47):33327-33333.
[PubMed: 10559210]

Kolarow R, Brigadski T, Lessmann V. Postsynaptic secretion of BDNF and NT-3 from hippocampal
neurons depends on calcium calmodulin kinase Il signaling and proceeds via delayed fusion pore
opening. J Neurosci 2007;27(39):10350-10364. [PubMed: 17898207]

Koopman-Esseboom C, Weisglas-Kuperus N, de Ridder MA, Van der Paauw CG, Tuinstra LG, Sauer
PJ. Effects of polychlorinated biphenyl/dioxin exposure and feeding type on infants’ mental and
psychomotor development. Pediatrics 1996;97(5):700-706. [PubMed: 8628610]

Korkotian E, Segal M. Release of calcium from stores alters the morphology of dendritic spines in cultured
hippocampal neurons. Proc Natl Acad Sci U S A 1999;96(21):12068-12072. [PubMed: 10518577]

Korrick SA, Sagiv SK. Polychlorinated biphenyls, organochlorine pesticides and neurodevelopment.
Curr Opin Pediatr 2008;20(2):198-204. [PubMed: 18332718]

Kostyniak PJ, Hansen LG, Widholm JJ, Fitzpatrick RD, Olson JR, Helferich JL, et al. Formulation and
characterization of an experimental PCB mixture designed to mimic human exposure from
contaminated fish. Toxicol Sci 2005;88(2):400-411. [PubMed: 16177234]

Kouzu Y, Moriya T, Takeshima H, Yoshioka T, Shibata S. Mutant mice lacking ryanodine receptor type
3 exhibit deficits of contextual fear conditioning and activation of calcium/calmodulin-dependent
protein kinase 11 in the hippocampus. Brain Res Mol Brain Res 2000;76(1):142-150. [PubMed:
10719224]

Kumar V, Zhang MX, Swank MW, Kunz J, Wu GY. Regulation of dendritic morphogenesis by Ras-
P13K-Akt-mTOR and Ras-MAPK signaling pathways. J Neurosci 2005;25(49):11288-11299.
[PubMed: 16339024]

Lai FA, Dent M, Wickenden C, Xu L, Kumari G, Misra M, et al. Expression of a cardiac Ca(2+)-release
channel isoform in mammalian brain. Biochem J 1992;288(Pt 2):553-564. [PubMed: 1334409]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 37

Laitinen PJ, Swan H, Piippo K, Viitasalo M, Toivonen L, Kontula K. Genes, exercise and sudden death:
molecular basis of familial catecholaminergic polymorphic ventricular tachycardia. Ann Med
2004;36 Suppl 1:81-86. [PubMed: 15176428]

Landstrom AP, Weisleder N, Batalden KB, Bos JM, Tester DJ, Ommen SR, et al. Mutations in JPH2-
encoded junctophilin-2 associated with hypertrophic cardiomyopathy in humans. J Mol Cell Cardiol
2007;42(6):1026-1035. [PubMed: 17509612]

Langston JW, Forno LS, Tetrud J, Reeves AG, Kaplan JA, Karluk D. Evidence of active nerve cell
degeneration in the substantia nigra of humans years after 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine exposure. Ann Neurol 1999;46(4):598-605. [PubMed: 10514096]

Lasky RE, Widholm JJ, Crofton KM, Schantz SL. Perinatal exposure to Aroclor 1254 impairs distortion
product otoacoustic emissions (DPOAES) in rats. Toxicol Sci 2002;68(2):458-464. [PubMed:
12151642]

Lee DW, Opanashuk LA. Polychlorinated biphenyl mixture aroclor 1254-induced oxidative stress plays
a role in dopaminergic cell injury. Neurotoxicology 2004;25(6):925-939. [PubMed: 15474611]

Lee EH, Cherednichenko G, Pessah IN, Allen PD. Functional coupling between TRPC3 and RyR1
regulates the expressions of key triadic proteins. J Biol Chem 2006;281(15):10042-10048.
[PubMed: 16484216]

Lee EH, Lopez JR, Li J, Protasi F, Pessah IN, Kim DH, et al. Conformational coupling of DHPR and
RyR1 in skeletal myotubes is influenced by long-range allosterism: evidence for a negative
regulatory module. Am J Physiol Cell Physiol 2004;286(1):C179-189. [PubMed: 13679303]

Lee SY, Hwang DY, Kim YK, Lee JW, Shin IC, Oh KW, et al. PS2 mutation increases neuronal cell
vulnerability to neurotoxicants through activation of caspase-3 by enhancing of ryanodine receptor-
mediated calcium release. Faseb J 2006;20(1):151-153. [PubMed: 16394273]

Legrand C, Giacomello E, Berthier C, Allard B, Sorrentino V, Jacquemond V. Spontaneous and voltage-
activated Ca2+ release in adult mouse skeletal muscle fibres expressing the type 3 ryanodine
receptor. J Physiol 2008;586(2):441-457. [PubMed: 18006577]

Lehmler HJ, Robertson LW, Garrison AW, Kodavanti PR. Effects of PCB 84 enantiomers on [3H]-
phorbol ester binding in rat cerebellar granule cells and 45Ca2+-uptake in rat cerebellum. Toxicol
Lett 2005;156(3):391-400. [PubMed: 15763638]

Lehmler HJ, Robertson LW, Parkin S. 2,2,3,3’,6-Pentachlorobiphenyl (PCB 84). Acta Crystallographica,
Section E: Structure Reports Online 2005;61:3025-3026.

Lehnart SE. Novel targets for treating heart and muscle disease: stabilizing ryanodine receptors and
preventing intracellular calcium leak. Curr Opin Pharmacol 2007;7(2):225-232. [PubMed:
17306622]

Lein, PJ.; Kim, KH.; Berman, RF.; Pessah, IN. Exposure of the Developing Brain to Poly-chlorinated
Biphenyls Influences the Susceptibility of the Adult Brain to Stress. In: Wang, C.; Slikker, W.,
editors. Developmental Neurotoxicology Research: Principles, Models, Techniques, Strategies and
Mechanisms. Somerset, NJ: John Wiley and Sons; In press

Lein PJ, Yang D, Bachstetter AD, Tilson HA, Harry GJ, Mervis RF, et al. Ontogenetic alterations in
molecular and structural correlates of dendritic growth after developmental exposure to
polychlorinated biphenyls. Environ Health Perspect 2007;115(4):556-563. [PubMed: 17450224]

Lesh RE, Nixon GF, Fleischer S, Airey JA, Somlyo AP, Somlyo AV. Localization of ryanodine receptors
in smooth muscle. Circ Res 1998;82(2):175-185. [PubMed: 9468188]

Levitan ES. Signaling for vesicle mobilization and synaptic plasticity. Mol Neurobiol 2008;37(1):39-43.
[PubMed: 18446451]

Li, ST.; Kato, K.; Mikoshiba, K. Effect of calcineurin inhibitors on long-term depression in CA1 rat
hippocampal neurons. 28th Annual Meeting of Society for Neuroscience Abstracts; 1998. p. 1815

Lioudyno M, Hiel H, Kong JH, Katz E, Waldman E, Parameshwaran-lyer S, et al. A “synaptoplasmic
cistern” mediates rapid inhibition of cochlear hair cells. J Neurosci 2004;24(49):11160-11164.
[PubMed: 15590932]

Liu G, Abramson JJ, Zable AC, Pessah IN. Direct evidence for the existence and functional role of
hyperreactive sulfhydryls on the ryanodine receptor-triadin complex selectively labeled by the
coumarin maleimide 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin. Mol Pharmacol
1994,45(2):189-200. [PubMed: 8114670]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 38

Liu G, Pessah IN. Molecular interaction between ryanodine receptor and glycoprotein triadin involves
redox cycling of functionally important hyperreactive sulfhydryls. J Biol Chem 1994;269(52):
33028-33034. [PubMed: 7806531]

Liu N, Rizzi N, Boveri L, Priori SG. Ryanodine receptor and calsequestrin in arrhythmogenesis: what
we have learnt from genetic diseases and transgenic mice. J Mol Cell Cardiol 2009;46(2):149-159.
[PubMed: 19027025]

Liu Q, Chen B, Yankova M, Morest DK, Maryon E, Hand AR, et al. Presynaptic ryanodine receptors are
required for normal quantal size at the Caenorhabditis elegans neuromuscular junction. J Neurosci
2005;25(29):6745-6754. [PubMed: 16033884]

