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Non-dioxin-like polychlorinated biphenyls (NDL-PCBs) are
environmental pollutants that are well known for their neurotoxic
effects. Numerous in vitro studies reported PCB-induced increases
in the basal intracellular calcium concentration ([Ca*1;), and in vivo
NDL-PCB neurotoxicity appears at least partly mediated by these
disturbances. However, effects of NDL-PCBs on depolarization-
evoked calcium influx are poorly investigated, and effects of
several congeners, including PCBS53, on calcium homeostasis are
still unknown. We therefore studied the effects of 20 selected NDL-
PCBs on basal and depolarization-evoked [Ca®*); in fura-2-loaded
PC12 cells using single-cell fluorescence microscopy. The results
demonstrate that hexa- and heptachlorobiphenyls (with the excep-
tion of PCB136) were unable to affect basal and depolarization-
evoked [Ca?"];. However, most tri- and tetrachlorinated as well as
some pentachlorinated NDL-PCBs (at 1 and 10p.M) increased basal
[Ca®*); during a 15-min exposure. The increase in basal [Ca®*],
which differed in kinetics for the different congeners, depended
partly on influx of extracellular calcium and calcium release from
the endoplasmic reticulum. Importantly, all tested tri- and
tetrachlorinated biphenyls and some pentachlorinated NDL-PCBs
(PCB95, PCB100, and PCB104) reduced depolarization-evoked
[Ca®*};, with PCB51 and PCB53 being most potent (near complete
inhibition at 1pM). The reduction in depolarization-evoked
calcium influx depended on the exposure duration but not on the
foregoing PCB-induced increase in basal [Ca** ;. The inhibition of
voltage-gated calcium channels is a novel and sensitive mode of
action for NDL-PCBs that contributes to the disturbances in
calcium homeostasis and likely is related to NDL-PCB-induced
(developmental) neurotoxicity.
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Polychlorinated biphenyls (PCBs) have been used in
numerous industrial and commercial applications, but their use
was largely prohibited in the 1970s and 1980s. Nonetheless,
PCBs are still present in the environment and in biota, mainly
because of improper disposal in combination with their
lipophilicity and biopersistence (Agency for Toxic Substances

and Disease Registry (ATSDR), 2000; Safe, 1993). PCBs are
usually divided into coplanar dioxin-like (DL-) PCBs and non—
dioxin-like (NDL-) PCBs. Contrary to DL-PCBs, NDL-PCBs
have one or more chlorines in the ortho-positions, resulting in
nonplanar structures. As a result, NDL-PCBs have little or no
affinity to the aryl hydrocarbon receptor and display a different
toxicological profile (ATSDR, 2000; Van den Berg et al., 2006).

Epidemiological studies indicated that perinatal exposure to
NDL-PCBs can result in neurodevelopmental and neurobeha-
vioral effects in children (for review, see Faroon er al., 2001;
Schantz et al., 2003; Winneke et al., 2002). Moreover, in vivo
studies have shown that animals dosed with NDL-PCBs
displayed a range of neurobehavioral effects, including changes
in motor activity, learning, memory, and attention (Boix et al.,
2010; Eriksson and Fredriksson, 1996; Holene et al., 1998).
In vitro studies identified several modes of action for NDL-
PCBs, including inhibition of neurotransmitter uptake in
synaptosomes and synaptic vesicles, alterations of neurotrans-
mitter receptor expression as well as neurotransmitter levels the
brain (for review, see Faroon er al., 2001; Fonnum and
Mariussen, 2009; Pessah er al., 2010; Tilson and Kodavanti,
1998) and more recently modulation of neurotransmitter receptor
function (Antunes Fernandes ef al., 2010; Hendriks ez al., 2010).

In vitro studies identified regulation of the intracellular
calcium concentration ([Ca2+]i) as one of the critical
parameters affected by NDL-PCBs (for review, see Fonnum
and Mariussen, 2009; Pessah et al., 2010; Tilson and
Kodavanti, 1998). This is of significance for the neurotoxic
potential of NDL-PCBs as Ca®" plays a crucial role in
numerous cellular processes, including neurotransmission (for
reviews, see Garcia er al., 2006; Westerink, 2006), gene
expression (for review, see Carrasco and Hidalgo, 2006), and
cell death (for review, see Orrenius et al., 2011). Consequently,
neurons and neuroendocrine cells maintain low [Ca2+]i at rest
and exert strong control over the dynamics of their Ca®"
signals, i.e., tightly regulate the balance between Ca®" influx,
Ca®" extrusion, Ca>" sequestration, and Ca®*" buffering by
cytosolic Ca®'-binding proteins (for reviews, see Berridge
et al., 2003; Garcia et al., 2006; Westerink, 2006).
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Until now, most studies focused on the effects of NDL-PCBs
on maintenance of low basal Ca>" levels, and several NDL-
PCBs have been shown to increase basal [Ca>"]; (for review,
see Fonnum and Mariussen, 2009; Pessah et al., 2010; Tilson
and Kodavanti, 1998). Additional studies indicated that NDL-
PCB-induced increases in [Ca>']; are most likely caused by
release of Ca>* from the endoplasmic reticulum (ER) through
activation of IP3 and ryanodine (Ry) receptors (for review, see
Pessah ef al., 2010). Considering the abundance of studies on
the effects of NDL-PCBs on basal [Ca®"];, it is surprising that
effects of NDL-PCBs on calcium dynamics during stimulation
(depolarization) are hardly studied. Moreover, many conge-
ners, including PCBS51, PCB53, PCB74, PCB100, and
PCB101, have not or only hardly been investigated for effects
on Ca’" homeostasis. In the present study, we therefore
investigated the effects of 21 PCBs on basal as well as
depolarization-evoked [Ca2+]i in rat PC12 cells. These cells are
extensively characterized as an in vitro model to study changes
in Ca®" homeostasis and presynaptic neurotransmission (for
review, see Westerink and Ewing, 2008) and for in vitro
neurotoxicity (for review, see Bal-Price er al., 2008). In
undifferentiated PC12 cells, depolarization triggers a rapid
increase in [Ca®"]; that mainly originates from influx of Ca’"
via high voltage—activated L-, N-, and P/Q-type Ca®>" channels
(Dingemans et al., 2009), and PC12 cells therefore provide an
appropriate model for investigation of the effects of NDL-
PCBs on Ca*" homeostasis. The selection of PCBs consists of
1 DL-PCB and 20 NDL-PCBs, selected based on their
physical-chemical properties and abundance in food and
human samples (Stenberg and Andersson, 2008).

MATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma-Aldrich (St Louis,
MO) unless otherwise noted. NaCl, KCI, and 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) were obtained from Merck (Whitehouse
Station, NJ); MgCl,, CaCl,, glucose, sucrose, and NaOH were obtained from
BDH Laboratory Supplies (Poole, U.K.); and Fura-2 AM was obtained from
Molecular Probes (Invitrogen, Breda, The Netherlands). Highly purified
(> 99.2%) PCBs were purchased from Neosync Inc., and possible impurities,
e.g., polychlorinated dibenzodioxins/polychlorinated dibenzofurans (PCDD/
Fs) and DL-PCBs, were removed by Stenberg and Andersson (Institute of
Environmental Chemistry, Umed University, Sweden) by applying a fraction-
ation on active carbon cleanup step as described previously (Danielsson et al.,
2008). The 21 PCBs used in this study were PCB19, PCB28, PCB47, PCB51,
PCB52, PCB53, PCB74, PCB95, PCB100, PCB101, PCB104, PCB118,
PCB122, PCB126, PCB128, PCB136, PCB138, PCB153, PCB170, PCB180,
and PCB190 (see Table 1 for full names and number of ortho-chlorine
substitutions of each congener). PCBs were dissolved in purity-checked
dimethyl sulfoxide (DMSO) to obtain 25mM PCB stock solutions, which
were further diluted immediately before experiments to obtain final
concentrations of 1 and 10uM. The concentration of DMSO in PCB-
containing saline was always kept below 0.1% (vol/vol) and DMSO at
concentrations up to 0.5% (vol/vol) had no effect on intracellular calcium
levels. Saline (containing in mM: 125 NaCl, 5.5 KCl, 2 CaCl,, 0.8 MgCl,, 10
HEPES, 24 glucose, and 36.5 sucrose at pH 7.3, adjusted with NaOH) was
prepared with deionized water (Milli-Q; resistivity > 10 MQ-cm).

Cell culture. Undifferentiated rat pheochromocytoma (PC12) cells
(Greene and Tischler, 1976; ATCC) were maintained in monolayers in
25 cm? tissue culture flasks (Nunc, Rochester, NY) in a humidified 5% CO,/
95% atmosphere air at 37°C in RPMI 1640 medium (Invitrogen) supplemented
with 5% fetal calf serum, 10% horse serum (ICN Biomedicals, Zoetermeer, The
Netherlands), 100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen) as
described previously (Dingemans et al., 2009; Hondebrink er al., 2011).
Medium was refreshed every 2-3 days, and cells were cultured for up to 10
passages. Undifferentiated PC12 cells were subcultured in glass bottom dishes
(2 X 10° cells/dish; MatTek, Ashland, MA) for [Ca®*]; imaging experiments as
described previously (Dingemans et al., 2009; Hondebrink et al., 2011). All
culture flasks and dishes were coated with poly-L-lysine (50 pg/ml).

Fluorescent Ca’>" imaging. Changes in [Ca®"]; were measured using the
Ca?*-sensitive fluorescent ratio dye Fura-2 as described previously (Dingemans
et al., 2009; Hondebrink et al., 2011). Briefly, cells were loaded with 8uM
Fura-2 AM (Molecular Probes; Invitrogen) in saline for 20 min, followed by
20 min de-esterification in fresh saline. Cells were placed on the stage of an
Axiovert 35M inverted microscope (Zeiss, Gottingen, Germany) equipped with
a TILL Photonics Polychrome IV and an Image SensiCam digital camera (TILL
Photonics GmBH, Grifelfing, Germany). Camera and polychromator were
controlled by imaging software (TILLvisION, version 4.01), which was also
used for data collection and processing. All experiments were performed at
room temperature (20°C-22°C).

