. UNIVERSITA
= DEGLI STUDI
=" DI TORINO

[T1S AperTO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

The interaction of SiO2 nanoparticles with the neuronal cell membrane: activation of ionic channels and calcium
influx

This is a pre print version of the following article:

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1693953 since 2019-06-05T18:07:10Z

Published version:
DOI:10.2217/nnm-2018-0256
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available under a
Creative Commons license can be used according to the terms and conditions of said license. Use of all other works
requires consent of the right holder (author or publisher) if not exempted from copyright protection by the applicable law.

(Article begins on next page)

15 December 2021



The Interaction of Si0, Nanoparticles with the Neuronal Plasmamembrane: the Biophysical Basis

of Modulation of Ionic Currents and Calcium Influx

Carla Distasi** Marianna Dionisit, Alessandra Gilardino, Roberta Bardini, Federico A.
Ruffinatti, Susanna Antoniotti, Federico Catalano, Eleonora Bassino, Luca Munaron, Gianmario

Martra, Davide Lovisolo

Prof. C. Distasi, Dr. M. Dionisi, Dr. F. A.Ruffinatti, Dept. of Pharmaceutical Sciences, University
of Piemonte Orientale "A. Avogadro", Via Bovio 6, 28100, Novara, Italy

Prof. L. Munaron, Prof. D. Lovisolo, Dr. A. Gilardino, Dr. S. Antoniotti, Dr. R. Bardini, Dr. E.
Bassino, Dept. of Life Sciences and Systems Biology, University of Torino, via Accademia

Albertina 23, 10123 Torino, Italy

Prof. G. Martra, Dr. F. Catalano, Dept. of Chemistry, Torino, University of Torino, Via P. Giuria 9,
10125, Italy

Prof. G. Martra, NIS Interdepartmental Center, University of Torino, Italy

*These two Authors contributed equally to the paper
*To whom correspondence should be addressed

Prof. Carla Distasi, Dept. of Pharmaceutical Sciences, University of Piemonte Orientale "A.

Avogadro", Via Bovio 6, 28100 Novara Italy
Phone ++39 0321 375810  Fax ++39 0321 375821

carla.distasi@uniupo.it

Dr. Federico A. Ruffinatti present address: Dept. of Neuroscience, University of Torino, Via

Cherasco, 15, 10126 Torino, Italy

Dr. Roberta Bardini present address: Dept. of Control and Computer Engineering, Polytechnic

University of Turin, Corso Duca degli Abruzzi 24, 10129 Torino, Italy

Dr. Federico Catalano present address: Italian Institute of Technology, Central Research

Laboratories, Via Morego 30, 16163 Genova, Italy



Abstract

Si0; nanoparticles (SiO> NPs) are one of the most promising tools in the field of nanomedicine. In
this perspective the knowledge of the mechanisms of interaction between the SiO? NPs and their
targets is a prerequisite to the rational design of safe and efficient nanotools for laboratory and
clinical applications. We have previously shown that non-toxic doses of 50 nm SiO> NPs induce
strong and long lasting calcium influx together with membrane potential depolarization and
modulation of the electrical activity in GT1-7 neuroendocrine cells. In the present paper we
investigated which calcium-permeable channels are responsible for these events. We combined
calcium imaging and patch clamp techniques (both whole cell and outside out recordings) with a
pharmacological approach to obtain a detailed biophysical characterization of the multiple pathways
activated by SiO2 NPs. We provide evidence that TRPV4, Connexins and Pannexin-like channels
are the major components of inward currents elicited by the NPs. Furthermore, pre-incubation with
the antioxidant N-acetyl-L-cysteine (NAC) strongly reduced the [Ca?']; increase. Our findings
suggest that Si0> NPs directly activate a complex set of calcium-permeable channels, possibly by

catalyzing free radicals production.
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Introduction

