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ABSTRACT

Humans are exposed to distinct structural classes of insecticides with different neurotoxic modes of action. Because
calcium homeostasis is essential for proper neuronal function and development, we investigated the effects of insecticides
from different classes (pyrethroid: (�-)cypermethrin; organophosphate: chlorpyrifos; organochlorine: endosulfan;
neonicotinoid: imidacloprid) and mixtures thereof on the intracellular calcium concentration ([Ca2+]i). Effects of acute
(20 min) exposure to (mixtures of) insecticides on basal and depolarization-evoked [Ca2+]i were studied in vitro with
Fura-2-loaded PC12 cells and high resolution single-cell fluorescence microscopy. The data demonstrate that cypermethrin,
�-cypermethrin, endosulfan, and chlorpyrifos concentration-dependently decreased depolarization-evoked [Ca2+]i, with
50% (IC50) at 78nM, 239nM, 250nM, and 899nM, respectively. Additionally, acute exposure to chlorpyrifos or endosulfan
(10�M) induced a modest increase in basal [Ca2+]i, amounting to 68 ± 8nM and 53 ± 8nM, respectively. Imidacloprid did not
disturb basal or depolarization-evoked [Ca2+]i at 10�M. Following exposure to binary mixtures, effects on
depolarization-evoked [Ca2+]i were within the expected effect additivity range, whereas the effect of the tertiary mixture
was less than this expected additivity effect range. These results demonstrate that different types of insecticides inhibit
depolarization-evoked [Ca2+]i in PC12 cells by inhibiting voltage-gated calcium channels (VGCCs) in vitro at concentrations
comparable with human occupational exposure levels. Moreover, the effective concentrations in this study are below those
for earlier described modes of action. Because inhibition of VGCCs appears to be a common and potentially additive mode
of action of several classes of insecticides, this target should be considered in neurotoxicity risk assessment studies.
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ABBREVIATIONS

[Ca2+]i intracellular calcium concentration
CI confidence intervals
EI expected inhibition
IC20 concentration that induces an inhibitory effect of 20%
IC50 concentration that induces an inhibitory effect of 50%
MOE margin of exposure
MRL maximum residue level

nAChR nicotinic acetylcholine receptor
NOEC no-observed-effect concentration
OP organophosphate
TR treatment ratio
VGCC voltage-gated calcium channel
VGSC voltage-gated sodium channel

Insecticides are potent neurotoxicants, which are used in agri-
culture and households worldwide. In many cases, their neuro-
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toxic mode of action is not species-specific, and the widespread
use of these chemicals may thus pose a risk to human health
(Mackenzie Ross et al., 2013). There are many types of insec-
ticides, commonly classified according to their structure and
mode of action.

Pyrethroids induce neuronal overexcitation by delaying the
inactivation of voltage-gated sodium channels (VGSCs; Soder-
lund, 2012). They are rapidly metabolized in humans (e.g.,
Leng et al., 2006) and mammals (Wolansky and Harrill, 2008).
Nevertheless, acute oral exposure to cypermethrin (and other
pyrethroids) can affect behavior in mice and rats (Wolansky and
Harrill, 2008) and was shown in vitro to have several targets, in-
cluding VGSCs (Meacham et al., 2008), potassium channels (Yu-
Tao et al., 2009), and ATPase (Kakko et al., 2004). Moreover, cyper-
methrin residues are detected in food at concentrations that ex-
ceed the maximum residue level (MRL; EFSA, 2013).

Organophosphates (OPs) are known as potent, irreversible in-
hibitors of acetylcholinesterase (AChE). Nonetheless, chlorpyri-
fos, an extensively studied OP, was demonstrated to have sev-
eral additional effects in vivo at concentrations below those re-
quired for AChE inhibition (reviewed in Eaton et al., 2008). More-
over, chlorpyrifos induces several adverse effects in neural cells
in vitro, such as inhibition of neurite outgrowth (reviewed in
Eaton et al., 2008) and inhibition of voltage-gated calcium chan-
nels (VGCCs; Meijer et al., 2014). Chlorpyrifos is widely used and
frequently exceeds the MRL (EFSA, 2013).

Organochlorine insecticides are divided into two main
groups: DDT-type insecticides that are known to target VGSCs,
and chlorinated alicyclic insecticides such as endosulfan that
target GABA and glycine receptors (Coats, 1990). Endosulfan
can still be found in human tissues as it is poorly metabolized
and highly persistent in the environment (Mrema et al., 2013).
Chronic and acute exposure to endosulfan can affect behavior
in adult rats (Castillo et al., 2002; Silva and Beauvais, 2010). Ad-
ditionally, in vitro research demonstrated that endosulfan ex-
posure affects a number of neurotoxicological targets and end-
points, such as caspase-3, NF�B, formation of reactive oxygen
species as well as GABAA and glycine-gated chlorine channels
(Jia and Misra, 2007; Vale et al., 2003).