Fluorescence was evoked by 340- and 380-nm excitation wavelengths (F340
and F380) and collected at 510 nm. The F340/F380 ratio (R), reflecting changes
in [Ca®"];, was measured every 3 s. At concentrations up to 10uM, PCBs do
not affect the fluorescent characteristics of Fura-2 nor the overall absorbance
(which could affect the excitation efficiency) of the PCB-containing saline at
340 and 380 nm.

Cells were continuously superfused with saline at a rate of ~0.6 ml/min
using a ValveLink 8.2 perfusion system (AutoMate Scientific, Berkeley, CA).
Each experiment consisted of a 5-min baseline recording to measure basal
[Ca*");, after which an increase in [Ca®']; was triggered by changing
superfusion to 100mM K for 20 s. Following this first depolarization and an
8-min recovery period, cells were exposed to DMSO-containing saline
(control) or PCB-containing saline (1 or 10uM) for 15 min prior to a second
depolarization with 100mM K- (control) or 100mM K- and PCB-containing
saline (see Figs. 1 and 2 for example recordings).

For specific experiments, cells were maintained in Ca®'-free saline to
determine the involvement of Ca®" influx in the observed PCB-induced effects
on basal [Ca”]i. In further experiments, cells were incubated with thapsigargin
(TG, 1uM) under Ca*"-free conditions to deplete ER prior to PCB exposure to
identify the involvement of intracellular Ca*" stores. Separate experiments
were performed to identify direct effects of PCBs on voltage-gated calcium
channels (VGCCs). In these experiments, PCBs were present only during the
second depolarization.

Data analysis and statistics. Data were analyzed using custom-made MS-
Excel macros. Free cytosolic [Ca2+]i was calculated according to a modified
Gronkiewicz’s equation [Ca*], = Kg« X (R — Rupin)/(Rmax — R) where
maximum and minimum ratios (Ry.x and R;,) were determined after the
recording by addition of ionomycin (5uM) and EDTA (17mM) and Kjy- is the
dissociation constant of Fura-2 determined in the experimental setup (Deitmer
and Schild, 2000). Cells that showed [Ca®>*]; 2X SD above or below average,
either during basal recording or during depolarization, were excluded from
further analysis (~17%).

The PCB exposure was divided in an early (0-3 min), mid (4—7 min), and
late (8—15 min) phase of exposure to temporally characterize the change in
basal [Ca®"];. The amplitude of the second K'-evoked increase in [Ca®'];
(after 15 min of PCB exposure) was expressed as a percentage of the
amplitude of the first K*-evoked increase in [Ca**]; per cell to obtain
a “treatment ratio” (TR) as described previously (Hondebrink et al., 2011; for
illustration, see Fig. 1). As persistent changes in basal [Ca®*]; can influence

2102 ‘62 4800100 U0 140811 %e8Y101|qIgsHeNSIBAIUN e /BI0'SeuIN0pIox0" sx0y//:dny woly papeojumod


http://toxsci.oxfordjournals.org/

NDL-PCB-INDUCED EFFECTS ON [Ca*'];

the amplitude of the second K*-evoked increase in [Ca®™];, a net K -evoked
increase in [Ca®"); was calculated by subtracting the amplitude of [Ca*™); just
prior to depolarization from the amplitude of the K -evoked increase in [Ca* ;.
Net increases in K -evoked increases in [Ca>*]; were used to derive a “net TR.”

As the SD for basal [Ca2+]i and TR amounted to 17 and 21%, respectively,
effects < 25% were considered irrelevant; all relevant effects are statistically
significant (p < 0.05; Student’s #-test, paired or unpaired where applicable).
Unless otherwise indicated, data are presented as mean = SD of n cells
obtained from N independent experiments.

RESULTS

Effects of NDL-PCBs on Basal [ Cca’t);

Basal [Ca”]i of control cells superfused with saline for 5 min
was stable and amounted to 99 + 17nM (n = 317; N = 47; see
also Fig. 1). [Ca2+]i increased rapidly and transiently to 1.80 +
0.64uM upon 20 s superfusion with 100mM K™ -containing
saline to depolarize the cells. During a subsequent 8-min recovery
period, [Ca2+]i returned to near resting values. Prior to a second
depolarization, cells were exposed to DMSO-containing saline
for 15 min, which did not affect [Ca2+]i (Fig. 1).

When cells were exposed to PCB-containing saline for
15 min prior to the second depolarization with 100mM K,
several different effects on [Ca”]i could be observed,
including fast transient as well as slowly developing increases
in [Ca”]i (Figs. 2 and 3; Table 1). A number of NDL-PCBs
did not induce clear effects on basal [Ca”]i either at 1uM or at
10pM (Fig. 3). This group of PCBs consisted mainly of higher
chlorinated NDL-PCBs, including all tested hexa- and hepta-
chlorobiphenyls (with the exception of PCB136) as well as
some pentachlorinated (PCB104, PCB118, PCB122, and the
DL-PCB126) and one tetrachlorinated biphenyl (PCB74).
At 10pM, the other tested tri- and tetrachlorobiphenyls increased
basal [Ca”"];. These effects were generally less pronounced or
absent at 1uM, though for PCB52, PCB53, and PCB95, basal
[Ca®']; is already strongly increased at 1pM. At 10pM,
exposure to PCB19 and PCB53 clearly resulted in an early
increase in basal [Ca®"]; that diminished over time (Figs. 2
and 3). On the other hand, exposure to PCB47, PCB51, PCB52,