Liu Y, Smart JT, Song Y, Lehmler HJ, Robertson LW, Duffel MW. Structure-activity relationships for
hydroxylated polychlorinated biphenyls as substrates and inhibitors of rat sulfotransferases and
modification of these relationships by changes in thiol status. Drug Metab Dispos 2009;37(5):1065—
1072. [PubMed: 19196841]

Llansola M, Piedrafita B, Rodrigo R, Montoliu C, Felipo V. Polychlorinated Biphenyls PCB 153 and
PCB 126 Impair the Glutamate-Nitric Oxide-cGMP Pathway in Cerebellar Neurons in Culture by
Different Mechanisms. Neurotox Res 2009;16(2):97-105. [PubMed: 19526286]

Locknar SA, Barstow KL, Tompkins JD, Merriam LA, Parsons RL. Calcium-induced calcium release
regulates action potential generation in guinea-pig sympathetic neurones. J Physiol 2004;555(Pt 3):
627-635. [PubMed: 14724192]

Lohmann C, Finski A, Bonhoeffer T. Local calcium transients regulate the spontaneous motility of
dendritic filopodia. Nat Neurosci 2005;8(3):305-312. [PubMed: 15711541]

Lohmann C, Myhr KL, Wong RO. Transmitter-evoked local calcium release stabilizes developing
dendrites. Nature 2002;418(6894):177-181. [PubMed: 12110889]

Lohmann C, Wong RO. Regulation of dendritic growth and plasticity by local and global calcium
dynamics. Cell Calcium 2005;37(5):403-409. [PubMed: 15820387]

Lokuta AJ, Komai H, McDowell TS, Valdivia HH. Functional properties of ryanodine receptors from
rat dorsal root ganglia. FEBS Lett 2002;511(1-3):90-96. [PubMed: 11821055]

Longnecker MP, Wolff MS, Gladen BC, Brock JW, Grandjean P, Jacobson JL, et al. Comparison of
polychlorinated biphenyl levels across studies of human neurodevelopment. Environ Health
Perspect 2003;111(1):65-70. [PubMed: 12515680]

Lyfenko AD, Dirksen RT. Differential dependence of store-operated and excitation-coupled Ca2+ entry
in skeletal muscle on STIM1 and Orail. J Physiol 2008;586(Pt 20):4815-4824. [PubMed:
18772199]

Lyng GD, Seegal RF. Polychlorinated biphenyl-induced oxidative stress in organotypic co-cultures:
experimental dopamine depletion prevents reductions in GABA. Neurotoxicology 2008;29(2):301—
308. [PubMed: 18262273]

Machala M, Blaha L, Lehmler HJ, Pliskova M, Majkova Z, Kapplova P, et al. Toxicity of hydroxylated
and quinoid PCB metabolites: inhibition of gap junctional intercellular communication and
activation of aryl hydrocarbon and estrogen receptors in hepatic and mammary cells. Chem Res
Toxicol 2004;17(3):340-347. [PubMed: 15025504]

Mack MM, Molinski TF, Buck ED, Pessah IN. Novel modulators of skeletal muscle FKBP12/calcium
channel complex from lanthella basta. Role of FKBP12 in channel gating. J Biol Chem 1994;269
(37):23236-23249. [PubMed: 8083229]

Mack MM, Zimanyi I, Pessah IN. Discrimination of multiple binding sites for antagonists of the calcium
release channel complex of skeletal and cardiac sarcoplasmic reticulum. J Pharmacol Exper Ther
1992;262:1028-1037. [PubMed: 1382127]

Mariussen E, Fonnum F. Neurochemical targets and behavioral effects of organohalogen compounds: an
update. Crit Rev Toxicol 2006;36(3):253-289. [PubMed: 16686424]

Marks AR, Marx SO, Reiken S. Regulation of ryanodine receptors via macromolecular complexes: a
novel role for leucine/isoleucine zippers. Trends Cardiovasc Med 2002;12(4):166-170. [PubMed:
12069756]

Martin LJ. Neuronal cell death in nervous system development, disease, and injury (Review). Int J Mol
Med 2001;7(5):455-478. [PubMed: 11295106]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 39

Martins AS, Shkryl VM, Nowycky MC, Shirokova N. Reactive oxygen species contribute to Ca2+ signals
produced by osmotic stress in mouse skeletal muscle fibres. J Physiol 2008;586(1):197-210.
[PubMed: 17974587]

Marx SO, Reiken S, Hisamatsu Y, Gaburjakova M, Gaburjakova J, Yang YM, et al. Phosphorylation-
dependent regulation of ryanodine receptors: a novel role for leucine/isoleucine zippers. J Cell Biol
2001;153(4):699-708. [PubMed: 11352932]

Masumiya H, Wang R, Zhang J, Xiao B, Chen SR. Localization of the 12.6-kDa FK506-binding protein
(FKBP12.6) binding site to the NH2-terminal domain of the cardiac Ca2+ release channel
(ryanodine receptor). J Biol Chem 2003;278(6):3786-3792. [PubMed: 12446682]

Masuno MN, Pessah IN, Olmstead MM, Molinski TF. Simplified cyclic analogues of bastadin-5.
Structure-activity relationships for modulation of the RyR1/FKBP12 Ca2+ channel complex. J Med
Chem 2006;49(15):4497-4511. [PubMed: 16854055]

Matthews HB, Tuey DB. The effect of chlorine position on the distribution and excretion of four
hexachlorobipheny! isomers. Toxicol Appl Pharmacol 1980;53:377-388. [PubMed: 6770494]

Matthews HB, Anderson MW. The distribution and excretion of 2,4,5.2",5'-pentachlorobiohenyl in the
rat. Drug Metab Dispos 1975;3(3):211-219. [PubMed: 238820]

Matsuo N, Tanda K, Nakanishi K, Yamasaki N, Toyama K, Takao K, et al. Comprehensive Behavioral
Phenotyping of Ryanodine Receptor type 3 (RyR3) Knockout Mice: Decreased Social Contact
Duration in Two Social Interaction Tests. Front Behav Neurosci 2009;3:3. [PubMed: 19503748]

Matsushita Y, Furukawa T, Kasanuki H, Nishibatake M, Kurihara Y, Ikeda A, et al. Mutation of
junctophilin type 2 associated with hypertrophic cardiomyopathy. J Hum Genet 2007;52(6):543—
548. [PubMed: 17476457]

Matus A. Actin-based plasticity in dendritic spines. Science 2000;290(5492):754-758. [PubMed:
11052932]

Matyash M, Matyash V, Nolte C, Sorrentino V, Kettenmann H. Requirement of functional ryanodine
receptor type 3 for astrocyte migration. FASEB J 2002;16(1):84-86. [PubMed: 11709492]

McGeown JG. Interactions between inositol 1,4,5-trisphosphate receptors and ryanodine receptors in
smooth muscle: one store or two? Cell Calcium 2004;35(6):613-619. [PubMed: 15110151]

McPherson PS, Kim YK, Valdivia H, Knudson CM, Takekura H, Franzini-Armstrong C, Coronado R,
Campbell KP. The brain ryanodine receptor: a caffeine sensitive calcium relase channel. Neuron
1991;7(1):17-25. [PubMed: 1648939]

Meissner G. Regulation of mammalian ryanodine receptors. Front Biosci 2002;7:d2072-2080. [PubMed:
12438018]

Meng X, Wang G, Viero C, Wang Q, Mi W, Su XD, et al. CLIC2-RyR1 interaction and structural
characterization by cryo-electron microscopy. J Mol Biol 2009;387(2):320-334. [PubMed:
19356589]

Mercado C, Diaz-Munoz M, Alamilla J, Valderrama K, Morales-Tlalpan V, Aguilar-Roblero R.
Ryanodine-sensitive intracellular Ca2+ channels in rat suprachiasmatic nuclei are required for
circadian clock control of behavior. J Biol Rhythms 2009;24(3):203-210. [PubMed: 19465697]

Miller JP, Jacobs GA. Relationships between neuronal structure and function. J Exp Biol 1984;112:129—
145. [PubMed: 6392465]

Mitchell KA, Elferink CJ. Timing is everything: consequences of transient and sustained AhR activity.
Biochem Pharmacol 2009;77(6):947-956. [PubMed: 19027718]

Moody WJ, Bosma MM. lon channel development, spontaneous activity, and activity-dependent
development in nerve and muscle cells. Physiol Rev 2005;85(3):883-941. [PubMed: 15987798]

Moon HB, Kim HS, Choi M, Yu J, Choi HG. Human health risk of polychlorinated biphenyls and
organochlorine pesticides resulting from seafood consumption in South Korea, 2005-2007. Food
Chem Toxicol. 2009

