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Abstract

Mussels are among the most frequently used invertebrate animals in aquatic toxicology to
detect toxic exposure in the environment. The presence and activity of a cellular defence system, the
multixenobiotic resistance (MXR) mechanism, was also established in these organisms.

In isolated gill tissues of dreissenid mussels (D. bugensis) the MXR activity was assayed
after treatment by commercially available insecticides (formulated products) which contain
neonicotinoids as their active ingredients: Actara (thiamethoxam), Apacs (clothianidin), Calypso
(thiacloprid) and Kohinor (imidacloprid), respectively. While applying the accumulation assay
method, 0.5 uM rhodamine B was used as model substrate and 20 uM verapamil as model inhibitor
of the MXR mechanism.

In acute (in vitro) experiments when isolated gills were co-incubated in graded
concentrations of insecticides and rhodamine B simultaneously, Calypso and Kohinor treatment
resulted increasing rhodamine accumulation. Chemical analysis of gills in vitro incubated in
insecticides demonstrated higher tissue concentrations of thiamethoxam, clothianidin and thiacloprid
in the presence of verapamil suggesting that the active ingredients of Actara, Apacs and Calypso are
potential substrates of the MXR mediated cellular efflux. In contrast, verapamil did significantly
alter the accumulated imidacloprid concentrations in gills, suggesting that the active component of
Kohinor is not transported by the MXR mechanism.

Chronic (in vivo) exposures of the intact animals in lower, 1, 10 mg/L concentration of
neonicotinoid products, resulted in a decreased level of both rhodamine accumulation and verapamil
inhibition by the 1214 days of treatment. These results suggest an enhancement of MXR activity
(chemostimulation), building up gradually in the animals exposed to Actara, Apacs and Kohinor,
respectively.

Neonicotinoid-type insecticides are generally considered as selective neurotoxins for insects,
targeting the nicotinic type acetylcholine receptors (nAChRs) in their central nervous system. Our
present results provide the first evidences that neonicotinoid insecticides are also able to alter the
transmembrane transport mechanisms related to the MXR system.
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1. Introduction
During normal agrochemical activity or accidental leakage, neonicotinoid insecticides may

appear and potentially accumulate in surface waters and soil (Schaafsma et al., 2015; Anderson et
al., 2015; Morrisey et al., 2015). These types of insecticide are generally regarded as highly selective
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neurotoxins for insects, inhibiting the nicotinic-type acetylcholine receptors (nAChRs) in the central
nervous system (Tomizawa and Casida, 2005). Recent literature data also suggest, that
neonicotinoids affect probably far more taxa and exert much wider ecological effects than was
expected since this third generation of insecticides was introduced (Morrissey et al., 2015; Simon-
Delso et al., 2015). Accumulating data demonstrate that neonicotinoid effects are not confined in the
CNS, but potentially act more systematically and also induce intracellular alterations, both in
vertebrates and invertebrates, (Nwozo et al., 2015; Brandt et al., 2016; Kataria et al., 2016; Sheets et
al., 2016; Kudelska et al., 2017; Tavares, et al., 2017).

Aquatic animals, particularly benthic and sessile invertebrates, are mostly exposed to
environmental pollutants, which are easily transported into the body by diffusion through the skin
and gills or consumed during feeding. To prevent accumulation of toxic xenobiotics, both natural
and anthropogenic, the multixenobiotic resistance, MXR mechanism (also called multixenobiotic
defence, MXD) provides a cellular defence, driving a transmembrane efflux of the intracellularly
accumulated toxic molecules and their harmful conjugates back into the extracellular space (Bard
2000; Epel et al., 2008). The MXR system characterizes all living cells, their transport proteins can
be identified across all animal taxa and in other organisms, including bacteria, plants and fungi (Buss
and Callaghan, 2008). The role of an analogous mechanism called MDR (multidrug resistance) was
established nearly 50 years ago and found responsible for decreasing sensitivity of bacteria or tumor
cells to pharmacological treatments (Biedler et al., 1970; Dano et al., 1973). All these cellular
defences (MXR, MDR) share common features, including their membrane transporters, members of
the membrane bound superfamily of ATP binding cassette (ABC) proteins (Litman et al., 2001;
Jeong et al., 2017). Both MDR and MXR systems are characterized by a rather broad substrate and
inhibitor specificity (Bain et al., 1997; Litman et al., 2001; Buss and Callaghan, 2008). Constant
exposure of toxic molecules as chemostimulators by enhancing MXR activity, and numerous other
chemicals regarded as chemosensitizers, inhibit this defence mechanism (Choi et al., 2005; Smital et
al., 1998, 2003, 2004; Epel et al., 2008).