Neonicotinoid insecticides can induce neuronal overexcita-
tion by targeting nicotinic acetylcholine receptors (nAChR; Mat-
suda et al., 2009). However, the human health risk associated
with neonicotinoids is presumably low due to the high selectiv-
ity for insect nAChR compared with mammals (Tomizawa and
Casida, 2005). Nevertheless, imidacloprid has been shown to in-
duce neurobehavioral changes in young rats following develop-
mental exposure (Abou-Donia et al., 2008). Moreover, some in
vitro studies indicate that imidacloprid has additional targets in
neuronal cells as it activates the extracellular signal-regulated
kinase cascade (Tomizawa and Casida, 2002) and can cause a
depolarization shift of the membrane potential (Bal et al., 2010).

Calcium homeostasis is an important endpoint in neuro-
toxicity studies because proper regulation of the intracellu-
lar calcium concentration ([Ca2+]i) is critical for normal neuro-
transmission and neural development (Leclerc et al., 2011). No-
tably, even small changes in [Ca2+]i can result in adverse effects
(Toescu and Verkhratsky, 2007).

It has previously been shown in rat PC12 cells that inhi-
bition of the depolarization-evoked increase in [Ca2+]i, which
is mediated by VGCCs, is a common mode of action for sev-
eral persistent environmental pollutants (Dingemans et al., 2010;
Langeveld et al., 2012), the organochlorine insecticides lindane
and dieldrin (Heusinkveld and Westerink, 2012), the OP insecti-

cides chlorpyrifos and parathion (Meijer et al., 2014), and several
conazole fungicides (Heusinkveld et al., 2013).

In addition to inhibition of VGCCs, insecticides disturb cal-
cium homeostasis through other mechanisms. Lindane and
chlorpyrifos induce an increase in [Ca2+]i by depolarization of
the membrane and by release of calcium from intracellular cal-
cium stores, respectively (Heusinkveld et al., 2010; Meijer et al.,
2014). On the other hand, imidacloprid can induce calcium influx
through activation of calcium permeable nAChR as shown in
rat cerebellar granule cells (Kimura-Kuroda et al., 2012), whereas
pyrethroids, including cypermethrin, can increase sodium in-
flux, resulting in depolarization and subsequent calcium influx
via VGCCs as shown in mouse neocortical neurons (Cao et al.,
2011).

To investigate if disturbance of calcium homeostasis is a
common mode of action for insecticides, we investigated the
effects of low concentrations (1nM–10�M) of (�-)cypermethrin,
chlorpyrifos, endosulfan, and imidacloprid on basal and
depolarization-evoked [Ca2+]i in PC12 cells. PC12 cells are well
characterized and commonly used for mechanistic neurotox-
icological and neurophysiological studies (Westerink, 2013;
Westerink and Ewing, 2008) and express L-, N-, and P/Q-type
VGCCs (Dingemans et al., 2009; Heusinkveld et al., 2010). Because
humans are simultaneously exposed to multiple insecticides
(EFSA, 2013) we also investigated if the effects of mixtures of
insecticides are additive.

MATERIALS AND METHODS

Chemicals. Fura-2 AM was obtained from Molecular Probes (In-
vitrogen, Breda, The Netherlands). Cypermethrin (purity 95.1%),
�-cypermethrin (purity 99.7%), chlorpyrifos (purity 99.9%), endo-
sulfan (�:� 2:1; purity 99.9%), imidacloprid (purity 99.9%), and
all other chemicals were obtained from Sigma-Aldrich (Zwijn-
drecht, The Netherlands) unless otherwise noted. Saline solu-
tions (containing in mM: 125 NaCl, 5.5 KCl, 2 CaCl2, 0.8 MgCl2,
10 HEPES, 24 glucose and 36.5 sucrose at pH 7.3, adjusted with
NaOH) were prepared with deionized water (Milli-Q; resistivity
�18 M�·cm). Stock solutions were prepared in DMSO and fi-
nal solutions (solvent concentration 0.1% DMSO) were prepared
daily.