S10; nanoparticles (NPs) are one of the most promising tools in the field of nanomedicine because
of their good biocompatibility!!! and have already been employed in several applications from drug
delivery!?! to cell tracking and imaging.!’l We have previously reported*! that cyanine dye doped,
fluorescent silica NPs, displaying high yield and extremely stable photoemission, can be
incorporated at nontoxic doses into neuronal cells. These properties are particularly attractive for
nanoneuromedicine, that deals with highly sensitive and delicate biological material, both at the cell
and at the organ level. In this context, the understanding of the mechanisms of interaction between
the NPs and their targets as well as of the cellular and molecular responses elicited by these
interactions is a prerequisite to the rational design of safe and efficient nanotools for both laboratory
and clinical applications. At the nanoscale, the exploration of the laws that govern the interaction
between inorganic particles and biological structures such as membrane proteins is still moving its
first steps. A lot of information has to be gathered to set on solid ground the generalized use of
nanoparticles in basic and applied biology, and specifically in the highly sensitive field of
neuroscience. One of crucial parameters known to be affected by interaction of nanoobjects with
cells is the intracellular free calcium concentration, [Ca®*];, controlling a plethora of signaling
pathways, particularly in neuronal cells.[’ We have previously shown that nontoxic doses, 50 nm
SiO> NPs elicit strong and oscillatory increases in [Ca®*]; in a neuronal cell line, GT1-7 cells; these
signals are reversible even in the continued presence of NPs,[® fully dependent on calcium influx,
and carried at least partially through Transient Receptor Potential V4 (TRPV4) channels even if
other, up to now unidentified channels are involved. These data were obtained by means of a
calcium imaging approach that, even if useful for a phenomenological description of the process on
a population scale, cannot provide a complete and detailed biophysical characterization of the
properties of the multiple influx pathways activated by the NPs. The adequate approach is
electrophysiology, but data about patch clamp recordings from cells, and particularly neurons,
exposed to acute applications of NPs are quite scarce and limited; most of them refer to effects on a
specific current, isolated from the whole cellular response.[’! Recently,!® combining single cell patch
clamp measurements with long term recordings of electrical activity with multielectrode arrays we
provided evidence that, at nontoxic concentrations,*! SiO, NPs evoke a transient depolarization of
the membrane potential, leading to a modulation of action potential firing, without any change in
gene expression. In the present paper, we go further and provide evidence that the interaction of
NPs with the neuronal membrane directly activates a complex set of ionic channels permeable to

calcium; moreover, we describe a main mechanism involved in their activation.



Results
Silica particles

The nanoparticles mainly considered in this work were of bare silica, highly homogeneous in
spherical shape and in diameter, of 50 + 2 nm, of the type already used in previous
investigations.[*8 These nanoparticles will be labeled as SiO»-50 nm NPs. Moreover, selected cell
tests were also carried out using two other types of SiO» spherical particles: 1) nanoparticles
functionalized with —-NH> groups, in order to impart different surface properties, namely in terms of
C-potential, with only a quite limited change in size (55 + 3 nm)[%! (hereafter: NH>-SiO»-55nm NPs),
and ii) commercial microparticles about 2 um in size.[® TEM and SEM images of the three types of

particles are shown in the Supporting Information, hereafter SI, Figure S1.

The material features relevant for this work (C-potential, size and dispersion/agglomeration state in

the media used for presenting the particles to the cells are listed in Table 1).

SiO: NPs elicit long lasting inward currents in GTI-7 cells

In the voltage clamp mode, the holding potential was set at -50 mV (the reversal potential for CI°
ions with standard Tyrode extracellular and K* aspartate intracellular solutions, see Experimental
Section), in order to exclude any contribution of CI ions to the NP-induced currents. In these
conditions the inward currents could be univocally ascribed to influx of cations into the cell. In 34
cells perfusion with Si02-50 nm NPs (20 pg mL™") induced the activation of an inward current,
characterized by a noisy behaviour (Figure 1 A,C); peak current density, expressed as median and
interquartile range, was: M= -7.80 pA pF-!, IQR = [-14.80; -4.35] pA pF"!' (n = 34). Information
about the currents was obtained by subtracting the current-voltage (I-V) relationship recorded in
control conditions from the one recorded during the response. The I-V curves of the NP-activated
currents of Figure 1 A,C are shown respectively in Figure 1 B,D. In most cases, the I-V curves
showed a more or less marked outward rectification; the reversal potential (Vievy) was analyzed in 16

cells and was M =-1.7, IQR = [-12.4; +8.7] mV (Table 2).