Molluscs, and particularly mussels are among the most frequently used invertebrate animals
in aquatic toxicology, as their sessile habitat and filtration activity make them suitable indicators to
detect and monitor toxic chemicals in the environment and also to study the physiological and
biochemical alterations evoked by harmful exposure (Salanki et al., 2003; Rittschof et al., 2005;
Borcherding, 2006; Falfushynska, et al., 2010). The presence and activity of the MXR mechanism
were also established in mussels, including Dreissena sp. (Cornwall et al., 1995; Smital et al., 2000;
Pain and Parant 2003; Rioult et al., 2014). Alteration (activation or inhibition) of this cellular
defence system may also serve as a biological indicator of environmental pollution (Pain and Parant
2007; Contardo-Jara and Wiegand 2008; Luckenbach and Epel, 2008; Acs et al., 2015; Jeong et al.,
2017).

Enhanced activation of the MXR mechanism is usually due to longer lasting (chronic)
effects, resulting in increased gene expression of two (P-gp, MRP) subclasses of ABC proteins
(Faria et al., 2011; Navarro et al., 2011; Navarro et al., 2012; Chatel et al., 2015), although
transcription (translation) and transporter activity level cannot be always directly correlated
(Tutundjian and Minier, 2007; Jeong et al., 2017). We cannot exclude, that activity of the MXR
system in mussels might contribute in their rather robust resistance to neonicotinoids compared with
insects on the rather wide sensitivity scale of aquatic invertebrates (Rico and Van Den Brink, 2015).

To assess the activity of the MXR system in the presence of neonicotinoid insecticides, we
used dreissenid mussels as aquatic, non-target model animals. Both Dreissena bugensis and D.
polymorpha species form abundant populations in Lake Balaton (Hungary) although recently D.
bugensis seem to be most dominant in the region. Balogh et al. (2018) followed the invasion of
quagga mussels in lake Balaton between 2009 and 2013 and found 80 % the relative abundance of
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D. bugensis in 2012, reaching as high as 98 % by the year 2013). Moreover, recent toxicological
assays on the specimens collected in the same locations (T1, T2 in front of the BLI building, Tihany
peninsula; Balaton area, see Fig 1, Balogh et al, 2018), did not show statistically significant
variability in a number of intracellular markers (Farkas et al., 2017).

Whole animal assays are often preferred as repeatable, non-invasive methods for testing
MXR mechanism in mussels (Smital and Kurelec, 1997; Pain and Parant, 2007; Contardo-Jara and
Wiegand, 2008; Acs et al., 2015). However, we cannot rule out that biologically active xenobiotics
may also affect other, neuronal and physiological processes, modulating the behavioural activity of
the animal. In mussels particularly, filtering (involved in both respiration and feeding) may also be
altered by toxicological treatment (Kontreczky et al., 1997; Ayad et al., 2011; Potet et al., 2016),
therefore, the final dose cannot be determined exactly by whole animal testing (Pain and Parant,
2003).

In our present study, isolated gills of the experimental animals were used for MXR assays
both after in vitro and in vivo exposures. Isolated gill tissue survives in water for several hours,
allowing direct access of chemicals to the tissue samples, and also provides a reasonably simple
object for further (analytical, cellular, molecular) studies of drug-evoked changes, including the
MXR mechanism (Cornwall et al., 1995; Eufemia and Epel, 2000; Luckenbach and Epel, 2008;
Navarro et al., 2012).