Cell culture. Rat pheochromocytoma (PC12) cells (Greene and Tis-
chler, 1976) were cultured for up to 10 passages in RPMI 1640
medium (Invitrogen) supplemented with 10% horse serum, 5%
fetal bovine serum and 2% penicillin/streptomycin (ICN Biomed-
icals, Zoetermeer, The Netherlands) as described previously
(Dingemans et al., 2010; Langeveld et al., 2012; Meijer et al.,
2014). All cell culture material was coated with poly-l-lysine (50
�g/ml). Cells were grown in a humidified incubator at 37◦C and
5% CO2. Medium was refreshed every 2–3 days. For single-cell
fluorescent microscopy Ca2+ imaging experiments, PC12 cells
were subcultured (at ∼75% confluency) in glass-bottom dishes
(MatTek, Ashland, MA) as described previously (Dingemans et al.,
2010; Langeveld et al., 2012; Meijer et al., 2014).

[Ca2+]i measurements. Changes in [Ca2+]i were measured with
the Ca2+ sensitive fluorescent ratio dye Fura-2 AM as described
previously (Dingemans et al., 2010; Langeveld et al., 2012; Mei-
jer et al., 2014). Briefly, PC12 cells were loaded with 5�M Fura-2
AM for 20 min in saline, followed by 15 min de-esterification in
saline at room temperature. Cells were placed on the stage of an
Axiovert 35M inverted microscope (40× oil-immersion objective,
numerical aperture 1.0; Zeiss, Göttingen, Germany) equipped
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with a TILL Photonics Polychrome IV (Xenon Short Arc lamp,
150W; TILL Photonics GmBH, Gräfelfing, Germany) and contin-
uously superfused with saline using a Valvelink 8.2 (Automate
Scientific, CA). Fluorescence, excited by 340 and 380nM wave-
lengths (F340 and F380), was collected every 3 s at 510nM with
an Image SensiCam digital camera (TILL Photonics GmBH). All
experiments were performed at room temperature. Every ex-
periment consisted of a 5 min baseline recording and a subse-
quent depolarization of the cells by superfusing with 100 mM K+

saline (containing in mM: 5.5 NaCl, 100 KCl, 2 CaCl2, 0.8 MgCl2,
10 HEPES, 24 glucose and 36.5 sucrose at pH 7.3, adjusted with
NaOH) for 21 s. Next, cells were allowed to recover in saline for
8 min prior to superfusion with saline containing 0.1% DMSO
(vehicle control) or (mixtures of) insecticides (1nM–10�M) for 20
min to determine effects of insecticide exposure on basal [Ca2+]i.
Following this 20 min exposure, cells were depolarized for a sec-
ond time in the presence of DMSO or (mixtures of) insecticides
(see Fig. 1A for example recording) to determine effects of insec-
ticide exposure on depolarization-evoked [Ca2+]i. At the end of
each recording, cells were permeabilized with 5�M ionomycin
to determine the maximum ratio (Rmax) after which all Ca2+ was
chelated with 17mM ethylenediamine tetraacetic acid to deter-
mine the minimum ratio (Rmin) to calculate [Ca2+]i (see below).

Individual insecticides were selected for the mixture exper-
iments based on their potency to inhibit VGCCs and were com-
bined at the (calculated) concentrations that induce an inhibi-
tion of the depolarization-evoked [Ca2+]i of 20% (IC20).

Data analysis and statistics. Data were processed with TILLVi-
sION software (version 4.01) and further analyzed with a
custom-made MS-Excel macro. A modified Grynkiewicz’s equa-
tion [Ca2+]i = Kd* * (R − Rmin)/(Rmax − R), where Kd* is the
dissociation constant of Fura-2 determined in the experimen-
tal setup, was used to calculate free cytosolic [Ca2+]i from
background-corrected F340/F380 ratio values (Dingemans et al.,
2010; Langeveld et al., 2012; Meijer et al., 2014).

Insecticide-induced effects on basal [Ca2+]i were expressed
as the average increase in [Ca2+]i during the first 5 min of expo-
sure of responding cells. Only cells that displayed an increase in
[Ca2+]i during exposure ≥ basal + SD were regarded as respond-
ing cells and were selected for quantification of basal [Ca2+]i ef-
fects.

Effects on the depolarization-evoked increase in [Ca2+]i were
expressed as a treatment ratio (TR) as described previously (Mei-
jer et al., 2014; see Fig. 1A for illustration). Data are expressed as
mean ± SEM (calculated from number of cells (n)), normalized to
the control, unless otherwise noted. Cells that did not respond to
the first depolarization (amplitude �3× basal) were excluded for
further analysis. Additionally, cells that show effects outside the
range of the average ± 2×SD are considered as outliers and were
excluded for further analysis (∼15%). Per test condition ≥4 inde-
pendent experiments (N) were performed to obtain ≥38 cells (n)
after outlier exclusion. For the calculation of IC20s a non-linear
regression curve with Hill-slope was fitted by use of GraphPad
Prism software (v6, GraphPad Software, La Jolla, CA).