Mori F, Fukaya M, Abe H, Wakabayashi K, Watanabe M. Developmental changes in expression of the
three ryanodine receptor mRNAs in the mouse brain. Neurosci Lett 2000;285(1):57-60. [PubMed:
10788707]

Moriguchi S, Nishi M, Komazaki S, Sakagami H, Miyazaki T, Masumiya H, et al. Functional uncoupling
between Ca2+ release and afterhyperpolarization in mutant hippocampal neurons lacking
junctophilins. Proc Natl Acad Sci U S A 2006;103(28):10811-10816. [PubMed: 16809425]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 40

Morita H, Honda A, Inoue R, Ito Y, Abe K, Nelson MT, et al. Membrane stretch-induced activation of
a TRPM4-like nonselective cation channel in cerebral artery myocytes. J Pharmacol Sci 2007;103
(4):417-426. [PubMed: 17420615]

Morton-Jones RT, Cannell MB, Housley GD. Ca2+ entry via AMPA-type glutamate receptors triggers
Ca2+-induced Ca2+ release from ryanodine receptors in rat spiral ganglion neurons. Cell Calcium
2008;43(4):356-366. [PubMed: 17719086]

Morton-Jones RT, Cannell MB, Jeyakumar LH, Fleischer S, Housley GD. Differential expression of
ryanodine receptors in the rat cochlea. Neuroscience 2006;137(1):275-286. [PubMed: 16289350]

Muchekehu RW, Harvey BJ. 17beta-estradiol rapidly mobilizes intracellular calcium from ryanodine-
receptor-gated stores via a PKC-PKA-Erk-dependent pathway in the human eccrine sweat gland
cell line NCL-SG3. Cell Calcium 2008;44(3):276—288. [PubMed: 18215419]

Mundy WR, Shafer TJ, Tilson HA, Kodavanti PR. Extracellular calcium is required for the
polychlorinated biphenyl- induced increase of intracellular free calcium levels in cerebellar granule
cell culture. Toxicology 1999;136(1):27-39. [PubMed: 10499848]

Murayama T, Ogawa Y. Properties of Ryr3 ryanodine receptor isoform in mammalian brain. J Biol Chem
1996;271(9):5079-5084. [PubMed: 8617786]

Murthy V, Maison SF, Taranda J, Haque N, Bond CT, Elgoyhen AB, et al. SK2 channels are required
for function and long-term survival of efferent synapses on mammalian outer hair cells. Mol Cell
Neurosci 2009;40(1):39-49. [PubMed: 18848895]

Murugesan P, Balaganesh M, Balasubramanian K, Arunakaran J. Effects of polychlorinated biphenyl
(Aroclor 1254) on steroidogenesis and antioxidant system in cultured adult rat Leydig cells. J
Endocrinol 2007;192(2):325-338. [PubMed: 17283232]

Nakai J, Dirksen RT, Nguyen HT, Pessah IN, Beam KG, Allen PD. Enhanced dihydropyridine receptor
channel activity in the presence of ryanodine receptor. Nature 1996;380(6569):72—75. [PubMed:
8598910]

Nelson MT, Cheng H, Rubart M, Santana LF, Bonev AD, Knot HJ, et al. Relaxation of arterial smooth
muscle by calcium sparks. Science 1995;270(5236):633-637. [PubMed: 7570021]

NIEHS. (1999). Superfund Basic Research Program (No. Research Brief No. 49): NIEHS/Environmental
Protection Agencyo. Document Number)

Noble K, Matthew A, Burdyga T, Wray S. A review of recent insights into the role of the sarcoplasmic
reticulum and Ca entry in uterine smooth muscle. Eur J Obstet Gynecol Reprod Biol 2009;144 Suppl
1:511-19. [PubMed: 19285773]

Norman JP, Perry SW, Reynolds HM, Kiebala M, De Mesy Bentley KL, Trejo M, et al. HIV-1 Tat
activates neuronal ryanodine receptors with rapid induction of the unfolded protein response and
mitochondrial hyperpolarization. PLoS One 2008;3(11):e3731. [PubMed: 19009018]

Nozaki H, Tanaka K, Gomi S, Mihara B, Nogawa S, Nagata E, et al. Role of the ryanodine receptor in
ischemic brain damage--localized reduction of ryanodine receptor binding during ischemia in
hippocampus CAL. Cell Mol Neurobiol 1999;19(1):119-131. [PubMed: 10079971]

Ogawa Y, Murayama T. Ryanodine receptors in the central nervous system. Nippon Yakurigaku Zasshi
1995;105(6):423-430. [PubMed: 7557730]

Ohno A, Ohya S, Yamamura H, Imaizumi Y. Regulation of ryanodine receptor-mediated Ca(2+) release
in vas deferens smooth muscle cells. J Pharmacol Sci 2009;110(1):78-86. [PubMed: 19444000]

Olivero J, Ganey PE. Participation of Ca2+/calmodulin during activation of rat neutrophils by
polychlorinated biphenyls. Biochem Pharmacol 2001;62(8):1125-1132. [PubMed: 11597581]

Ooashi N, Futatsugi A, Yoshihara F, Mikoshiba K, Kamiguchi H. Cell adhesion molecules regulate Ca2
+-mediated steering of growth cones via cyclic AMP and ryanodine receptor type 3. J Cell Biol.
2005

Ouyang K, Zheng H, Qin X, Zhang C, Yang D, Wang X, et al. Ca2+ sparks and secretion in dorsal root
ganglion neurons. Proc Natl Acad Sci U S A 2005;102(34):12259-12264. [PubMed: 16103366]

Pack-Chung E, Meyers MB, Pettingell WP, Moir RD, Brownawell AM, Cheng I, et al. Presenilin 2
interacts with sorcin, a modulator of the ryanodine receptor. J Biol Chem 2000;275(19):14440-
14445, [PubMed: 10748169]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 41

Paolini C, Fessenden JD, Pessah IN, Franzini-Armstrong C. Evidence for conformational coupling
between two calcium channels. Proc Natl Acad Sci U S A 2004;101(34):12748-12752. [PubMed:
15310845]

Pardo CA, Eberhart CG. The neurobiology of autism. Brain Pathol 2007;17(4):434-447. [PubMed:
17919129]

Park HY, Hertz-Picciotto I, Petrik J, Palkovicova L, Kocan A, Trnovec T. Prenatal PCB exposure and
thymus size at birth in neonates in Eastern Slovakia. Environ Health Perspect 2008;116(1):104—
109. [PubMed: 18197307]

Park JS, Bergman A, Linderholm L, Athanasiadou M, Kocan A, Petrik J, et al. Placental transfer of
polychlorinated biphenyls, their hydroxylated metabolites and pentachlorophenol in pregnant
women from eastern Slovakia. Chemosphere 2008;70(9):1676-1684. [PubMed: 17764717]

Park JS, Petreas M, Cohn BA, Cirillo PM, Factor-Litvak P. Hydroxylated PCB metabolites (OH-PCBs)
in archived serum from 1950-60s California mothers: a pilot study. Environ Int 2009;35(6):937—
942. [PubMed: 19439357]

Patel JC, Witkovsky P, Avshalumov MV, Rice ME. Mobilization of calcium from intracellular stores
facilitates somatodendritic dopamine release. J Neurosci 2009;29(20):6568-6579. [PubMed:
19458227]

Perez GJ, Bonev AD, Patlak JB, Nelson MT. Functional coupling of ryanodine receptors to KCa channels
in smooth muscle cells from rat cerebral arteries. J Gen Physiol 1999;113(2):229-238. [PubMed:
9925821]

Pessah IN. Ryanodine receptor acts as a sensor for redox stress. Pest Manag Sci 2001;57(10):941-945.
[PubMed: 11695187]

Pessah, IN.; Wong, PW.; Robertson, HLLR. PCBs: Recent Advances in Environmental Toxicology and
Health Effects. Lexington: The University Press of Kentuky; 2001. Etiology of PCB Neurotoxicity:
From Molecules to Cellular Dysfunction.