TR= (2" K /1K) * 100%
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FIG. 1. Representative example recordings of [Ca®T); from an individual

PC12 cell exposed for 15 min to DMSO-containing saline as indicated by the
dotted line in the recording. The cell is depolarized with 100mM K "-containing
saline (indicated by the arrowheads below the traces) before and at the end of
the exposure period. This allows for calculation of a TR (see Materials and
Methods section for details) to investigate the effects of exposure to the
different congeners on depolarization-evoked Ca>" influx.
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PCBY95, and PCB136 increased basal [Ca®>"]; mainly in the mid
and late phase of exposure (Figs. 2 and 3). PCB28 was difficult
to classify because the increase in [Ca2+]i was limited, but it
seemed that PCB28 also falls into the “late” category, along
with PCB100 and PCB101, which only showed modest increases
in [Ca®"]; in the late phase of exposure (Fig. 3).

A subset of NDL-PCBs (PCB19, PCB53, and PCB95) that
induced pronounced effects on basal [Ca”]i was used to
confirm in additional experiments that the mechanisms un-
derlying the observed increase in basal [Ca®']; involved
intracellular Ca>" stores as demonstrated previously (for review,
see Fonnum and Mariussen, 2009; Pessah et al., 2010; Tilson and
Kodavanti, 1998). Indeed, when cells were exposed to the
selected NDL-PCBs in Ca**-free medium, the increase in basal
[Ca2+]i was reduced but still present (not shown), thereby
indicating that the increase in [Ca”]i originated from
intracellular stores. To further investigate the involvement of
intracellular Ca*"-stores, cells were pretreated with thapsigargin
(TG) in Ca®'-free medium to empty the ER prior to PCB
exposure. Upon exposure to TG (1pM), a transient increase in
[Ca®"]; was observed, representing Ca’" release from the ER.
When these pretreated cells were subsequently exposed to the
selected NDL-PCBs, [Ca2+]i no longer increased (not shown),
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FIG. 2. PCB-induced effects on basal and depolarization-evoked [Ca*"];.
Representative example recordings of [Ca®']; from individual PC12 cells
exposed for 15 min to saline containing PCB19 (A), PCB53 (B), or PCB95 (C)
at 10pM as indicated by the solid line on top of the recordings. Cells are
depolarized with 100mM K" -containing saline (indicated by the arrowheads
below the traces) before and at the end of the exposure period to investigate the
effects of the different congeners on depolarization-evoked Ca*" influx.
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FIG. 3. Summary graphs of PCB-induced effects on basal [Ca®™]; in PC12 cells. (A) Average amplitude of [Ca**; during 15 min exposure (in between the 2
depolarizations) to DMSO (control) or one of the 21 congeners at 1 or 10uM. (B) Average amplitude of [Ca*>"); in the early phase of exposure (0-3 min). PCB19
and PCB53 already show a clear increase in basal [Ca**];. (©) Average amplitude of [Ca®"]; in the mid phase of exposure (47 min). The PCB19-induced increase
in basal [Ca2+]i is already diminishing, whereas the PCB53-induced basal [Ca2+]i is even more profound. Also PCB52, PCB95, and to a lesser extent PCB28,
PCB47, PCB51, and PCB136 increase basal [Ca®'); in this phase. (D) Average amplitude of [Ca®"]; in the late phase of exposure (8—15 min). In particular,
PCB52, PCB95, and PCB136 show a profound increase in basal [Ca2+]i in this phase. Effects smaller than control + SD (indicated by the shaded area) are

considered irrelevant. Bars indicate mean = SD of 317 control cells (N = 47) or of 25-50 congener-exposed cells (N = 3-8).
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confirming that the increase in basal [Ca2+]i originated from the
ER (for review, see Fonnum and Mariussen, 2009; Pessah et al.,

2010; Tilson and Kodavanti, 1998).

Effects of NDL-PCBs on Depolarization-Evoked Increases in

[Ca®"]

Following 15-min exposure to DMSO-containing saline,
control cells showed a fast transient increase in [Ca”]i upon
a second depolarization with 100mM K* for 20 s that
amounted to ~75% (1.39 + 0.62uM) of the first depolarization
(Fig. 1). As the amplitude of the depolarization-evoked [Ca”]i
could be influenced by a prolonged PCB-induced increase in
basal [Ca2+]i, a net TR was calculated. For control cells, net
TR amounted to 73 £ 21% (n = 317; N = 47).