Cypermethrin, chlorpyrifos, and endosulfan were used at
their IC20s in the mixture experiments to test if additivity
applies. In view of the similar endpoint (i.e., inhibition of
depolarization-evoked [Ca2+]i), concentration-addition could be
assumed. However, this assumption cannot be confirmed be-
cause the actual underlying mechanism(s) of action is not
known (i.e., different subtypes of VGCCs exist that have multi-
ple molecular entities/binding sites that can be targeted by the
individual chemicals) and the different chemicals could thus

FIG. 1. Representative recordings of [Ca2+]i from individual PC12 cells exposed to
DMSO (A), 10�M imidacloprid (B), �-cypermethrin (C), cypermethrin (D), endo-
sulfan (E), and chlorpyrifos (F). PC12 cells were exposed to saline containing test
compound for 20 min as indicated by the dotted line. Before and following 20 min

exposure of the cells, depolarization was evoked by high K+-containing saline as
indicated by the arrowheads below the recordings. Changes in treatment ratio
(TR = amplitude second depolarization/amplitude first depolarization * 100%),
normalized to DMSO controls, were used as a measure for effects of insecticides

on the depolarization-evoked increase in [Ca2+]i.
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also target VGCCs via independent action. Therefore, from a
theoretical point of view, effect-addition for these three insec-
ticides cannot be excluded. Nevertheless, it has recently been
suggested that in the case of effect-addition with different un-
derlying mechanisms of action concentration-addition may also
apply (Kortenkamp et al., 2012).

Effects of mixtures were considered additive if the measured
effect was within the expected additivity effect range. This range
was calculated from the expected inhibition (EI) of the mixtures
in case of additivity (i.e., an EI of 40% for a binary IC20 mixture
and an EI of 60% for a tertiary IC20 mixture) and the sum of the
confidence intervals (CI) of the IC20s of the individual chemicals.
Thus, the additivity effect range is 100−(EI1+EI2) ± (CI1+CI2). If
effects were below or above this range, the effect of the mixture
was considered less or more than additive, respectively.

Data of test conditions for which the TR approached 0% are
by definition not normally distributed because the TR cannot
be negative. However, data from controls and from conditions
that did not exert a (near) maximal effect were normally dis-
tributed (Kolmogorov–Smirnov test and Shapiro-Wilk test) and
continuous data were therefore compared with an unpaired t-
test and concentration-response curves with a one-way ANOVA.
Data were considered statistically significant if p � 0.05.

RESULTS

Effects of Insecticides on Basal [Ca2+]i

Basal [Ca2+]i in resting PC12 cells is low and stable (99 ± 1nM;
n = 206, N = 22). Upon depolarization with high K+-containing
saline, [Ca2+]i rapidly and transiently increased to 2.1 ± 0.1�M.
During a subsequent 8 min recovery period, [Ca2+]i returned to
near resting values and was unaffected by 20 min exposure to
DMSO-containing saline (Fig. 1A). When cells were exposed to
10�M imidacloprid (Fig. 1B), �-cypermethrin (Fig. 1C) or cyper-
methrin (Fig. 1D), basal [Ca2+]i levels were unaffected. In con-
trast, in 40% of the cells exposed to 10�M endosulfan a small
but sustained increase in [Ca2+]i was observed, which lasted for
20 min and amounted to 53 ± 8nM in the first 5 min (18 out of
45 cells (40%), N = 6; Fig. 1E). When cells were exposed to en-
dosulfan in Ca2+-free medium, the increase in [Ca2+]i was no
longer observed (data not shown). When cells were exposed to
10�M chlorpyrifos, 56% of the cells responded with a small but
transient increase in [Ca2+]i, which sustained for ∼5 min and
amounted to 68 ± 8nM (30 out of 54 cells (56%), N = 7; Fig. 1F). At
concentrations ≤1�M, endosulfan and chlorpyrifos did not dis-
turb basal [Ca2+]i (data not shown).