2. Materials and methods

2.1. Animals

Adult (18-22 mm) animals (D. bugensis specimens) were collected locally (Lake Balaton,
Hungary), and maintained in glass aquaria (approximately 1000 individuals/aquarium) with a
capacity of 120 L supplied with a flow of well-aerated unfiltered water (T = 18 + 2 °C) directly
taken from the Lake (flow rate approximately 700 mL/min). A week before testing about 250
animals were separated in 15 L containers with aerated water, providing the pool for experimental
animals. During chronic (in vivo) treatments the replacement insecticide solutions (see 2.3.3.) were
made from fresh Balaton water, also containing food supply for experimental animals.

2.2. Chemicals

We used the formulated products of insecticides commercially available in Hungary, which
contain neonicotinoids as their active ingredients (names in brackets): Actara (thiamethoxam) from
Syngenta, Apacs (clothianidin) from Arysta Life Science, Calypso (thiacloprid) from Bayer and
Kohinor (imidacloprid) from Makteshim Agan. The accurate concentrations of the active ingredients
in solutions of each neonicotinoid product were confirmed by HPLC-UV chromatography.

The analytical standards of Pestanal grade were purchased from Merck (Darmstadt,
Germany), while the other chemicals: thodamine B, verapamil hydrochloride and the chemicals for
the Bradford assay (Bradford 1976) were purchased from SIGMA.

2.3. Treatments

2.3.1. The acute (direct) effects of the insecticides were studied on the isolated gills of non-
treated animals, by simultaneous incubation of the samples in 0.5 uM rhodamine B and the
formulated products (Actara, Apacs, Calypso, Kohinor, respectively) dissolved in filtered Balaton
water. To compare their effects we applied equimolar, (1, 10, 30, 50, 250 pM) concentrations of
neonicotinoid components (thiamethoxam in Actara, clothianidin in Apacs, etc.), corresponding up
to a maximum of 125-320 mg/L formulation, depending on the chemical composition of the product.
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2.3.2. For chemical analysis the isolated gills were incubated in aqueous solutions of
insecticides (without rhodamine B) and paired samples were processed by the standardized loading
assay protocol with and without verapamil (see below, 2.4.) before analytical measurements (see 2.5.
in Materials and Methods).

2.3.3. The chronic effects of the insecticides were also tested in vivo, by placing the intact
animals in plastic containers filled with solutions of formulated insecticides. For each formulation
the tested (Img/L and 10 mg/L) concentrations corresponded to the NOEL (No Effect Level)
threshold for filtration rate and lethality of intact Dreissena specimens within the extended exposure
regime. After 24 hours and then on the 6™ 12, 14™ 25™ and 32" days of exposure, the animals
were dissected to isolate their gills for MXR assays. Insecticides (1, 10 mg/L), were diluted in fresh
Balaton water and replaced in the containers every 48 hours during the exposition period.

2.4. MXR assay

On isolated gill samples we applied the already established ,,accumulation” method of MXR
assay where rhodamine B served as a model P-gp substrate and verapamil was used as its inhibitor
(Cornwall et al., 1995; Faria et al., 2011; Smital and Kurelec 1997; Smital et al., 2003, etc.). During
the incubation (loading) period, rhodamine is taken up by a gradient-controlled uptake process
intracellularly, while the MXR mechanism mediated by specific (ABC) membrane transport proteins
drives an active efflux of the accumulated rhodamine against the concentration gradient (Fig. 1A1).
In the presence of verapamil the rhodamine accumulation is enhanced, due to partial block of the
MXR controlled efflux (Fig. 1A2). To assess the activity of MXR mechanism the accumulated
rhodamine levels of tissues incubated in rhodamine are compared with samples co-incubated in
rhodamine with verapamil (Fig 1B).