A number of NDL-PCBs did not affect depolarization-evoked
Ca*" influx, neither at 1uM nor at 10pM (Fig. 4; Table 1). This
group of PCBs consisted mainly of higher chlorinated NDL-
PCBs, including all tested hexa- and heptachlorobiphenyls (with
the exception of PCB136) but also some pentachlorobiphenyls
(PCB101, PCB118, PCB122, and the DL-PCB126). At 10uM,
all tested tri- and tetrachlorobiphenyls as well as some
pentachlorobiphenyls (PCB95, PCB100, and PCB104) inhibited
depolarization-evoked Ca®" influx. At 1uM, the inhibition of
depolarization-evoked Ca®" influx was generally smaller,
though some PCBs (PCB47, PCB51, PCB53, and PCB104)
already strongly inhibited Ca®" influx at this lower concentra-
tion. This holds in particular for PCB51, which at 1uM already
reduced net TR by ~90% (Fig. 4).

At 10uM, PCB19 and PCBS53 induced a large transient
increase in basal [Ca”]i as well as a strong reduction in
depolarization-evoked Ca®" influx (Figs. 2-4). The inhibition
of depolarization-evoked Ca*" influx could thus be (partly) due
to the foregoing PCB-induced increase in basal [Ca2+]i.
However, when cells were exposed to 10uM PCB19 or
PCB53 only during the second depolarization, the net TR was
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indistinguishable from control cells (not shown). This indicated
that the reduction in depolarization-evoked Ca’*" influx
depended on the duration of the PCB exposure and/or PCB-
induced increase in basal [Ca”]i. The latter is unlikely as some
NDL-PCBs (PCB74 and PCB104 [10uM]) inhibited depolar-
ization-evoked Ca®" influx in the absence of effects on basal
[Ca2+]i (Figs. 3 and 4). However, when cells were exposed to
10uM PCB74 or PCB104 only during the second depolariza-
tion, the net TR was also not different from control (not
shown), indicating that the reduction in depolarization-evoked
Ca®" influx depended on exposure duration rather than on
a foregoing increase in basal [Ca”];.

Effects of Low-Dose and Binary Mixtures of PCB53 and
PCB95 on Basal and Depolarization-Evoked Increases in
[Ca*"];

This study was designed to investigate effects of different
NDL-PCBs on basal and depolarization-evoked [Ca2+]i and
possible structure-activity relationships. However, some of the
selected NDL-PCBs appear very potent in disturbing [Ca®*];.
We therefore selected PCB53 and PCB95 for additional
experiments at lower concentrations, as these PCBs show
potent effects at both basal and depolarization-evoked [Ca2+]i.
Figure 5A illustrates the effects of PCB53 and PCB95 at 0.1, 1,
and 10uM. Also at 0.1pM, both PCBs already show a clear
increase in the basal [Ca2+]i. On the other hand, the inhibition
of depolarization-evoked [Ca“]i is absent at this concentration
(Fig. 5B), and for PCB53, even a modest potentiation of the
depolarization-evoked [Ca”]i can be observed.

Next, we tested the effects of a binary mixture of PCB53 and
PCB95 (both at 0.1uM) on basal and depolarization-evoked
[Ca”]i (Fig. 6). It is clear from Figure 6A that the effects of both
PCBs on basal [Ca*"]; apparently are not additive. On the other
hand, the slight potentiation of depolarization-evoked [Ca2+]i by
0.1uM PCB53 (120 + 57% [n = 36; N = 4]) and 0.1pM PCB95

150
O 1um
B B10 M
__ 1001
3
14 .
=
©
[ =
501
0
RIS S e N S S R - S S S SRS S R P
SO A U A R - L g S LGN L P C Y N PLOSEN L
7 QU7 o7 Q07 OV O O O chb cha: Q(;a Qo‘b ?cjb ?cgb Qoe Qc?’ ?cjiw Q(;a- Qc?’ & cha

FIG.4. Summary graph of PCB-induced effects on depolarization-evoked [Ca®"]; in PC12 cells. The net TR (see Materials and Methods for details) is used as
a measure for inhibition of depolarization-evoked Ca®" influx. The reduction in net TR is particular profound for the tested tri- and tetrachlorinated biphenyls.
Effects smaller than control + SD (indicated by the shaded area) are considered irrelevant. Bars indicate mean + SD of 317 control cells (N = 47) or of 25-50

congener-exposed cells (N = 3-8).
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FIG. 5. Summary graph illustrating the dose dependence (0.1-10uM) of
effects of PCB53 and PCB95 on basal (A) and depolarization-evoked [Ca®**];
(B) in PC12 cells. Effects smaller than control + SD (indicated by the shaded
area) are considered irrelevant. Bars indicate mean = SD of 88 control cells
(N = 10) or of 25-46 congener-exposed cells (N = 4-5).

(94 £ 65% [n = 46; N = 5]) appears to be additive (Fig. 6B),
amounting to 142 + 42% (n = 34; N = 4) for the binary mixture
compared with 85 + 32% (n = 88; N = 10) for control cells
(Fig. 6B).