Effects of Insecticides on Depolarization-Evoked Increase in [Ca2+]i

The effects of insecticide exposure on the increase in
depolarization-evoked [Ca2+]i, which is mediated by VGCCs,
were investigated by depolarization of the cells for a second
time with high K+-containing saline following the 20 min of
exposure to saline containing DMSO (control) or insecticide.
In control cells, the second depolarization-evoked increase in
[Ca2+]i amounted to 1.5 ± 0.05�M (n = 206, N = 22), yielding a
net TR of 69% (Fig. 1A). The TR of control cells was set to 100%
and all data of insecticide-exposed cells were normalized to the
control.

Effects on the depolarization-evoked increase in [Ca2+]i were
initially tested at 10�M. All tested insecticides significantly de-
creased the TR with endosulfan yielding the largest inhibition,
reducing the TR to 3 ± 0.5% (n = 45, N = 6; p � 0.001; Figs. 1E
and 2). At 10�M, chlorpyrifos yielded a comparable decrease in
TR compared with endosulfan (TR: 4 ± 1%; n = 54, N = 7; p �

FIG. 2. The inhibitory effects of insecticides on the depolarization-evoked in-
crease in [Ca2+]i. At 10�M, �-cypermethrin, cypermethrin, chlorpyrifos, and en-
dosulfan effectively inhibited the TR (depolarization-evoked increase in [Ca2+]i

after exposure compared with depolarization-evoked increase in [Ca2+]i before

exposure), whereas imidacloprid induced only a modest inhibition of the TR.
Data represent mean ± SEM (n = 38–206, N = 4–22). * indicates a significant dif-
ference compared with control (p � 0.05).

0.001; Figs. 1F and 2; also see Meijer et al., 2014). At 10�M, �-
cypermethrin and cypermethrin reduced the TR to 31 ± 3% (n =
57, N = 6; p � 0.001; Figs. 1C and 2) and 18 ± 2% (n = 50, N = 5; p �

0.001; Figs. 1D and 2), respectively. For concentration-response
curves (Fig. 3), all insecticides were tested at lower concentra-
tions, except for imidacloprid which had only a small effect at
10�M (TR: 87 ± 5%; n = 38, N = 4; p � 0.03; Figs. 1B and 2).

Compared with DMSO controls, cells exposed to cyperme-
thrin for 20 min displayed a concentration-dependent inhibition
of the TR (p � 0.001). This TR amounted to 78 ± 3% (n = 53, N =
6; p � 0.001) at 10nM, 45 ± 3% (n = 66, N = 5; p � 0.001) at 100nM,
and 30 ± 2% (n = 63, N = 6; p � 0.001) at 1�M (Fig. 3A), resulting
in IC20 and IC50 values of 9nM and 78nM, respectively. At 100nM,
�-cypermethrin reduced the TR to 66 ± 4% (n = 65, N = 8; p �

0.001) and to 34% ± 3 (n = 60, N = 7; p � 0.001) at 1�M (Fig. 3B;
IC20: 27nM, IC50: 239nM; Table 1). Notably, the effect of cyperme-
thrin was significantly different from that of �-cypermethrin at
≥0.01�M. As also demonstrated previously (Meijer et al., 2014),
chlorpyrifos concentration-dependently decreased the TR to 75
± 4% (n = 52, N = 5; p � 0.001) at 100nM, and to 50 ± 3% (n = 59, N
= 6; p � 0.001) at 1�M (Fig. 3C; IC20: 85nM, IC50: 899nM; Table 1).
Endosulfan also concentration-dependently decreased the TR,
amounting to 85 ± 4% (n = 59, N = 6; p � 0.001) at 100nM, to 42
± 4% (n = 39, N = 7; p � 0.001) at 300nM, and to 9 ± 1% (n = 55, N
= 7; p � 0.001) at 1�M (Fig. 3D; IC20: 118nM, IC50: 250nM; Table 1).

Effects of Mixtures of Insecticides on Depolarization-Evoked Increase in
[Ca2+]i

Insecticides with the highest potency (cypermethrin, chlorpyri-
fos, and endosulfan) were combined as binary mixtures for the
investigation of additive effects on the depolarization-evoked
[Ca2+]i. A mixture of chlorpyrifos (IC20) combined with endosul-
fan (IC20) resulted in a TR of 59 ± 3% (n = 48, N = 4), which
was well within the expected additivity effect range (48–72%; Fig.
4). When chlorpyrifos (IC20) and cypermethrin (IC20) were com-
bined, the TR amounted to 54 ± 3% (n = 47, N = 5), i.e., within the
expected additivity effect range (49–71%; Fig. 4). Similarly, when
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FIG. 3. Concentration-response curves of inhibition of depolarization-evoked [Ca2+]i by the insecticides cypermethrin (A), �-cypermethrin (B), chlorpyrifos (C), and

endosulfan (D). The selected insecticides concentration-dependently inhibited the TR, with cypermethrin being most potent. The effects were significantly different
from control (p � 0.05) at ≥0.01�M (cypermethrin) and ≥0.1�M (�-cypermethrin, chlorpyrifos, and endosulfan). For calculated IC20s and IC50s, see Table 1. Data represent
mean ± SEM (n = 38–206, N = 4–22). The dotted line indicates the 95% confidence interval of the fitted curve.