In 19 out of 24 cells openings of large conductance single channels were clearly detectable (Figure

1C, inset). The amplitude histogram of the elementary events in shown in Figure 1E.

The currents were only partially reversible after NP removal, at least for the duration of the

recordings (up to 30 min).



When the cells were challenged with 2 um SiO»> microparticles (to assess the role of size), no
current was recorded (n= 5, Table 2 and Figure 1F). Similarly, perfusion with NH>-SiO>-55nm NPs
(to assess the role of surface charge) failed to induce an inward current in 7 out of 12 cells (Figure
1F); in 5 cells, either sporadic events and/or low amplitude inward currents could be observed
(Table 2 and SI Figure S2).These findings are in agreement with those previously reported(®! with a
calcium imaging approach, and provide evidence for a lack of nonspecific perturbation of the cell

membrane following exposition to the SiO2 NPs.

The above protocol was repeated with a lower concentration of the same SiO2 NPs (0.5 ug mL™!): in
5 out of 29 cells, no detectable change in the current baseline was observed; in the other 24 cells,
the NPs elicited currents of similar time course, but with a significantly lower peak current density
(Table 2; p-value = 0.0004, Mann-Whitney U test, two tailed, unpaired). An example is shown in SI
Figure S3.

We have previously shownl® that the calcium signals could be also recorded when the NPs were
dispersed in DMEM medium, in which the agglomeration is sharply reduced (Table 1). This finding
was confirmed in electrophysiological experiments: when dissolved in DMEM, Si0,-50 nm NPs
(20 ug mL!) elicited and inward current similar to those observed in Tyrode solution (n = 5). A

representative recording is shown in SI Figure S4.

In order to better characterize the inward current, a further set of experiments was performed on
cells bathed in an external solution containing 20 mM tetraethylammonium (TEA) and internally
perfused with a pipette solution in which K™ was substituted with Cs* (see Experimental Section), to
block outward currents through K*-selective channels. Figure 2 A,C show two typical experiments
out of 31 similar recordings. In these conditions the I-V relationships of NP-activated currents were
in most cases linear (Figure 2 B); Viev was M= -2.8, IQR=[-10.0; +5.5] mV (n=26). Mean peak
current density was significantly lower than in Tyrode solution (Table 2; p-value = 0.018, Mann-
Whitney U test, two tailed, unpaired; since the same control group of peak amplitudes in Tyrode
solution has been used twice, p-value has been corrected for multiple comparisons). The response
was only partially reversible. Single channel opening events could again be resolved (Figure 2 C).

The amplitude histogram of the elementary events in shown in Figure 2 D.

Effects of channel blockers

The currents activated by the NPs, both in physiological solutions and in the presence of K* channel

blockers, showed some peculiar features, such as an irregular evolution in time, a marked noisy



behavior and the occurrence of single channel unitary events of amplitude of about 10 pA in whole
cell configuration. These features point to a complex process involving the activation of multiple
channel types. In a previous paperl®! we reported that the NPs-induced calcium signal could be
reduced by TRPV4 blockers. As for openings of the large conductance channels recorded in whole
cell configuration, potential candidates are, among others, members of the connexin (Cx) and/or
pannexin (Panx) families.’”’ Among connexins, GT1-7 cells express at least Cx26 and Cx43,1!% two
proteins that can form gap junctions as well as hemichannels. Panxs are widely expressed in the
nervous system,*>! ' but, to our knowledge, no data are currently available for GT1-7 neurons.
Interestingly, in a different experimental model (cultured cortical astrocytes), it has been reported!'?!

that ultrafine carbon black activates Cx43 and Panx1 channels.