Interestingly, the rate of superfusion appeared to be of
considerable importance for the degree of PCB-induced
effects. When we reduced the rate of superfusion from ~0.6 to
~0.4 ml/min, basal and depolarization-evoked [Ca”]i were
unaffected in DMSO-exposed control cells (not shown).
Similarly, this reduction in flow speed was rather ineffective in
altering the effects of PCB53 and PCB95 on basal [Ca”]i
(Fig. 7A). However, the effects of PCB53 and PCB95 on
depolarization-evoked [Ca2+]i became less pronounced at
a lower rate of superfusion (Fig. 7B), clearly stressing the need
for carefully controlled PCB exposure.
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FIG. 6. Summary graph illustrating the effects of a binary mixture of
PCB53 (0.1pM) and PCB9S5 (0.1uM) on basal (A) and depolarization-evoked
[Ca®>T]; (B) in PC12 cells. Effects smaller than control + SD (indicated by the
shaded area) are considered irrelevant. Bars indicate mean + SD of 88 control
cells (N = 10) or of 25-46 congener-exposed cells (N = 4-5).
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FIG. 7. Summary graph illustrating the effects of the rate of superfusion
with PCB53 (1pM) and PCB95 (1pM) on basal (A) and depolarization-evoked
[Ca2+]i (B) in PC12 cells. Effects smaller than control + SD (indicated by the
shaded area) are considered irrelevant. Bars indicate mean + SD of 88 control
cells (N = 10) or of 25-26 congener-exposed cells (N = 4).

DISCUSSION

NDL-PCBs are well known for their neurotoxic potential, in
particular disturbance of neuronal calcium homeostasis (for
review, see Fonnum and Mariussen, 2009; Pessah et al., 2010;
Tilson and Kodavanti, 1998). Previously, it has been shown
that basal [Ca>"]; is increased upon acute exposure to several
NDL-PCBs or commercially available PCB mixtures, such as
low micromolar concentrations of Aroclor 1254 (Inglefield
et al., 2001). Of the investigated NDL-PCBs, PCB95 is among
the most well-studied and potent PCBs with respect to
disturbing basal [Ca*] (Wong and Pessah, 1997; Wong
et al., 2001). Most in vitro studies suggest a clear involvement
of the ER in the observed increase in [Ca®'];, mainly through
activation of IP; and Ry receptors (for review, see Fonnum and
Mariussen, 2009; Pessah et al., 2010).

Our study, using a selection of 20 highly purified NDL-
PCBs, confirms and extends on these results. The tested hexa-
and heptachlorobiphenyls (at 1 or 10uM) did not affect basal
[Ca®"]; during 15 min exposure (Fig. 3). PCB136 appears to be
an exception as it was the only hexachlorobiphenyl that
induced an increase in [Ca”]i at least in the mid and late phase
of exposure (4-15 min). Most pentachlorinated NDL-PCBs
also showed no or very limited effects on basal [Ca”]i with the
exception of PCB95, which has previously been shown to
increase basal [Ca2+]i (Wong and Pessah, 1997; Wong et al.,
2001). PCB95 effectively increased [Ca2+]i during the mid and
late phase of exposure (4—15 min) already at 1uM (Figs. 2 and 3).
Except PCB74, all tested tri- and tetrachlorobiphenyls increased
basal [Ca®"]; to some extent. PCB19 and PCB53 proved very
efficient in increasing basal [Ca®']; in the early phase of
exposure (0—3 min). The effects of PCB19 were transient and
virtually absent in the mid and late phase of exposure, whereas
the effects of PCB53 were more persistent. On the other hand,
PCB51 and PCB52 showed hardly any effect during the early
phase of exposure but increased basal [Ca>"]; mainly during
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Overview of Full Names, Number of ortho-substitutions, Structure, and Effects on Basal and Depolarization-Evoked [Ca**]; of the

Congeners Used in the Present Study

Increase in basal [Ca**]; Inhibition VGCCs
Congener (number of ortho-substitutions), full name Structure 1uM 10uM 1uM 10uM
Cl CI
PCB19 (tri-ortho), 2.2' ,6-Trichlorobiphenyl + + NE T+
(=]
Cl
PCB28 (mono-ortho), 2,4,4'-Trichlorobiphenyl o cu NE + NE +4+4
Cl a
PCB47 (di-ortho), 2,2’ 4,4’ -Tetrachlorobiphenyl o c' + +4+ ++ +++
C
PCBS1 (tri-ortho), 2,2’ 4,6'-Tetrachlorobiphenyl c. 4 T+ o+ 4
[~}
Cl O
PCBS2 (di-ortho), 2,2',5,5' -Tetrachlorobiphenyl + F++ NE T+
(=] (=]
Cl C
PCBS3 (tri-ortho), 2.2’ 5,6 -Tetrachlorobiphenyl F+ i+ ++ T+
a =]
j=]
PCB74 (mono-ortho), 2,44’ 5-Tetrachlorobiphenyl PQ—QVG NE NE NE +
a
Cl aaQ
PCBO5 (tri-ortho), 2.2’ 3,5’ ,6-Pentachlorobiphenyl F+ F+ + ++
a c
cla
PCB100 (tri-ortho), 2,2’ 4,4' 6-Pentachlorobiphenyl c-m NE " NE +
cl
CiI Ct,
PCB101 (di-ortho), 2,2’ 4,5,5' -Pentachlorobiphenyl o Q o NE + NE NE
(=] a
aa
PCB104 (tetra-ortho), 2,2' 4,6,6'-Pentachlorobiphenyl NE NE ++ ++
ac
c a
PCB118 (mono-ortho), 2,3' 4,4’ ,5-Pentachlorobiphenyl e-u NE NE NE NE
(=]
[~} < a
PCB122 (mono-ortho), 2',3,3" 4,5,-Pentachlorobiphenyl cl NE NE NE NE
a
Q, Cl Ci Cl
PCB128 (di-ortho), 2,2,3,3' 4,4’ -Hexachlorobiphenyl . u NE NE NE NE
Cl Cl C =]
PCB136 (tetra-ortho), 2,2',3,3" 6,6’ -Hexachlorobiphenyl Q Q + ++ NE +
aa
[~} aca
PCB138 (di-ortho), 2,2',3,4,4" 5’ -Hexachlorobiphenyl NE NE NE NE