During our experiments a pair of gills was freshly dissected from each of the animals then
incubated in filtered water containing either 0.5 uM rhodamine B, a mixture of 0.5 uM rhodamine B
and 20 uM verapamil for 60 minutes (loading), followed by a short (10 min) washing in 40 uM
verapamil containing water, which allowed the removal of excess dye from the surface of tissues but
inhibited the active (MXR controlled) efflux. Before the chemical analysis, the isolated gills were
similarly incubated for 60 min either in aqueous solutions of insecticide or in a medium containing
the same concentrations of insecticide and 20 uM verapamil.

To quantify the level of accumulated rhodamine in different samples, we applied the uptake
quotient %, calculated in percentage values of fluorescence of the treated samples divided by the
values of control samples (Kurth et al., 2017). MXR activity was also assessed by the inhibitory
potential of verapamil, based on the differences of rhodamine accumulation data with and without
verapamil. The ratio (R) of rhodamine levels in control vs. verapamil treatment quantifies these data
(Smital et al., 2000). Higher MXR activity corresponds with lower R value (Rod<<Rod,.;) while low
MXR activity is suggested by higher R value, up to R=1.

2.5. Sample preparation

After finishing the incubation/treatment protocols the gill tissue samples were individually
placed in 2 mL Eppendorf tubes with 0.5 mL distilled water and frozen for 2 hours before further
processing. The samples were then homogenized in a tissue lyzer (Tyssuelyzer LT, Qiagen) and
centrifuged at 8000 g for 10 min at 4°C (Biofuge Fresco, HERAUS ). The fluorescence of the
supernatant (250 pL) was finally measured at Aex = 535 nm and Ac, = 590 nm (Victor 3 plate-reader,
Perkin Elmer) to determine the amount of accumulated rhodamine B in the tissue samples. The
protein concentration of the tissue homogenates was also determined in parallel samples applying
the Bradford assay (Bradford 1976), and the final values of rhodamine accumulation data were
normalized to the total protein content of the samples (fluorescence units per mg tissue protein).



2.6. Chemical analysis

For analytical determination of active ingredients we applied QuUEChERS methodology
(Anastassiades et al., 2003; Gonzalez-Curbelo et al., 2015) originally developed to extract the
pesticide active ingredients from food samples, and also used for the extraction of neonicotinoid
insecticides from soil samples (Mortl et al., 2016).

In our procedure 300 uL phosphate buffer (pH 7.2) and 1 mL of acetonitrile were added to
the aliquot of the frozen homogenized tissue, then stirred by vortex for 30 s and sonicated for 10
min. Salting-out step involved the addition of 9 mg MgSO4, 2.25 mg NaCl and 4 mg citrate buffer,
followed by homogenization (vortex and ultrasound agitation for 5 min). After centrifugation (10
min, 3000 rpm, 4°C), 900 pL of supernatant was subjected to clean-up by using 0.41-0.41 mg of
primary secondary amine (PSA) and C18 dispersive phases. After stirring and centrifugation of the
suspension, 800 pul of supernatant was transferred into a vial and the solvent evaporated to dryness
under a nitrogen stream. The residue was dissolved in eluent (65:35 = A:B eluents, A = 90%
water:10% MeOH, B = MeOH), filtered through a 0.45 pm polytetrafluoroethylene syringe filter
(Labex Ltd. Budapest, Hungary) prior to analysis. We used our slightly modified isocratic method
(Mortl et al., 2016) for determination of neonicotinoids. The target components were separated on a
C18 column purchased from MZ Analysentechnik (PerfectSil 100 ODS-3, 150 mm X% 4.6 mm i.d., 5
um) at 40°C. UV detector signals were recorded at A = 269 nm and A = 252 nm. The external
calibration was performed with seven standard solutions in the range between 0.100 mg/L and 10
mg/L. The eluent flow rate was 1.0 mL/min with isocratic elution for 8 min (65:35 = A:B eluents, A
= 90% water : 10% MeOH, B = MeOH). The Limit of detection (LOD) determined with standard
solutions were at 0.010 mg/L for thiamethoxam, thiacloprid and below 0.010 mg/L for clothianidin
and imidacloprid. The retention times were 3.22, 4.21, 4.55 and 7.14 min, the ratios of signal
intensities (peak areas) recorded at 269 nm and at 252 nm were 0.59, 1.96, 1.23 and 0.39 for
thiamethoxam, imidacloprid, clothianidin and thiacloprid, respectively. The protein concentration of
the tissue homogenates was also determined in parallel samples applying the Bradford assay
(Bradford, 1976). The concentrations of neonicotinoids were finally expressed as mass unit of
neonicotinoid (active ingredient) per that of tissue protein.