TABLE 1. Human Exposure Concentrations and (No) Effect Concentrations for Inhibition of VGCCs of Endosulfan, Cypermethrin and Chlorpyri-
fos (in �M) with the Estimated Margin of Exposurea

Insecticide Human occupational exposure (No) effect concentrations for VGCC inhibition Margin of exposureb

Concentration Estimated from IC50 IC20 NOEC

�-cypermethrin 0.0010–0.0037 Internal daily
dose from
urinary
metabolitec

0.239 0.03 0.01 2.7–9.7

Chlorpyrifos 0.0071–0.1520 Absorbed daily
dose from
urinary
metabolited

0.899 0.08 0.01 0.07–1.4

Endosulfan 1.3371 Blood serume 0.25 0.12 0.01 0.007

aRisk estimates presented here did not take into account possible detoxification or bioactivation pathways that may influence the risk assessment.
bMargin of exposure: NOEC/exposure concentration; NOEC, no-observed-effect concentration.
cSingleton et al., 2014.
dPhung et al., 2012.
eDalvie et al., 2009.
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FIG. 4. Effects of mixtures of insecticides on the depolarization-evoked increase in [Ca2+]i. Binary and tertiary mixtures of IC20s were investigated to determine if

the inhibitory effects of mixtures on the TR are additive. All mixtures decreased the TR significantly compared with the control. The gray shaded areas indicate the
expected additivity effect range, illustrating that the binary mixtures induced an additive inhibition compared with the single compounds and that the tertiary mixture
induced a less than additive inhibition. Data represent mean ± SEM (n = 46–206, N = 4–22).

endosulfan (IC20) was combined with cypermethrin (IC20) the TR
amounted to 60 ± 3% (n = 49, N = 6), i.e., within the expected
additivity effect range (48–72%; Fig. 4). However, when all three
insecticides were combined, the TR amounted to 60 ± 3% (n =
46, N = 4), which was just above the expected additivity effect
range (22–58%). Though the inhibitory effect of the tertiary mix-
ture on TR is only slightly less than additive, these data indicate
that mixture effects cannot completely be predicted based on
additivity alone.

DISCUSSION

The present data demonstrate that the pyrethroids
(�-)cypermethrin, the OP chlorpyrifos, and the organochlo-
rine endosulfan at low concentrations acutely disturb calcium
homeostasis through a concentration-dependent inhibition of
VGCCs. Moreover, endosulfan and chlorpyrifos (and also its
metabolite chlorpyrifos-oxon; Meijer et al., 2014) acutely in-
creased basal calcium levels. The effects of insecticides on basal
[Ca2+]i were observed only at relatively high concentrations
(10�M), whereas the IC50s for inhibition of the depolarization-
evoked [Ca2+]i were as low as 78nM, 239nM, 250nM, and 899nM
for cypermethrin, �-cypermethrin, endosulfan, and chlorpyri-
fos, respectively. In this study, �-cypermethrin displayed a lower
potency compared with cypermethrin although �-cypermethrin
has the lowest acute toxicological reference value (ARfD; EFSA,
2013).

Effects of chlorpyrifos and endosulfan on VGCCs appeared
not specific for a VGCC-subtype as complete inhibition of the TR
was observed at 10�M (Fig. 3). On the other hand, a complete in-
hibition of VGCCs could not be reached for (�-)cypermethrin at
concentrations up to 10�M, suggesting that inhibition of VGCC
by pyrethroids could be VGCC-subtype specific or that higher
concentrations are required to induce a complete block. Im-
idacloprid did not disturb basal calcium levels and inhibited
the depolarization-evoked increase in [Ca2+]i only marginally.