In order to evaluate the involvement of these channels, we used a pharmacological approach. We
preliminary analyzed the effects of these blockers on NP-induced calcium signals by means of
calcium imaging experiments on cell populations. As a first step we tested the effects of Gd**, a
known blocker of TRPVs and other calcium permeable channels!'3! and of several connexins.['* Its
effectiveness as a blocker of pannexins is controversial: some Authors!!>! reported lack of blockade
of dye uptake through Panx1, while others!!®) ascribed a reduction in ATP release from lymphocytes
to Gd** block of Panx1. Since it is known that polyvalent ions can induce nanoparticle
agglomeration in suspension!!”! we preliminarily checked the aggregation effects by Dynamic Light
Scattering at different concentrations of Gd**. Concentrations in the range 50-100 pM are used by
some Authors.l'#1%18]1 Ag can be seen in Table 1, agglomeration was strongly increased by 100 uM
Gd3", above the detection range of the instrument. At 10 uM, a more detailed analysis revealed a
bimodal distribution: while a very small fraction of extremely agglomerated NPs was present, the
majority were even less agglomerated than in normal Tyrode (Table 1). For these reasons we
employed 10 pM Gd*", a concentration still compatible with the blocking activity on TRPV and Cx
channels.['#%1°] Tn 4 experiments (354 cells), in the presence of 10 uM Gd**, NPs failed to induce a
detectable increase of [Ca®*];. Upon blocker removal and in the continued presence of the NPs, we

observed a strong increase in [Ca**];.(Figure 3A, upper and lower).

A second approach was to combine Ruthenium Red (RR), another blocker of several types of TRP
channels including TRPVs!2%! and carbenoloxone (CBX), blocker of Cxs and Panx1 channels.’®
15211 Specifically, we used 50 uM CBX and 5 uM RR.['2221No relevant change in [Ca®']; levels was
detected upon addition of the blockers to the medium. On the other hand, the [Ca?']; increase
induced by SiO>-50nm NP was strongly reduced but not totally abolished in some cells. For this
reason we performed a quantitative analysis by evaluating the area under the curves representing the

time courses of the cytosolic calcium concentration after NP administration. Responses induced by



the NPs in the presence of RR and CBX (693 cells from 6 different experiments) were compared
with a control group (response in the sole presence of NPs; 457 cells from 6 different experiments).
The average [Ca®']; increases in the two conditions are compared in Figure 3B, upper; individual
traces from one control experiment and one performed in the presence of the blockers are in Figure
3B, lower. For both conditions, areas were evaluated within an integration time interval of 10
minutes starting from the onset of the averaged response and represented by frequency histograms
in Figure 3C. Statistical analysis confirmed that the combined administration of 50 uM CBX and 5
UM RR exerted a strong and significant reduction in [Ca?"]iincrease following NP administration
(Mann-Whitney U Test, p-value=1.4-10"2, effect size 7=0.71). Further analytical and statistical

details are provided in Supporting Information, Methods.

The same blockers were tested in whole cell patch clamp experiments, with the same intracellular
and extracellular solutions as in Figure 2. Figure 3D shows that in the presence of CBX and RR the
current was completely and reversibly abolished (n =5). Figure 3 E,F show an example (out of 11
cells) of reversible block of the NP-activated current following the acute application of 10 uM
Gd*.

Biophysical characterization of NPs-activated channels: TRPV4

In order to shed more light on the biophysical properties of the NP activated channels, we
performed experiments in the outside-out patch configuration. To confirm that NPs activate TRPV4
channels, we used GSK1016790A, a selective TRPV4 agonist!?*) with Cs*-aspartate solution in the
pipette and TEA chloride solution with added MEM supplements in the bath (see Experimental
Section). Figure 4A shows the simultaneous activation of TRPV4 channels at Vioig=-50 mV in
response to 500 nM GSK1016790A. The I-V curve, shown in Figure 4B, is outwardly rectifying
with a Viey = -8 mV, as expected for the cationic TRPV4 current.!**| Examples of single channel
inward currents and the corresponding amplitude histograms are plotted in Figure 4C (same
experiment as in B). Current amplitudes from the traces was respectively -2.2, -1.9 and -1.7 pA, in
agreement with previous studies. Figure 4D shows an example of single channel I-V obtained from
another outside-out experiment, in the presence of a lower concentration (25 nM) of the agonist.
The resulting outward rectifying I-V curve shows a Viey of -4 mV and current amplitudes of -1.8 pA
at -50 mV and of +8.1 pA at +100 mV. Moreover, we obtained similar results for both mean patch
current and single channel unitary current in experiments in which we applied RR to block the