2.7. Data analysis

All data were presented as mean values with standard deviations calculated on six replicates.
The significance of differences in rhodamine-B accumulation (fluorescence data) and neonicotinoid
concentrations in the absence or presence of the model inhibitor verapamil, was assessed by
Student’s t-tests (p<0.05). The significance of differences in rhodamine-B uptake quotients were
tested by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (p<0.05). When
necessary, the data were transformed to ensure equal variances. Mean differences were considered
significant at p <0.05. Data were statistically analysed and plotted with the OriginPro software
package (OriginLab Corporation, USA).

3. Results

3.1. Acute (in vitro) exposures by insecticides

In isolated gills simultaneously incubated in 0.5 uM rhodamine B solution and graded
concentrations of formulated neonicotinoid insecticides (equimolar, 1-250 uM of active ingredients),
rhodamine accumulation data showed diverse effects of treatments (Fig. 2). Actara and Apacs (up to
290mg/L and 125mg/L product concentrations, respectively) did not evoke significant enhancement
of thodamine content (Fig 2A,C). Identical treatment with Kohinor and Calypso applied in the same



6

range of concentrations (a maximum of 320 mg/L and 125 mg/L, respectively) resulted in (up to 350
%) accumulation increase of rhodamine B (Fig. 2B,D).

Isolated gill tissues were also incubated in selected doses of insecticide solutions without
rhodamine to determine the accumulated neonicotinoid ingredients in the tissues treated by
formulations (Fig. 3). Analytical measurements showed about the same magnitude of neonicotinoid
concentrations in tissue homogenates after Actara, Apacs and Kohinor treatment (thiamethoxam,
clothianidin and imidacloprid, respectively) as seen on Fig. 3A,B,C. The gill samples incubated in
Calypso by the same protocol, however, showed about a magnitude higher level of thiacloprid (Fig
3D). Moreover, co-incubation of tissues in Actara, Apacs and Calypso with verapamil resulted in
significantly higher levels of their neonicotinoid components (Fig A,C,D), while verapamil in
Kohinor treated samples did not result in increased accumulation of imidacloprid (Fig. 3B). While
comparing the insecticide products as MXR substrates by the assay protocol (R ratio, meaning the
accumulation of the active ingredients with and without verapamil) a ranking order could also be
established: Calypso>Apacs>Actara (R=0.32 £0.11, 0.51 £0.10, 0.62 + 0.23; mean = SD; n=6).

3.2. Chronic tretaments, in vivo exposures

MXR activities in gill tissues were also assayed after the intact animals were exposed in
lower (1, 10 mg/L) concentrations of formulated insecticides. Data from in vivo chronic treatments
showed similar trends, decreasing rhodamine accumulation during the longer time exposure,
although quantified data also revealed differences in the effects of the insecticides applied.
Exposures of the intact animals in Apacs and Kohinor (10mg/L) resulted in significantly lower levels
of rhodamine accumulation (seen as decreased uptake values on Fig. 4A2,B2), but the decreased
uptake level of Calypso treated samples did not show significance (Fig. 4C2). Although the
rhodamine accumulation in verapamil treated tissues also slightly decreased, the differences in
accumulation data between the sample groups incubated in rhodamine alone (Fig 4, A1,B1,C1; Rod)
and in verapamil (Fig. 4A1,B1,C1; Rod+Ver) were actually enhanced. Increasing inhibitory effects
of verapamil is well demonstrated by comparing the R ratios, which were significantly lower in
samples treated in 10mg/L Apacs for 14 days (Fig. 4A2). Longer (up to 32" days) exposure in
Kohinor however, also demonstrated a time dependent decrease of both the uptake quotient (Fig.
5A) and the R2/R1 ratio, comparing treated samples with the same day control (Fig. 5A, right axis).
While comparing the efficacy of the insecticides we applied, quantitative data revealed that the
Apacs-treated samples displayed the stronger (significant) decrease of both accumulation and
verapamil inhibition, while Calypso treatment resulted much less, not significant alterations of the
same parameters (Fig. 5B).