This was somewhat surprising as imidacloprid (≥1�M) was re-
ported to induce an increase in basal [Ca2+]i in rat cerebellar
granule cells. This effect was mediated by �7, �4�2, and �3�4
nAChRs (Kimura-Kuroda et al., 2012), of which at least �7 and
�4�2 nAChRs are also expressed in PC12 cells (Mehrani and Gol-
manesh, 2008). However, the expression of functional (calcium
permeable) nAChRs in PC12 cells is limited as acetylcholine-
induced increases in [Ca2+]i are relatively small (amplitude
∼300nM; Hondebrink et al., 2012). Possibly, the lack of effect of
imidacloprid on basal [Ca2+]i is due to differences in nAChR ex-
pression levels and/or functionality between PC12 cells and rat
cerebellar granule cells.

Previously, several pesticides were demonstrated to potently
inhibit VGCCs, including the organochlorine pesticides lindane
and dieldrin (Heusinkveld and Westerink, 2012), several cona-
zole fungicides (Heusinkveld et al., 2013), and the OP insecticides
chlorpyrifos and parathion (Meijer et al., 2014). As VGCCs are also
inhibited by endosulfan and (�-)cypermethrin (Figs. 1–3), inhibi-
tion of VGCCs appears to be a common mode of action for sev-
eral distinct classes of pesticides. The neonicotinoid imidaclo-
prid (Figs. 1–2) and the carbamate carbaryl (Meijer et al., 2014) did
not exert this effect, which indicates that there are also (classes
of) insecticides that do not target VGCCs.

For chemicals with a similar mode of action additivity is ex-
pected. Our mixture data demonstrated that insecticide mix-
tures induce additive effects (Fig. 4) comparable with those ob-
served for the conazole fungicides (Heusinkveld et al., 2013)
and organochlorine insecticides (Heusinkveld and Westerink,
2012). However, when cypermethrin, endosulfan, and chlorpyri-
fos were combined at their respective IC20s in a tertiary mixture,
the effect was less than additive (Fig. 4). This is in line with other
mixture studies showing that additivity does not always apply
for mixtures with similar modes of action. Less than additive ef-
fects of binary OP mixtures on VGCC inhibition were observed
(Meijer et al., 2014) and also the binary mixture of PCB53 and
PCB95 (which both induce an increase in basal [Ca2+]i) did not in-
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duce additive effects on the basal increase in [Ca2+]i (Langeveld
et al., 2012), indicating that effects of mixtures of chemicals with
common modes of action cannot always be simply predicted by
additivity.

Interestingly, effects of cypermethrin, endosulfan, and chlor-
pyrifos on VGCCs occur at lower concentrations compared
with the presumed primary modes of action of pyrethroids,
organochlorines, and OPs. For example, 10�M cypermethrin in-
duced a small modification in VGSC currents in Xenopus oocytes
(Meacham et al., 2008) and endosulfan inhibited GABA-R at
0.4�M (IC50; Vale et al., 2003) and 1�M (IC50; Huang and Casida,
1996) in cerebellar granule cells. These levels are higher than
those required for inhibition of VGCCs (cypermethrin IC20: 9nM
and endosulfan IC50: 0.25�M; Table 1). However, it should be
noted that part of the differences in sensitivity may be ex-
plained by small differences in the ion channels and/or recep-
tors expressed in the different experimental models and poten-
tial absence of (intracellular) feedback mechanisms in Xenopus
oocytes. Previously described effects of chlorpyrifos in vitro gen-
erally occur at concentrations between ∼1 and 100�M (reviewed
in Meijer et al., 2014), which are also higher compared with the
IC50 for inhibition of VGCCs found in this study (chlorpyrifos IC50:
0.899�M; Table 1). The IC50 for inhibition of VGCCs for chlorpyri-
fos is somewhat higher in this study compared with Meijer et al.
(2014), which is probably due to an improvement of the curve fit
as a result of the inclusion of additional data points. Nonethe-
less, the IC50s are still in the same order of magnitude.

VGCCs are important regulators for neurotransmission and
gene expression and as such they play an important role in
neuronal development and function (Leclerc et al., 2011). In ad-
dition, altered expression and dysfunction of VGCCs are asso-
ciated with neurological disorders, such as pain, epilepsy, mi-
graine, and ataxia (Simms and Zamponi, 2014). Notably, some
well-known neurobehavioral toxicants, such as OPs (Eaton et al.,
2008), NDL-PCBs (Boix et al., 2011), and methylmercury (Bailey
et al., 2013), also inhibit VGCCs. However, because these com-
pounds have multiple effects, it is difficult to determine the
contribution of inhibition of VGCC to the adverse health out-
come. Nonetheless, the importance of calcium channels in neu-
robehavioral toxicity has been demonstrated for methylmercury
because an L-type calcium channel blocker prevented or de-
layed the observed behavioral toxicity (Bailey et al., 2013). Yet
considering the essential role of VGCCs it is not unlikely that
compensatory mechanisms prevent the manifestation of se-
vere health outcomes unless exposure is to high concentrations
and/or chronic.