Pessah IN, Beltzner C, Burchiel SW, Sridhar G, Penning T, Feng W. A bioactive metabolite of benzo[a]
pyrene, benzo[a]pyrene-7,8-dione, selectively alters microsomal Ca2+ transport and ryanodine
receptor function. Mol Pharmacol 2001;59(3):506-513. [PubMed: 11179446]

Pessah IN, Durie EL, Schiedt MJ, Zimanyi I. Anthraquinone-sensitized Ca2+ release channel from rat
cardiac sarcoplasmic reticulum: possible receptor-mediated mechanism of doxorubicin
cardiomyopathy. Mol Pharmacol 1990;37(4):503-514. [PubMed: 2157959]

Pessah IN, Hansen LG, Albertson TE, Garner CE, Ta TA, Do Z, et al. Structure-activity relationship for
noncoplanar polychlorinated biphenyl congeners toward the ryanodine receptor-Ca2+ channel
complex type 1 (RyR1). Chem Res Toxicol 2006;19(1):92-101. [PubMed: 16411661]

Pessah IN, Kim KH, Feng W. Redox sensing properties of the ryanodine receptor complex. Front Biosci
2002;7:a72-79. [PubMed: 11991848]

Pessah IN, Lehmler HJ, Robertson LW, Perez CF, Cabrales E, Bose DD, et al. Enantiomeric specificity
of (-)-2,2',3,3',6,6'-hexachlorobiphenyl toward ryanodine receptor types 1 and 2. Chem Res Toxicol
2009;22(1):201-207. [PubMed: 18954145]

Pessah IN, Molinski TF, Meloy TD, Wong P, Buck ED, Allen PD, et al. Bastadins relate ryanodine-
sensitive and -insensitive Ca2+ efflux pathways in skeletal SR and BC3H1 cells. Am J Physiol
1997;272(2 Pt 1):C601-614. [PubMed: 9124304]

Pessah IN, Stambuk RA, Casida JE. Ca2+-activated ryanodine binding: mechanisms of sensitivity and
intensity modulation by Mg2+, caffeine, and adenine nucleotides. Mol Pharmacol 1987;31(3):232-
238. [PubMed: 2436032]

Pessah IN, Waterhouse AL, Casida JE. The calcium-ryanodine receptor complex of skeletal and cardiac
muscle. Biochem Biophys Res Commun 1985;128(1):449-456. [PubMed: 3985981]

Phimister AJ, Lango J, Lee EH, Ernst-Russell MA, Takeshima H, Ma J, et al. Conformation-dependent
stability of junctophilin 1 (JP1) and ryanodine receptor type 1 (RyR1) channel complex is mediated
by their hyper-reactive thiols. J Biol Chem 2007;282(12):8667-8677. [PubMed: 17237236]

Pluger S, Faulhaber J, Furstenau M, Lohn M, Waldschutz R, Gollasch M, et al. Mice with disrupted BK
channel betal subunit gene feature abnormal Ca(2+) spark/STOC coupling and elevated blood
pressure. Circ Res 2000;87(11):E53-60. [PubMed: 11090555]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 42

Pouliquin P, Pace SM, Dulhunty AF. In vitro modulation of the cardiac ryanodine receptor activity by
Homerl. Pflugers Arch 2009;458(4):723-732. [PubMed: 19296124]

Powers BE, PE, Sable HIJK, Schantz SL. Developmental exposure to PCBs, MeHg, or both: Long-term
effects on auditory function. Environ Health Perspect 2009;117:1101-1107. [PubMed: 19654920]

Powers BE, Widholm JJ, Lasky RE, Schantz SL. Auditory deficits in rats exposed to an environmental
PCB mixture during development. Toxicol Sci 2006;89(2):415-422. [PubMed: 16317017]

Protasi F, Franzini-Armstrong C, Allen PD. Role of ryanodine receptors in the assembly of calcium
release units in skeletal muscle. J Cell Biol 1998;140(4):831-842. [PubMed: 9472035]

Purpura, DP. Comparative physiology of dendrites. In: Quarton, GC.; Melnechuk, T.; Schmitt, FO.,
editors. The Neurosciences: A Study Program. New York: Rockefeller University Press; 1967. p.
372-393.

Purves D. Functional and structural changes in mammalian sympathetic neurons following interruption
of their axons. J Physiol 1975;252(2):429-463. [PubMed: 1206535]

Purves, D. Body and Brain: A Trophic Theory of Neural Connections. Cambridge, MA: Harvard
University Press; 1988.

Ravagnan L, Roumier T, Kroemer G. Mitochondria, the killer organelles and their weapons. J Cell Physiol
2002;192(2):131-137. [PubMed: 12115719]

Redmond L, Kashani AH, Ghosh A. Calcium regulation of dendritic growth via CaM kinase 1V and
CREB-mediated transcription. Neuron 2002;34(6):999-1010. [PubMed: 12086646]

Reyes RC, Parpura V. The trinity of Ca2+ sources for the exocytotic glutamate release from astrocytes.
Neurochem Int 2009;55(1-3):2-8. [PubMed: 19171170]

Rice DC. Effects of postnatal exposure of monkeys to a PCB mixture on spatial discrimination reversal
and DRL performance. Neurotoxicol Teratol 1998;20(4):391-400. [PubMed: 9697965]

Riegel AC, Williams JT. CRF facilitates calcium release from intracellular stores in midbrain dopamine
neurons. Neuron 2008;57(4):559-570. [PubMed: 18304485]

Robertson JD, Chandra J, Gogvadze V, Orrenius S. Biological reactive intermediates and mechanisms
of cell death. Adv Exp Med Biol 2001;500:1-10. [PubMed: 11764918]

Robinson R, Carpenter D, Shaw MA, Halsall J, Hopkins P. Mutations in RYR1 in malignant hyperthermia
and central core disease. Hum Mutat 2006;27(10):977-989. [PubMed: 16917943]

Robinson SD, Landrum PF, Van Hoof PL, Eadie BJ. Seasonal variation of polychlorinated biphenyl
congeners in surficial sediment, trapped settling material, and suspended particulate material in
Lake Michigan, USA. Environ Toxicol Chem 2008;27(2):313-322. [PubMed: 18348618]

Robson M, Harrad S. Chiral PCB signatures in air and soil: implications for atmospheric source
apportionment. Environ Sci Technol 2004;38(6):1662-1666. [PubMed: 15074672]

Roegge CS, Morris JR, Villareal S, Wang VC, Powers BE, Klintsova AY, et al. Purkinje cell and
cerebellar effects following developmental exposure to PCBs and/or MeHg. Neurotoxicol Teratol
2006;28(1):74-85. [PubMed: 16309888]

Roegge CS, Schantz SL. Motor function following developmental exposure to PCBS and/or MEHG.
Neurotoxicol Teratol 2006;28(2):260-277. [PubMed: 16487679]

Rogan WJ, Ragan NB. Some evidence of effects of environmental chemicals on the endocrine system in
children. Int J Hyg Environ Health 2007;210(5):659-667. [PubMed: 17870664]

Ross G. The public health implications of polychlorinated biphenyls (PCBs) in the environment.
Ecotoxicol Environ Saf 2004;59(3):275-291. [PubMed: 15388267]

Rosso SB, Sussman D, Wynshaw-Boris A, Salinas PC. Wnt signaling through Dishevelled, Rac and JINK
regulates dendritic development. Nat Neurosci 2005;8(1):34-42. [PubMed: 15608632]

Royland JE, Kodavanti PR. Gene expression profiles following exposure to a developmental
neurotoxicant, Aroclor 1254: pathway analysis for possible mode(s) of action. Toxicol Appl
Pharmacol 2008;231(2):179-196. [PubMed: 18602130]

Royland JE, Wu J, Zawia NH, Kodavanti PR. Gene expression profiles in the cerebellum and
hippocampus following exposure to a neurotoxicant, Aroclor 1254: developmental effects. Toxicol
Appl Pharmacol 2008;231(2):165-178. [PubMed: 18602129]

Safe S. Endocrine disruptors and human health: is there a problem. Toxicology 2004;205(1-2):3-10.
[PubMed: 15458784]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 43

Samso M, Feng W, Pessah IN, Allen PD. Coordinated movement of cytoplasmic and transmembrane
domains of RyR1 upon gating. PLoS Biol 2009;7(4):e85. [PubMed: 19402748]

Samso M, Shen X, Allen PD. Structural characterization of the RyR1-FKBP12 interaction. J Mol Biol
2006;356(4):917-927. [PubMed: 16405911]

Sanchez G, Pedrozo Z, Domenech RJ, Hidalgo C, Donoso P. Tachycardia increases NADPH oxidase
activity and RyR2 S-glutathionylation in ventricular muscle. J Mol Cell Cardiol 2005;39(6):982—
991. [PubMed: 16242147]

Sastry PS, Rao KS. Apoptosis and the nervous system. J Neurochem 2000;74(1):1-20. [PubMed:
10617101]

Schantz SL. Developmental neurotoxicity of PCBs in humans: what do we know and where do we go
from here? Neurotoxicol Teratol 1996;18(3):217-227. discussion 229-276. [PubMed: 8725628]