®
e
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TABLE 1—Continued

Congener (number of ortho-substitutions), full name Structure

Increase in basal [Ca®™]; Inhibition VGCCs

1M 10uM 1uM 10uM

aa
PCBI153 (di-ortho), 2,2' 44" 5,5’ -Hexachlorobiphenyl cnct NE NE NE NE

PCB170 (di-ortho), 2,2'3,3' 44’ ,5-Heptachlorobiphenyl ac. NE NE NE NE
cl
PCB180 (di-ortho), 2,2',3,4,4",5,5'-Heptachlorobiphenyl c|c| NE NE NE NE

j=} Ccl
PCB190 (di-ortho), 2,3,3' 4,4' 5,6,-Heptachlorobipheny! a Q Q
c

o NE NE NE NE

Ci, cl
PCB126 (non-ortho), 3,3’ 4,4’ 5-Pentachlorobiphenyl au NE NE NE NE
cl

Note. +, mild effect; ++, moderate effect; +++, strong effect; NE, no effect. Criteria for selection of the different congeners are described in Stenberg and

Andersson (2008).

the late phase (8—15 min). The different NDL-PCBs thus affect
basal [Ca2+]i with different kinetics, which together with
differences in purity and recording techniques could explain
some of the controversies existing in literature. Additional
discrepancies in literature may be due to differences in
exposure scenario, as the rate of superfusion is clearly of
potential influence on the results (Fig. 7). Though NDL-PCBs
increase basal [Ca®"]; with different kinetics, they apparently
share the underlying mechanism, which involves influx of
extracellular calcium and release of calcium from ER as the
effects PCB19 (trichlorobiphenyl), PCBS53 (tetrachlorobi-
phenyl), and PCB95 (pentachlorobiphenyl) were reduced in
Ca’"-free medium and abolished following depletion of the
ER as demonstrated previously for several other NDL-PCBs
(for review, see Fonnum and Mariussen, 2009; Pessah et al.,
2010).

Our study thus demonstrates that tri- and tetrachlorobiphen-
yls, including the not previously tested PCB53, can efficiently
increase basal [Ca*"];. Importantly, our experimental design
not only allows for a temporal characterization of the increase
in basal [Ca®>']; on a single-cell basis but also allows for
investigation of possible effects of NDL-PCBs on a subsequent
depolarization. Our data (Figs. 2 and 4) demonstrate inhibition
of depolarization-evoked calcium influx as a novel mode of
action of some NDL-PCBs. Moreover, some NDL-PCBs
inhibited calcium influx very effectively already at 1puM
(e.g., PCB51). The inhibition of calcium influx apparently
depended on exposure duration, but not on the presence of
a foregoing increase in basal [Ca*"]; as some NDL-PCBs have
no effect on ER calcium stores, i.e., do not increase basal
calcium levels, yet clearly inhibit depolarization-evoked

calcium entry (e.g., PCB104 at 1 and 10puM, PCB74 at
10uM, and PCB47 at 1uM; also see Results section). This
indicates that PCBs inhibit VGCCs possibly via accumulation
in the cell membrane and subsequent alteration of membrane
characteristics (e.g., fluidity) resulting in a nonspecific
inhibition of VGCCs. Alternatively, PCBs have to enter the
cell first (transmembrane or channel mediated) to subsequently
inhibit VGCCs by binding to a cytosolic domain of the
VGCCs. Because the inhibition of Ca*" influx amounted up to
~99% for some congeners, the block of VGCCs is not specific
for a subtype of VGCCs, e.g., L- or N-type VGCCs. It is
therefore less likely that PCB-induced inhibition of VGCCs
involved a second messenger pathway as this would usually
not result in a complete inhibition of all VGCCs subtypes (for
review, see Westerink, 2006).