4. Discussion

4.1. Experimental results

Summarized in vitro results revealed rather diverse effects of different insecticide products
while testing (in vitro) on isolated gill tissues. Actara and Apacs did not alter the MXR activity
(assessed by rhodamine accumulation data), but chemical analysis of verapamil treated samples
suggested, that their active ingredients, thiamethoxam and clothianidin, respectively, are very likely
substrates of the MXR mechanism.

Applying Kohinor and Calypso resulted in an accumulation increase of rhodamine B in
isolated gill tissues, similarly to the dose-dependent enhancement of rhodamine concentration in the
presence of the MXR inhibitor verapamil (Cornwall et al., 1995). Very recently Wathsala, et al
(2018) suggested reduced MXR activity by higher rhodamine accumulation following an identical
co-incubation protocol of styrene on treated mussel embryos.
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These results, however, provide no direct evidence against that the active component of
Kohinor, imidacloprid is transported intracellularly but the lack of verapamil effect on imidacloprid
accumulation indicates, that this neonicotinoid is not transported extracellularly by the MXR
mechanism. Chemosensitizers (MXR, MDR inhibitors), are not necessarily substrates of the efflux
system, as they may interact either on the substrate binding site or the regulatory part of the
transporter (P-gp, MRP) molecules (reviewed by Epel et al., 2008; Buss and Callaghan, 2008; Kurth
etal., 2017).

Calypso, however, provided some contradictory results, while comparing in vitro rhodamine
accumulation assays with the analytical measurements. Calypso treated tissues showed increasing
accumulation of rhodamine suggesting competitive inhibition of the transmembrane efflux, but the
higher concentration values of thiacloprid in the presence of verapamil clearly indicated the activity
of the MXR system. Additionally, although all insecticid products were applied in equimolar
concentrations of their active components (thiamethoxam in Actara, clothianidin in Apacs, etc), the
thiacloprid levels in Calypso incubated tissues were measured in magnitude higher concentrations
compared to the neonicotinoid levels of tissues treated by Actara, Apacs or Kohinor.

Based on literature data we may also consider the role of formulating chemicals, in Calypso
particularly, the (10%) glycerol content according to the safety data sheet (MSDS Canada). Glycerol
is known to facilitate membrane permeability of lipids and fluorescent dyes without affecting their
viability (Doan and Obbard, 2011; Natunen et al., 2015; Aleman-Nava et al., 2016). We cannot
exclude a non-selective permeability enhancement resulted by the glycerol content in Calypso
leading to higher accumulation of both rhodamine B and the active component, thiacloprid. Easier
penetration through the gill tissue membranes may also increase the efficacy of the energy
demanding MXR efflux mechanism, suggested by the lowest R value of thiacloprid accumulation
compared with other neonicotinoids the active components of Actara and Apacs (thiamethoxam,
clothianidin, respectively).

During chronic experiments (in vivo exposures) of intact animals at lower (1, 10 mg/L)
insecticide concentrations (which did not significantly affect the physiology of intact animals,
neither the rhodamine uptake by in vitro exposures) Actara and Apacs proved to be the most
effective insecticides to decrease rhodamine accumulation and increase verapamil effect, all
suggesting enhanced MXR mechanisms after longer exposure. Kohinor had similar effects, but
required a longer time to build up significant changes. Calypso, although by in vitro results its active
component apparently behaves as a substrate of the MXR system, during similarly long exposure
duration, only evoked slight, but not significant changes in the parameters measured (uptake quotient
and R value).