Schantz SL, Gasior DM, Polverejan E, McCaffrey RJ, Sweeney AM, Humphrey HE, et al. Impairments
of memory and learning in older adults exposed to polychlorinated biphenyls via consumption of
great lakes fish. Environ Health Perspect 2001;109(6):605-611. [PubMed: 11445515]

Schantz SL, Levin ED, Bowman RE, Heironimus MP, Laughlin NK. Effects of perinatal PCB exposure
on discrimination-reversal learning in monkeys. Neurotoxicol Teratol 1989;11(3):243-250.
[PubMed: 2502707]

Schantz SL, Moshtaghian J, Ness DK. Spatial learning deficits in adult rats exposed to ortho-substituted
PCB congeners during gestation and lactation. Fundam Appl Toxicol 1995;26(1):117-126.
[PubMed: 7657055]

Schantz SL, Seo BW, Wong PW, Pessah IN. Long-term effects of developmental exposure to 2,2',3,5’,
6-pentachlorobiphenyl (PCB 95) on locomotor activity, spatial learning and memory and brain
ryanodine binding. Neurotoxicology 1997;18(2):457-467. [PubMed: 9291494]

Schantz SL, Widholm JJ, Rice DC. Effects of PCB exposure on neuropsychological function in children.
Environ Health Perspect 2003;111(3):357-576. [PubMed: 12611666]

Schneider AR, Porter ET, Baker JE. Polychlorinated biphenyl release from resuspended Hudson River
sediment. Environ Sci Technol 2007;41(4):1097-1103. [PubMed: 17593705]

Schuman EM. Synapse specificity and long-term information storage. Neuron 1997;18(3):339-342.
[PubMed: 9115727]

Seegal RF. Epidemiological and laboratory evidence of PCB-induced neurotoxicity. Crit Rev Toxicol
1996;26(6):709-737. [PubMed: 8958469]

Segal M. New building blocks for the dendritic spine. Neuron 2001;31(2):169-171. [PubMed: 11502247]

Segal M, Korkotian E, Murphy DD. Dendritic spine formation and pruning: common cellular
mechanisms? Trends Neurosci 2000;23(2):53-57. [PubMed: 10652540]

Sejnowski TJ. The year of the dendrite. Science 1997;275(5297):178-179. [PubMed: 8999546]

Selgrade MK. Immunotoxicity: the risk is real. Toxicol Sci 2007;100(2):328-332. [PubMed: 17878151]

Serysheva ll, Ludtke SJ, Baker ML, Cong Y, Topf M, Eramian D, et al. Subnanometer-resolution electron
cryomicroscopy-based domain models for the cytoplasmic region of skeletal muscle RyR channel.
Proc Natl Acad Sci U S A 2008;105(28):9610-9615. [PubMed: 18621707]

Seymour-Laurent KJ, Barish ME. Inositol 1,4,5-trisphosphate and ryanodine receptor distributions and
patterns of acetylcholine- and caffeine-induced calcium release in cultured mouse hippocampal
neurons. J Neurosci 1995;15(4):2592-2608. [PubMed: 7722617]

Shakiryanova D, Klose MK, Zhou Y, Gu T, Deitcher DL, Atwood HL, et al. Presynaptic ryanodine
receptor-activated calmodulin kinase Il increases vesicle mobility and potentiates neuropeptide
release. J Neurosci 2007;27(29):7799-7806. [PubMed: 17634373]

Shao CH, Wehrens XH, Wyatt TA, Parbhu S, Rozanski GJ, Patel KP, et al. Exercise training during
diabetes attenuates cardiac ryanodine receptor dysregulation. J Appl Physiol 2009;106(4):1280-
1292. [PubMed: 19131475]

Sharlin DS, Bansal R, Zoeller RT. Polychlorinated biphenyls exert selective effects on cellular
composition of white matter in a manner inconsistent with thyroid hormone insufficiency.
Endocrinology 2006;147(2):846-858. [PubMed: 16282356]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 44

Sheridan DC, Takekura H, Franzini-Armstrong C, Beam KG, Allen PD, Perez CF. Bidirectional signaling
between calcium channels of skeletal muscle requires multiple direct and indirect interactions. Proc
Natl Acad Sci U S A 2006;103(52):19760-19765. [PubMed: 17172444]

Shimizu H, Fukaya M, Yamasaki M, Watanabe M, Manabe T, Kamiya H. Use-dependent amplification
of presynaptic Ca2+ signaling by axonal ryanodine receptors at the hippocampal mossy fiber
synapse. Proc Natl Acad Sci U S A 2008;105(33):11998-12003. [PubMed: 18687898]

Spencer WA, Lehmler HJ, Robertson LW, Gupta RC. Oxidative DNA adducts after Cu(2+)-mediated
activation of dihydroxy PCBs: role of reactive oxygen species. Free Radic Biol Med 2009;46(10):
1346-1352. [PubMed: 19233261]

Spitzer NC, Root CM, Borodinsky LN. Orchestrating neuronal differentiation: patterns of Ca2+ spikes
specify transmitter choice. Trends Neurosci 2004;27(7):415-421. [PubMed: 15219741]

Steenland K, Hein MJ, Cassinelli RT 2nd, Prince MM, Nilsen NB, Whelan EA, et al. Polychlorinated
biphenyls and neurodegenerative disease mortality in an occupational cohort. Epidemiology
2006;17(1):8-13. [PubMed: 16357589]

Stern MD, Cheng H. Putting out the fire: what terminates calcium-induced calcium release in cardiac
muscle? Cell Calcium 2004;35(6):591-601. [PubMed: 15110149]

Stewart P, Reihman J, Lonky E, Darvill T, Pagano J. Prenatal PCB exposure and neonatal behavioral
assessment scale (NBAS) performance. Neurotoxicol Teratol 2000;22(1):21-29. [PubMed:
10642111]

Stewart PW, Lonky E, Reihman J, Pagano J, Gump BB, Darvill T. The relationship between prenatal
PCB exposure and intelligence (1Q) in 9-year-old children. Environ Health Perspect 2008;116(10):
1416-1422. [PubMed: 18941588]

Stiber JA, Zhang ZS, Burch J, EuJP, Zhang S, Truskey GA, et al. Mice lacking Homer 1 exhibit a skeletal
myopathy characterized by abnormal transient receptor potential channel activity. Mol Cell Biol
2008;28(8):2637-2647. [PubMed: 18268005]

Straub SV, Nelson MT. Astrocytic calcium signaling: the information currency coupling neuronal activity
to the cerebral microcirculation. Trends Cardiovasc Med 2007;17(6):183-190. [PubMed:
17662912]

Sun J, Yamaguchi N, Xu L, Eu JP, Stamler JS, Meissner G. Regulation of the cardiac muscle ryanodine
receptor by O(2) tension and S-nitrosoglutathione. Biochemistry 2008;47(52):13985-13990.
[PubMed: 19053230]

Sun P, Basu I, Blanchard P, Brice KA, Hites RA. Temporal and spatial trends of atmospheric
polychlorinated biphenyl concentrations near the Great Lakes. Environ Sci Technol 2007;41(4):
1131-1136. [PubMed: 17593710]

Sun P, Basu I, Hites RA. Temporal trends of polychlorinated biphenyls in precipitation and air at chicago.
Environ Sci Technol 2006;40(4):1178-1183. [PubMed: 16572772]

Szot P, White SS, McCarthy EB, Turella A, Rejniak SX, Schwartzkroin PA. Behavioral and metabolic
features of repetitive seizures in immature and mature rats. Epilepsy Research 2001;46(3):191-203.
[PubMed: 11518622]

Szumlinski KK, Kalivas PW, Worley PF. Homer proteins: implications for neuropsychiatric disorders.
Curr Opin Neurobiol 2006;16(3):251-257. [PubMed: 16704932]

Ta TA, Pessah IN. Ryanodine receptor type 1 (RyR1) possessing malignant hyperthermia mutation
R615C exhibits heightened sensitivity to dysregulation by non-coplanar 2,2',3,5',6-
pentachlorobiphenyl (PCB 95). Neurotoxicology 2007;28(4):770-779. [PubMed: 17023049]

Takasago T, Imagawa T, Furukawa K, Ogurusu T, Shigekawa M. Regulation of the cardiac ryanodine
receptor by protein kinase-dependent phosphorylation. J Biochem 1991;109(1):163-170. [PubMed:
1849885]

Takeda T, Asahi M, Yamaguchi O, Hikoso S, Nakayama H, Kusakari Y, et al. Presenilin 2 regulates the
systolic function of heart by modulating Ca2+ signaling. FASEB J 2005;19(14):2069-2071.
[PubMed: 16204356]