To estimate the relevance of the effects observed in the
present study, we compared effective concentrations for the in-
hibition of VGGCs by insecticides with occupational human ex-
posure levels. �-Cypermethrin was found in Egyptian agricul-
tural workers at an estimated daily internal dose of 0.43–1.53
�g/kg/day (1.03–3.68nM; Singleton et al., 2014) amounting to a
margin of exposure (MOE) of 2.7–9.7 (Table 1). In contrast with �-
cypermethrin, occupational exposure levels of chlorpyrifos and
endosulfan were higher than the effective concentrations for the
inhibition of VGCCs found in this study. For chlorpyrifos, esti-
mated absorbed daily doses for farmers were between 2.5 and
53.2 �g/kg/day (7.13–152nM; Phung et al., 2012). At these con-
centrations, chlorpyrifos inhibits VGCCs (IC20: 85nM; Table 1) and
the MOE amounts only to 0.07–1.4 (Table 1). Endosulfan was also
found in human tissues of agricultural workers. After endosul-
fan is sprayed, 544.1 �g/l (1.34�M) was found in blood serum,
resulting in a MOE of only 0.007 (Table 1; Dalvie et al., 2009).

The calculated MOEs are thus insufficient to rule out effects
on VGCCs in agricultural workers. However, it should be noted
that for the calculation of MOEs it was assumed that the esti-
mated absorbed daily doses and serum levels represent the in-
secticide concentration at the internal target sites, though the
actual concentrations at the target cells in vivo could be differ-
ent. Although more sophisticated physiologically-based phar-
macokinetic (PBPK) data and/or actual measurements of the in-
secticide concentration at the target site are required to confirm
that the MOEs are insufficient, our findings are of relevance for
neurotoxicity risk assessment studies as it is also demonstrated
here that additivity can occur when insecticides with common
modes of action are combined.

In conclusion, the present study demonstrates that struc-
turally diverse insecticides have inhibition of VGCCs as a
common mode of action, resulting in the inhibition of the
depolarization-evoked increase in [Ca2+]i. The tested insecti-
cides exerted this effect at concentrations that are relevant
for human (occupational) exposure situations. Our data further
demonstrate that exposure to (binary) mixtures of insecticides
can induce additive effects, illustrating the need to include mix-
ture effects in human neurotoxicity risk assessment.

FUNDING

European Commission [DENAMIC project; FP7-ENV-2011-
282957]; Faculty of Veterinary Medicine of Utrecht University.

ACKNOWLEDGMENTS

The authors acknowledge the European Commission [DENAMIC
project; grant number FP7-ENV-2011-282957] and the Faculty of
Veterinary Medicine of Utrecht University for funding, and the
members of the Neurotoxicology Research Group for helpful dis-
cussions.

REFERENCES

Abou-Donia, M., Goldstein, L. B., Bullman, S., Tu, T., Khan, W. A.,
Dechkovskaia, A. M. and Abdel-Rahman, A. (2008). Imidaclo-
prid induces neurobehavioral deficits and increases expres-
sion of glial fibrillary acidic protein in the motor cortex and
hippocampus in offspring rats following in utero exposure. J.
Toxicol. Environ. Health A 71, 119–130.

Bailey, J. M., Hutsell, B. A. and Newland, M. C. (2013). Dietary ni-
modipine delays the onset of methylmercury neurotoxicity
in mice. Neurotoxicology 37, 108–117.

Bal, R., Erdogan, S., Theophilidis, G., Baydas, G. and Naziroglu, M.
(2010). Assessing the effects of the neonicotinoid insecticide
imidacloprid in the cholinergic synapses of the stellate cells
of the mouse cochlear nucleus using whole-cell patch-clamp
recording. Neurotoxicology 31, 113–120.

Boix, J., Cauli, O., Leslie, H. and Felipo, V. (2011). Differential
long-term effects of developmental exposure to polychlori-
nated biphenyls 52, 138 or 180 on motor activity and neu-
rotransmission. Gender dependence and mechanisms in-
volved. Neurochem. Int. 58, 69–77.

Cao, Z., Shafer, T. and Murray, T. (2011). Mechanisms of
pyrethroid insecticide-induced stimulation of calcium influx
in neocortical neurons. J. Pharmacol. Exp. Ther. 336, 197–205.

Castillo, C. G., Montante, M., Dufour, L., Martı́nez, M. L. and
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