Increased MXR activity is usually due to enhanced gene expression/translation of the
transmembrane (P-gp or MRP) proteins, but initially it requires intracellular activation of the PXR
receptors, acting as a transcription factor (reviewed by Jeong et al., 2017). Based on our summarized
data, we assume that the neonicotinoids (the active ingredients of the products) of the insecticides
tested are initially taken up intracellularly, and stimulate the PXR receptors responsible for enhanced
gene expression for MXR activation.

4.2. MXR and neonicotinoids

Although the broad substrate specificity of both the cellular uptake and the ABC protein
controlled efflux mechanism is well established (Bain et al., 1997; Dobson et al., 2009; Kell, 2015;
Buss and Callaghan, 2008), only a very few experimental data are available, suggesting interactions
of neonicotinoids with these transmembrane systems. Dose-dependent, saturable uptake and ATP-
dependent efflux of acetamiprid and imidacloprid has been demonstrated using human tissues
(Brunet et al., 2004, 2008). Selective accumulation of acetamiprid is also published both in



invertebrate (Gammarus, Lymnaea) and vertebrate tissues (Nyman et al., 2014; Terayama et al.,
2016). There is even less indirect data in the literature to suggest that neonicotinoids are also
substrates of the MXR (MDR) mechanisms. MXR inhibiting compounds, including verapamil,
orally administered to honey bees resulted in higher mortality to imidacloprid-, acetamiprid-, or
thiacloprid-containing neonicotinoid insecticides (Hawthorne 2011; Guseman et al., 2016).

To our best knowledge we provide the first results regarding accumulation and verapamil
inhibition data in tissues treated with neonicotinoid insecticides. As a result, we conclude that some
neonicotinoid ingredients act as MXR substrates (thiamethoxam, clothianidin, thiacloprid), while
formulating product may directly inhibit the MXR system as chemisensitizers (Kohinor) or enhance
MXR activity during longer exposures as chemostimulators (Actara, apacs, Kohinor).

4.3. Environmental significance

While testing neonicotinoid insecticides we used commercially available formulations where
the active ingredients are present in combination with other, additional components (solvents,
emulsifiers, etc). To establish general toxicity and cellular/molecular mechanisms behind these
effects, laboratory assays mostly apply the active ingredients, but agrochemicals, including
neonicotinoids in the field, appear as formulations, complex mixtures of chemicals. Comparative
studies suggest that formulated products often evoke stronger effects (higher toxicity) compared to
pure ingredients (Margues et al., 2012; Neves et al., 2015).

The complex effects of the insecticides tested in our laboratory experiments may also result
in different environmental consequences when applied as agrochemicals. Higher concentration
ranges usually correspond with the stock solutions of insecticides by manufacturer’s
recommendation or could appear during accidental leakage or misuse of the products. As our results
suggest, in this situation neonicotinoids may act as chemosensitizers, making the organism more
sensitive to other xenobiotics that appear simultaneously in the same environment (Hawthorne et al.,
2011; Anselmo et al., 2012; Guseman et al., 2016). These synergistic effects of combinations of
pesticides and other harmful chemicals may result in unfavourable effects (impaired physiological
functions, mortality) at lower concentrations than assessed by laboratory data (Sgolastra et al.,
2017).

Low concentration, but longer time exposure of insecticides, when MXR activity is
enhanced, may counteract with (or partially compensate) the harmful effects of other environmental
pollutants. However, they also potentially contribute to the development of a higher resistance
against other agrochemicals (herbicides, fungicides, efc) requiring higher application dose and
posing higher environmental risk (Bard, 2000; Buss and Callagham, 2008).