Takei N, Inamura N, Kawamura M, Namba H, Hara K, Yonezawa K, et al. Brain-derived neurotrophic
factor induces mammalian target of rapamycin-dependent local activation of translation machinery
and protein synthesis in neuronal dendrites. J Neurosci 2004;24(44):9760-9769. [PubMed:
15525761]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 45

Takeshima H, lino M, Takekura H, Nishi M, Kuno J, Minowa O, et al. Excitation-contraction uncoupling
and muscular degeneration in mice lacking functional skeletal muscle ryanodine-receptor gene.
Nature 1994;369(6481):556-559. [PubMed: 7515481]

Takeshima H, Komazaki S, Hirose K, Nishi M, Noda T, lino M. Embryonic lethality and abnormal cardiac
myocytes in mice lacking ryanodine receptor type 2. EMBO J 1998;17(12):3309-3316. [PubMed:
9628868]

Takeshima H, Komazaki S, Nishi M, lino M, Kangawa K. Junctophilins: a novel family of junctional
membrane complex proteins. Mol Cell 2000;6(1):11-22. [PubMed: 10949023]

Tarroni P, Rossi D, Conti A, Sorrentino V. Expression of the ryanodine receptor type 3 calcium release
channel during development and differentiation of mammalian skeletal muscle cells. J Biol Chem
1997;272(32):19808-19813. [PubMed: 9242641]

Terentyev D, Gyorke |, Belevych AE, Terentyeva R, Sridhar A, Nishijima Y, et al. Redox modification
of ryanodine receptors contributes to sarcoplasmic reticulum Ca2+ leak in chronic heart failure.
Circ Res 2008;103(12):1466-1472. [PubMed: 19008475]

Thibault O, Gant JC, Landfield PW. Expansion of the calcium hypothesis of brain aging and Alzheimer’s
disease: minding the store. Aging Cell 2007;6(3):307-317. [PubMed: 17465978]

Tilson HA, Jacobson JL, Rogan WJ. Polychlorinated biphenyls and the developing nervous system: cross-
species comparisons. Neurotoxicol Teratol 1990;12(3):239-248. [PubMed: 2115098]

Tilson HA, Kodavanti PR. The neurotoxicity of polychlorinated biphenyls. Neurotoxicology 1998;19(4—
5):517-525. [PubMed: 9745906]

Timerman AP, Onoue H, Xin HB, Barg S, Copello J, Wiederrecht G, et al. Selective binding of FKBP12.6
by the cardiac ryanodine receptor. J Biol Chem 1996;271(34):20385-20391. [PubMed: 8702774]

Tsuneta T, Loch-Caruso R, Quensen JF 3rd, Boyd SA, Hanna M, Grindatti C. Stimulatory effects of a
microbially dechlorinated polychlorinated biphenyl (PCB) mixture on rat uterine contraction in
vitro. Environ Res 2008;107(2):185-193. [PubMed: 18359014]

Uziel A. Periods of sensitivity to thyroid hormone during the development of the organ of Corti. Acta
Otolaryngol Suppl 1986;429:23-27. [PubMed: 3461670]

Van den Berg M, Birnbaum LS, Denison M, De Vito M, Farland W, Feeley M, et al. The 2005 World
Health Organization reevaluation of human and Mammalian toxic equivalency factors for dioxins
and dioxin-like compounds. Toxicol Sci 2006;93(2):223-241. [PubMed: 16829543]

Vanterpool CK, Vanterpool EA, Pearce WJ, Buchholz JN. Advancing age alters the expression of the
ryanodine receptor 3 isoform in adult rat superior cervical ganglia. J Appl Physiol 2006;101(2):
392-400. [PubMed: 16645194]

Vlachos A, Korkotian E, Schonfeld E, Copanaki E, Deller T, Segal M. Synaptopodin regulates plasticity
of dendritic spines in hippocampal neurons. J Neurosci 2009;29(4):1017-1033. [PubMed:
19176811]

Voss AA, Lango J, Ernst-Russell M, Morin D, Pessah IN. Identification of hyperreactive cysteines within
ryanodine receptor type 1 by mass spectrometry. J Biol Chem 2004;279(33):34514-34520.
[PubMed: 15197184]

Wagenknecht T, Radermacher M, Grassucci R, Berkowitz J, Xin HB, Fleischer S. Locations of
calmodulin and FK506-binding protein on the three-dimensional architecture of the skeletal muscle
ryanodine receptor. J Biol Chem 1997;272(51):32463-32471. [PubMed: 9405457]

Wan K, Moriya T, Akiyama M, Takeshima H, Shibata S. Involvement of ryanodine receptor type 3 in
dopamine release from the striatum: evidence from mutant mice lacking this receptor. Biochem
Biophys Res Commun 1999;266(2):588-592. [PubMed: 10600547]

Wang SQ, Song LS, Xu L, Meissner G, Lakatta EG, Rios E, et al. Thermodynamically irreversible gating
of ryanodine receptors in situ revealed by stereotyped duration of release in Ca(2+) sparks. Biophys
J 2002;83(1):242-251. [PubMed: 12080116]

Wang Y, Rowan MJ, Anwyl R. Induction of LTD in the dentate gyrus in vitro is NMDA receptor
independent, but dependent on Ca2+ influx via low-voltage-activated Ca2+ channels and release
of Ca2+ from intracellular stores. J Neurophysiol 1997;77(2):812-825. [PubMed: 9065852]

Wang Y, Wu J, Rowan MJ, Anwyl R. Ryanodine produces a low frequency stimulation-induced NMDA
receptor-independent long-term potentiation in the rat dentate gyrus in vitro. J Physiol 1996;495(Pt
3):755-767. [PubMed: 8887781]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 46

Ward CW, Feng W, Tu J, Pessah IN, Worley PK, Schneider MF. Homer protein increases activation of
Ca2+ sparks in permeabilized skeletal muscle. J Biol Chem 2004;279(7):5781-5787. [PubMed:
14660561]

Wayman GA, Impey S, Marks D, Saneyoshi T, Grant WF, Derkach V, et al. Activity-dependent dendritic
arborization mediated by CaM-kinase | activation and enhanced CREB-dependent transcription of
Whnt-2. Neuron 2006;50(6):897-909. [PubMed: 16772171]

Weerth SH, Holtzclaw LA, Russell JT. Signaling proteins in raft-like microdomains are essential for Ca2
+ wave propagation in glial cells. Cell Calcium 2007;41(2):155-167. [PubMed: 16905188]

Wehrens XH, Lehnart SE, Marks AR. Ryanodine receptor-targeted anti-arrhythmic therapy. Ann N Y
Acad Sci 2005;1047:366-375. [PubMed: 16093511]

Wehrens XH, Lehnart SE, Reiken S, Vest JA, Wronska A, Marks AR. Ryanodine receptor/calcium release
channel PKA phosphorylation: a critical mediator of heart failure progression. Proc Natl Acad Sci
U S A 2006;103(3):511-518. [PubMed: 16407108]

Wei W, Zhang C, Liu AL, Xie SH, Chen XM, Lu WQ. Effect of PCB153 on BaP-induced genotoxicity
in HepG2 cells via modulation of metabolic enzymes. Mutat Res 2009;675(1-2):71-76. [PubMed:
19386251]

Welshhans K, Rehder V. Nitric oxide regulates growth cone filopodial dynamics via ryanodine receptor-
mediated calcium release. Eur J Neurosci 2007;26(6):1537-1547. [PubMed: 17714493]

White LD, Barone S Jr. Qualitative and quantitative estimates of apoptosis from birth to senescence in
the rat brain. Cell Death Differ 2001;8(4):345-356. [PubMed: 11550086]

Wilson MT, Kisaalita WS, Keith CH. Glutamate-induced changes in the pattern of hippocampal dendrite
outgrowth: a role for calcium-dependent pathways and the microtubule cytoskeleton. J Neurobiol
2000;43(2):159-172. [PubMed: 10770845]

Wolf M, Eberhart A, Glossmann H, Striessnig J, Grigorieff N. Visualization of the domain structure of
an L-type Ca2+ channel using electron cryo-microscopy. J Mol Biol 2003;332(1):171-182.
[PubMed: 12946355]

Wong CS, Garrison AW, Smith PD, Foreman WT. Enantiomeric composition of chiral polychlorinated
biphenyl atropisomers in aquatic and riparian biota. Environ Sci Technol 2001;35(12):2448-2454.
[PubMed: 11432547]