Though the current study was not designed to derive
complete dose-response curves for the effects of the 20 selected
NDL-PCBs on basal and depolarization-evoked [Ca”]i, it is
possible to derive a limited rank-order potency (see also Table 1).
PCBS53 (tri-ortho-substituted tetrachlorobiphenyl), PCB95 (tri-
ortho-substituted pentachlorobiphenyl), and to a lesser extent
PCB52 (di-ortho-substituted  tetrachlorobiphenyl) induced
a robust increase in basal [Ca”]i already at 1uM, albeit with
different kinetics. With the exception of PCB95 and PCB136,
activity appears generally limited to di- and tri-ortho-substituted
trichlorobiphenyls and tetrachlorobiphenyls. In line with pre-
viously established structure-activity relationships established
for activation of Ry type 1 receptors (Pessah et al., 2006), para-
substitutions appear to lower the activity. Except PCB136, hexa-
and heptachlorobiphenyls were ineffective in increasing basal
[Ca2+]i (Fig. 2; Table 1), though, e.g., PCB170 and PCB180

ZT02 ‘62 $8G0100 U0 J38iN %8aylol[qIGseYSBAILN T /BI0'S[eUINo [pIoyxo° 105X0y//:d1y Woly papeo|umoq


http://toxsci.oxfordjournals.org/

NDL-PCB-INDUCED EFFECTS ON [Ca*'};

showed considerable activity on Ry type 1 receptors (Pessah
et al., 2006). These differences are likely due to differences in
models system and especially in exposure duration (15-min
exposure in intact cells to determine effects on basal [Ca”]i in
our study vs. up to 3 h exposure in microsomes to determine Ry
receptor activity). It is thus not unlikely that some of the higher
chlorinated NDL-PCBs increase [Ca2+]i following a more
prolonged exposure, especially since the lipophilicity and thus
bioavailability of NDL-PCBs generally increases with increasing
chlorination number (see, e.g., Khadikar et al., 2002). Nonethe-
less, our data clearly show that tri-, tetra-, and some pentachlori-
nated congeners are most potent (Figs. 3 and 4), and it is therefore
not likely that the observed effects are simply due to differential
bioavailability.

PCB51, together with PCB47, PCB53, and PCB104, is most
potent in inhibiting VGCCs. These congeners produce a strong
inhibition already at 1pM. Comparable with the effects on
basal [Ca”>"];, inhibition of VGCCs appears mainly limited to
di- and tri-ortho-substituted trichlorobiphenyls and tetrachlor-
obiphenyls, with the exception of PCB104 which is ineffective
in increasing basal [Ca*"]; but is fairly potent in inhibiting
VGCCs. As the inhibition of VGCCs clearly depends on the
exposure duration, prolonged exposure may identify additional
(higher chlorinated) NDL-PCBs that are capable of inhibiting
VGCCs.

The PCB-induced increases in basal [Ca>"]; likely play a role
in previously observed effects on gene expression and cell death
(for review, see Fonnum and Mariussen, 2009) as numerous
neuronal processes, including long-term potentiation, synaptic
plasticity, neurotransmission, neurodegeneration, and neuro-
development, critically depend on proper calcium homeostasis
(for reviews, see Catterall and Few, 2008; Malenka and Nicoll,
1999; Mattson, 2007; Michaelsen and Lohmann, 2010;
Westerink, 2006). It is therefore not unlikely that the PCB-
induced inhibition of VGCCs plays a significant role in the
neurodevelopmental and neurobehavioral impairments observed
following in vivo PCB exposure (for review, see Faroon et al.,
2001; Schantz et al., 2003; Winneke et al., 2002).

Humans are exposed to PCBs mainly via the diet (European
Food Safety Authority, 2005), although inhalation of (indoor)
air and house dust can be a significant route of exposure,
especially for lower chlorinated congeners (Broding er al.,
2007; Harrad et al., 2010). Resulting levels of individual PCBs
in human blood are generally in the low nanomolar range
(Gabrio et al., 2000; Petrik et al., 2006). The concentrations
used in the present study are thus ~2 to 3 orders of magnitude
higher than those found in humans. Though lowest observed
effect concentrations (LOECs) were not derived in this study, it
is clear that some congeners, including PCB47, PCBS5I,
PCB52, PCB53, PCB95, and PCB104, induce robust increases
in basal [Ca’"]; and inhibition of VGCCs already at 1puM.
PCB53 and PCB95 increase basal [Ca®']; also at 0.1uM (Fig.
5). The LOECs for the more potent PCBs (PCB47, PCB51,
PCB52, PCB53, PCB95, PCB104, and to a lesser extent
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PCB136) are thus expected to be in the nanomolar range.
Moreover, considering the clear dependence on exposure
duration as well as the bioaccumulative properties of PCBs, it
is possible that a longer exposure scenario results in reduced
LOEC:s. Finally, it is not unlikely that additivity occurs, further
lowering the margin of safety. However, our initial data on the
increase in basal [Ca2+]i induced by a mixture of PCB53 and
PCB95 indicates that at least for these two NDL-PCBs
additivity may not apply (Fig. 6).

Additional research is required to establish the LOECs for
the observed effects, especially following prolonged expo-
sure, and to determine whether or not additivity applies,
especially at low concentrations. Our data (Table 1) can be
used to identify a test set of potent congeners that would be
suited for this purpose (PCB19, PCB47, PCB51, PCB52,
PCB53, PCB95, PCB104, and PCB136). Moreover, the
current data unequivocally extend on the known effects of
NDL-PCBs on calcium homeostasis and identify inhibition of
VGCCs as a novel and sensitive mode of action for di- and tri-
ortho-substituted lower chlorinated NDL-PCBs. Though
environmental and human serum levels of PCBs may be
declining, the current findings are likely to be of particular
relevance for developing children as the developing nervous
system is more vulnerable and young children have
a relatively high exposure.
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