Earlier electrophysiological results (Vehovszky et al., 2015) provided evidences that
similarly as in the insects, neonicotinoids also target the nicotinic type acetylcholine receptors
(nAChRs) in the central nervous system of the pond snail, Lymnaea stagnalis. Our recent results
show additional data that neonicotinoid insecticides may also alter the transmembrane transport
mechanisms of the cellular defence, the multixenobiotic (MXR) system in molluscs.
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Fig. 1. Experimental setup for MXR assay A. In thodamine B (R) solution the fluorescent dye is
accumulating intracellularly by gradient-controlled uptake (), while MXR provides an efflux () to
remove rhodamine against the concentration gradient (Al). Verapamil (V) inhibits the MXR,
resulting in enhanced accumulation of rhodamine (A2). B. Fluorescence data show that rhodamine
accumulation (Rod) is increased in gills simultaneously co-incubated in verapamil (Rod+Ver). Data
(on y axis) are expressed as fluorescence unit per mg tissue protein. *** (p < 0.001) denote
significant differences in rhodamine content of samples (Student’s #-test). (n=6, mean + SD).
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Fig. 2. Effects of equimolar, graded concentrations of neonicotinoid insecticides on
rhodamine accumulation in isolated gills. The uptake quotients (%) do not show significant changes
in samples incubated in Actara (A) and Apacs (C) but the gills incubated in Kohinor (B) and
Calypso (D) show significant increase. Note the same concentration ranges (formulated products,
mg/L) of Apacs and Calypso (A, B) and also Actara and Kohinor (C, D), respectively. The
significance of treatments on rhodamine uptake versus control was assessed by ANOVA followed
by Tukey’s post hoc test with Bonferroni correction (* p <0.05; ** p <0.01; *** p <0.001).
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Fig. 3. Analytical measurements show accumulation of thiamethoxam (A), imidacloprid (B)
clothianidin (C) and thiacloprid (D) in isolated gill tissues incubated in Actara, Kohinor, Apacs and
Calypso, respectively. Incubation concentrations are expressed as mg/L of the formulated product,
corresponding with equimolar concentrations of its active neonicotinoid component (e.g. 6mg/L and
60 mg/L concentrations of Actara correspond with SuM and 50 uM thiamethoxam content). Higher
levels of neonicotinoids in samples co-incubated with verapamil (+V) are significant in A, C and D.
Values on Y axis show the measured neonicotinoid concentrations (active ingredients) expressed as
pg neonicotinoid per mg tissue. * (p < 0.05), ** (p <0.01) and *** (p < 0.001) indicate significance
levels between samples (Student’s #-test).
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Fig. 4. Fluorescence data of sample experiments with Apacs (A1) and Kohinor (B1) and Calypso
(C1) on the 14 day of exposure show decreased rhodamine concentrations in gill tissues (Img/L,
10mg/L treatment) compared with control group; * (p < 0.05), ** (p < 0,01) and *** (p < 0.001)
indicate significant differences in rhodamine accumulation (Student’s #-test). The uptake quotients
are significantly lower in samples treated with 10 mg/L Apacs (A2) and 10mg/L Kohinor (B2) but
only 10 mg/L Apacs resulted significant decrease of verapamil inhibition (lower R value, A2),
(ANOVA, Tukey’s post hoc test (* p <0.05; ** p <0.01; *** p <0.001)).
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Fig. 5. A. Time- and dose-dependent decrease of rhodamine accumulation expressed in uptake
quotients (calculated as percentages of control) demonstrates gradually decreasing rhodamine
accumulation during the (1, 10 mg/L) Kohinor treatment (ANOVA, Tukey’s post hoc test: a (p <
0.01); b (p < 0.05); c (p < 0.01)). Decreasing values of R2/R1 ratio (on right axis) compares
verapamil inhibition of 10 mg/L treatment (R2) and control (R1). B. Summarized data compare the
same (14™) day uptake quotients (relative to control, as 100 percent), showing the greatest effect,
significant decrease of uptake compared to control by in Actara and Apacs treatments. Values on the
right axis (R2/R1) similarly suggest the most enhanced MXR activity in Actara, Apacs and Kohinor
but not in Calypso (ANOVA, Tukey’s post hoc test: * (p < 0.05); ** (p <0.01)).