Wong CS, Mabury SA, Whittle DM, Backus SM, Teixeira C, DeVault DS, et al. Organochlorine
compounds in Lake Superior: chiral polychlorinated biphenyls and biotransformation in the aquatic
food web. Environ Sci Technol 2004;38(1):84-92. [PubMed: 14740721]

Wong CS, Pakdeesusuk U, Morrissey JA, Lee CM, Coates JT, Garrison AW, et al. Enantiomeric
composition of chiral polychlorinated biphenyl atropisomers in dated sediment cores. Environ
Toxicol Chem 2007;26(2):254-263. [PubMed: 17713213]

Wong F, Robson M, Diamond ML, Harrad S, Truong J. Concentrations and chiral signatures of POPs in
soils and sediments: a comparative urban versus rural study in Canada and UK. Chemosphere
2009;74(3):404-411. [PubMed: 19022474]

Wong PW, Brackney WR, Pessah IN. Ortho-substituted polychlorinated biphenyls alter microsomal
calcium transport by direct interaction with ryanodine receptors of mammalian brain. J Biol Chem
1997;272(24):15145-15153. [PubMed: 9182535]

Wong PW, Garcia EF, Pessah IN. ortho-substituted PCB95 alters intracellular calcium signaling and
causes cellular acidification in PC12 cells by an immunophilin-dependent mechanism. J Neurochem
2001;76(2):450-463. [PubMed: 11208908]

Wong PW, Joy RM, Albertson TE, Schantz SL, Pessah IN. Ortho-substituted 2,2',3,5',6-
pentachlorobiphenyl (PCB 95) alters rat hippocampal ryanodine receptors and neuroplasticity in
vitro: evidence for altered hippocampal function. Neurotoxicology 1997;18(2):443-456. [PubMed:
9291493]

Wong PW, Pessah IN. Ortho-substituted polychlorinated biphenyls alter calcium regulation by a
ryanodine receptor-mediated mechanism: structural specificity toward skeletal- and cardiac-type
microsomal calcium release channels. Mol Pharmacol 1996;49(4):740-751. [PubMed: 8609904]

Wong PW, Pessah IN. Noncoplanar PCB 95 alters microsomal calcium transport by an immunophilin
FKBP12-dependent mechanism. Mol Pharmacol 1997;51(5):693-702. [PubMed: 9145907]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 47

Woo JS, Hwang JH, Ko JK, Kim do H, Ma J, Lee EH. Glutamate at position 227 of junctophilin-2 is
involved in binding to TRPC3. Mol Cell Biochem 2009;328(1-2):25-32. [PubMed: 19277847]

Wray S, Burdyga T, Noble K. Calcium signalling in smooth muscle. Cell Calcium 2005;38(3-4):397-
407. [PubMed: 16137762]

Wright NT, Prosser BL, Varney KM, Zimmer DB, Schneider MF, Weber DJ. S100A1 and calmodulin
compete for the same binding site on ryanodine receptor. J Biol Chem 2008;283(39):26676—26683.
[PubMed: 18650434]

Wrobel M, Kaminski K, Kotwica J. In vitro effects of polychlorinated biphenyls (PCBs) on the
contractility of bovine myometrium from the periovulatory stage of the estrous cycle. Reprod Biol
2005;5(3):303-319. [PubMed: 16372047]

Wrobel M, Kotwica J. Effect of polychlorinated biphenyls (PCBs) on basal and OT-stimulated calcium
concentrations in myometrial cells in cows. Reprod Biol 2005;5(3):321-330. [PubMed: 16372048]

Xia R, Stangler T, Abramson JJ. Skeletal muscle ryanodine receptor is a redox sensor with a well defined
redox potential that is sensitive to channel modulators. J Biol Chem 2000;275(47):36556—-36561.
[PubMed: 10952995]

Xiao B, Tu JC, Worley PF. Homer: a link between neural activity and glutamate receptor function. Curr
Opin Neurobiol 2000;10(3):370-374. [PubMed: 10851183]

Yang D, Kim KH, Phimister A, Bachstetter AD, Ward TR, Stackman RW, et al. Developmental exposure
to polychlorinated biphenyls interferes with experience-dependent dendritic plasticity and
ryanodine receptor expression in weanling rats. Environ Health Perspect 2009;117(3):426-435.
[PubMed: 19337518]

Yang T, Allen PD, Pessah IN, Lopez JR. Enhanced excitation-coupled calcium entry in myotubes is
associated with expression of RyR1 malignant hyperthermia mutations. J Biol Chem 2007;282(52):
37471-37478. [PubMed: 17942409]

Yang T, Esteve E, Pessah IN, Molinski TF, Allen PD, Lopez JR. Elevated resting [Ca(2+)](i) in myotubes
expressing malignant hyperthermia RyR1 cDNAs is partially restored by modulation of passive
calcium leak from the SR. Am J Physiol Cell Physiol 2007;292(5):C1591-1598. [PubMed:
17182726]

Yu HM, Wen J, Wang R, Shen WH, Duan S, Yang HT. Critical role of type 2 ryanodine receptor in
mediating activity-dependent neurogenesis from embryonic stem cells. Cell Calcium 2008;43(5):
417-431. [PubMed: 17767953]

Yu X, Malenka RC. Beta-catenin is critical for dendritic morphogenesis. Nat Neurosci 2003;6(11):1169-
1177. [PubMed: 14528308]

Zable AC, Favero TG, Abramson JJ. Glutathione modulates ryanodine receptor from skeletal muscle
sarcoplasmic reticulum. Evidence for redox regulation of the Ca2+ release mechanism. J Biol Chem
1997;272(11):7069-7077. [PubMed: 9054399]

Zalk R, Lehnart SE, Marks AR. Modulation of the ryanodine receptor and intracellular calcium. Annu
Rev Biochem 2007;76:367-385. [PubMed: 17506640]

Zhang C, Wu B, Beglopoulos V, Wines-Samuelson M, Zhang D, Dragatsis I, Sudhof TC, Shen J.
Presinilins are essential for regulating neurotransmitter relase. Nature 2009;460(7255):632-636.
[PubMed: 19641596]

Zeng W, Yuan JP, Kim MS, Choi YJ, Huang GN, Worley PF, et al. STIM1 gates TRPC channels, but
not Orail, by electrostatic interaction. Mol Cell 2008;32(3):439-448. [PubMed: 18995841]

Zhao HX, Adamcakova-Dodd A, Hu D, Hornbuckle KC, Just CL, Robertson LW, et al. Development of
a synthetic PCB mixture resembling the average polychlorinated bipheny! profile in Chicago air.
Environ Int. 2009

Zheng JQ, Poo MM. Calcium signaling in neuronal motility. Annu Rev Cell Dev Biol 2007;23:375-404.
[PubMed: 17944572]

Zhou J, Yi J, Royer L, Launikonis BS, Gonzalez A, Garcia J, et al. A probable role of dihydropyridine
receptors in repression of Ca2+ sparks demonstrated in cultured mammalian muscle. Am J Physiol
Cell Physiol 2006;290(2):C539-553. [PubMed: 16148029]

ZhuGe R, DeCrescenzo V, Sorrentino V, Lai FA, Tuft RA, Lifshitz LM, et al. Syntillas release Ca2+ at
a site different from the microdomain where exocytosis occurs in mouse chromaffin cells. Biophys
J 2006;90(6):2027-2037. [PubMed: 16387759]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pessah et al.

Page 48

Zimanyi |, Pessah IN. Pharmacological characterization of specific [3H]ryanodine biding sites in rat brain
microsomes. Brain Res 1991;561(2):181-91. [PubMed: 1666327]

Zimanyi I, Buck E, Abramson JJ, Mack MM, Pessah IN. Ryanodine induces persistent inactivation of
the Ca2+ release channel from skeletal muscle sarcoplasmic reticulum. Mol Pharmacol 1992;42(6):
1049-1057. [PubMed: 1480132]

Zoeller RT. Environmental chemicals as thyroid hormone analogues: new studies indicate that thyroid
hormone receptors are targets of industrial chemicals? Mol Cell Endocrinol 2005;242(1-2):10-15.
[PubMed: 16150534]

Zoeller RT. Environmental chemicals impacting the thyroid: targets and consequences. Thyroid 2007;17
(9):811-817. [PubMed: 17956155]

Zoeller RT, Dowling AL, Vas AA. Developmental exposure to polychlorinated biphenyls exerts thyroid
hormone-like effects on the expression of RC3/neurogranin and myelin basic protein messenger
ribonucleic acids in the developing rat brain. Endocrinology 2000;141(1):181-189. [PubMed:
10614638]

Zoghbi HY. Postnatal neurodevelopmental disorders: meeting at the synapse? Science 2003;302(5646):
826-830. [PubMed: 14593168]

Pharmacol Ther. Author manuscript; available in PMC 2011 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Pessah et al.

Dioxin
2,3,7,8-tetrachlorodibenzo-p-dioxin

Dioxin-like
Polychlorinated biphenyls

PCB 77
3,3',4,4'-tetrachlorobiphenyl

PCB 126
3,3',4,4',5-pentachlorobipheny!

Non-Dioxin-like
Polychlorinated biphenyls

PCB 95

PCB 153
2,2',4,4',5,5'-hexachlorobiphenyl

Fig 1.

Page 49

Coplanar structure of dioxin and two examples of dioxin-like PCBs. Non-dioxin-like PCBs
have > 2 chlorine substitutions in the ortho-position that introduce steric hindrance thereby
promoting non-coplanar geometry, as typified by PCB 95 and PCB 153. 3-D projections were
calculated using the Molecular Dynamics Tool of ChemIDplus Advanced (Nat. Lib. Med.).
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Fig 2.

(Hwang et al. 2006)

(DeCaprio et al. 2005)

Relative concentration of 28 non-coplanar PCBs needed to double [3H]ryanodine binding to
ryanodine receptor type 1 (RyR1; black bars) and their corresponding occurrence in Fox River
fish, marsh sediments, and human serum (red bars). PCBs in parentheses are co-eluting

congeners.
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Several proteins interact with RyRs to regulate their function as high conductance Ca?*
channels in striated muscle. The large cytoplasmic assembly (“junctional foot”) interacts with
ion channels in the plasma membrane, cytoplasmic signaling proteins, and cytoplasmic
enzymes that regulate phosphorylation and redox sensing. The transmembrane assembly that
anchors RyRs to the ER/SR interacts with proteins that fine tune communication with the
Ca?* stores within the SR/ER lumen. For clarity, interactions have been left out of the

schematic.
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Fig 4.

(A) Electron micrograph of the T-tubule/SR junction of negatively stained skeletal myotubes.
Arrows indicate the position of densely staining “junctional feet” that are the large cytoplasmic
domain of a row of RyR1s that span the junctional space between the two membranes (adapted
from (Protasi, Franzini-Armstrong, & Allen, 1998)). (B) 3-D model of the relative orientation
of four Cay1.1 (i.e., als) L-type Ca2* channel subunits (brown) and RyR1 (green) based on
cyroEM reconstruction studies (adapted from (Wolf, Eberhart, Glossmann, Striessnig, &
Grigorieff, 2003).
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Fig 5.

Skeletal myotubes acutely exposed to 5uM PCB 95 exhibited significantly higher Ca2*
transient amplitudes evoked by low frequency (0.1Hz) electrical pulse trains (A&B; p<0.05)
and a failure to recover their original baseline (i.e., resting Ca2* level) compared to the
corresponding control period when solvent (DMSO) alone was perfused (Ctrl). (C) Responses
to 10 s electrical pulse trains of 2.5 or 5Hz resulted in significantly higher transient amplitudes
compared to the corresponding control (Ctrl) period. Ectopic Ca?* transients (red arrows) are
frequently observed soon after electrical stimuli ceased in the PCB exposed myotubes and were
not observed in control. Adapted from (Cherednichenko, 2009).
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Fig 6.

(A) 3-D structure of RyR1 in the closed state at 10A resolution showing the location of the
FKBP12 docking site near domain 9 (adapted from (Samso, Feng, Pessah, & Allen, 2009).
(B) PCB 95 triggered Ca2* release from skeletal junctional SR is inhibited by pre-incubating
with rapamycin that disrupts the FKBP12/RyR1 complex (adapted from (Wong & Pessah,
1997)
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PCB 95 directly stabilizes the fully open (conducting) conformation of the RyR1/FKBP12
channel complex reconstituted in the bilayer lipid membrane preparation, whereas EGTA fully
closes the channel (left and middle panels). Right panels show the corresponding structural
shifts calculated from cryoEM reconstruction of single hydrated particles showing the main
constrictions along the ion pathway in the closed and open states. The cytosolic constriction
(cc) relaxes and the inner branches (ib) become more separated in the open state. Adapted from
(Samso et al., 2009)
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Bastadin 5 showing “eastern: and “western” dibromocatechol ethers (red boxes) that are the
putative pharmacophores for RyR1. The structure of the antibacterial triclosan is shown in the

lower right.
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Bastadin 5 in the presence of a ryanodine concentration that blocks RyR1 channels reduces
resting Ca2* to a greater extent in cells expressing missense mutations that confer MH
susceptibility to humans than in cell expressing wild type RyR1 (Wt). *p<0.05 adapted from
(T. Yang et al., 2007)
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Dose response relationship of selected PCBs towards enhancing the binding of [BH]Ry to RyR1
showing the importance of ortho-substitutions (non-coplanarity (left panel) and substitutions

at the para position.
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Page 59

Correlation between the PCB concentration needed to double [3H]Ry binding to RyR1 and the

initial rate of PCB-induced Ca2* efflux from SR vesicles (data for each congener were

normalized to respective parameters obtained with PCB 95). BZ numbers are given, Adapted

from (Pessah et al., 2006).
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Fig 12.

(A) PCB 136 is chiral because the asymmetric distribution of chlorines prevents
interconversion of its (+) and (—) atropisomers. Upon separation, (—) PCB 136 was found to
be active towards enhancing the activity of RyR1 (B) and RyR2 (C), whereas (+) PCB 136
was not active. Adapted from (Pessah et al., 2009)
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Fig 13.
Proposed relationship between intracellular Ca2+ concentration and dendritic growth. Adapted
from (Segal, Korkotian, & Murphy, 2000).
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Fig 14. Developmental A1254 exposure interferes with normal dendritic growth and experience-
dependent dendritic plasticity

Dendritic morphology was analyzed among P31 rats trained in the Morris water maze (Maze)
and among littermates identically housed and exposed but not trained (Non-Maze). As seen in
representative camera lucida drawings of the basilar dendritic arbor of cortical neurons,
developmental exposure to A1254 at 1 or 6 mg/kg/d in the dam’s diet throughout gestation and
lactation significantly increased dendritic arborization relative to vehicle controls (0 mg/kg/d
A1254). Maze training significantly increased dendritic complexity among animals in the
control group but this experience-dependent plasticity was blocked among animals in the
A1254 treatment groups with a more pronounced effect observed in the lower treatment group.
Data are presented as the mean+SEM (N=17-21 neurons per group). The percent changes in
dendritic length were calculated using data obtained from 17-21 neurons per treatment group.
The percent change in dendritic length as a function of maze training was calculated as the
difference in dendritic length of neurons in maze-trained animals versus non-maze-trained
animals divided by the dendritic length of neurons in maze-trained animals multiplied by 100.
*p<0.05; **p<0.01; ***p<0.001. From (D. Yang et al., 2009)
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Figure 15.

Activity increases intracellular Ca2+ via NMDA receptor activation and calcium-induced
calcium release, which alters dendritic growth via transcriptional or translational mechanisms.
The former involves CaMK | activation and enhanced CREB-dependent Wnt transcription;
Whnt binds the Frizzled receptor to activate downstream effector molecules B-catenin, JNK and
Rac. The latter involves Ca2+-dependent activation of mTOR, which relieves repression of
initiation factor-4E by 4EBP1. mTOR is regulated by FKBP12, which is targeted by non-
coplanar PCBs.
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Fig 16. Mechanisms by which non-coplanar PCBs might induce apoptotic DNA fragmentation
Specific noncoplanar PCBs may directly activate the ryanodine receptor (RyR) causing release
of Ca2* from endoplasmic reticular (ER) stores. Increased cytoplasmic Ca%* activates caspases
resulting in apoptosis. Increased cytoplasmic Ca2* may also cause increased mitochondrial
Ca?* influx, which increases generation of reactive oxygen species (ROS) thereby promoting
caspase-dependent apoptosis. Alternatively, or in addition, PCBs may generate ROS directly,
which then increase cytoplasmic levels of Ca2* via activation of RyRs. Blocking the L-type
voltage-sensitive Ca2* channel with verapamil or the NMDA receptor with APV does not have
any effect on PCB-induced DNA fragmentation, suggesting that, in this model system,
extracellular calcium is not involved in the apoptotic signaling pathway.
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Figure 17.

3-D projections of Bisphenol A, triclosan, and 2,2,",4,4'-tetrabromodiphenylether (BDE-47).
3-D projections were calculated with the Molecular Dynamics Tool of ChemIDplus Advanced
(Nat. Lib. Med.).
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