GSK1016790A activated currents (SI Figure S5A, B).



Finally, current amplitudes at -50 mV and +100mV and reversal potential (n=9) were respectively -
2.3+0.4 pA,+9.5+ 0.7 pA and -2.4 £ 4.2 mV. In conclusion, in our experimental conditions,
TRPV4 single channel conductance for outward and inward currents values are respectively 90-100

pS and 40-50 pS (Table 3).

Subsequently we challenged outside-out patches with 20 ug mL™' SiO» NPs. Figure 4E shows the
activation of a cationic inward current at Vioia =-50 mV. Importantly, this result obtained on
isolated patches provides strong evidence that NPs act via a membrane-delimited mechanism to
activate ionic channels. Furthermore, we obtained the I-V relationship and the reversal potential of
the average patch NP-activated current (Figure 4F). The resulting curve showed a Viey =4.5 mV;
Figure 4G shows the single channel I-V relationship obtained from the same patch (i-so = -1.8 pA,
1100= 6.3 pA, Viev = 5 mV). The NP-activated inward current was blocked by RR (Figure 4H).
Supporting Information Figure S4C, D show the I-V relationship of respectively the mean patch
current and the single channel current blocked by RR.

Finally, amplitude at -50 mV and +100 mV and reversal potential of the single channel currents
were respectively of -2.15+ 0.2 pA, 11.0+ 1.1 pA and 3.2 + 2.4 mV (n=11, Table 3). These values
do not significantly differ from those obtained for TRPV4 (Welch’s t-test, p-value = 0.67 for
comparison at -50 mV, p-value = 0.25 for comparison at +100 mV, two tailed, unpaired),
suggesting that TRPV4 channels are actually one the calcium-permeable channel types that are

activated, via a membrane-delimited mechanism, by SiO2-50nm NPs in GT1-7 neurons.

Biophysical characterization of SiO>-NPs-activated channels: large conductance nonselective

channels

Whole cell and calcium imaging experiments showed that Gd** or RR+CBX block almost
completely the NP-activated inward currents and calcium influx. These data point to the involment
of connexins and pannexins as the main large-conductance calcium-permeable channels activated in
response to NPs. In the absence of NPs in the external solution, large conductance nonselective
channel activity was detected in 5 out of 42 outside-out experiments. An example is shown in SI
Figure S6.

On the other hand, large conductance channel activity in response to NPs perfusion was measured
in the majority of the experiments (in 3 out of 4 with 0.5 pg mL! and in 13 out 14 with 20 ug mL-
1. Figure 5A shows an example of the channel activation in the presence of 0.5 ug mL™! NPs. Here
and in the trace with an expanded time scale (figure 5B), the activation of unitary single channel
events of -12 pA was suddenly followed by a steep activation of additional inward currents of about

-67 pA and then of -34 pA. Figure 5C shows the single channel I-V relationship obtained during the



opening of the channel of unitary current amplitude of -12 pA: the conductance was 233 pS and the
reversal potential +0.5 mV. Finally, the best fit of the amplitude histogram distribution of the single
channel trace shown in the inset (fig 5D; same events as shown at the end of the record of figure
5B) indicates a fully open state of -34 pA (about 680 pS; see below) and two current sub-levels.

In a second set of experiments we analyzed the responses to 20 ug mL™! NPs. Figure 5E shows a
series of bursts of single channel currents recorded in the presence of 20 ug mL™!' NPs and of the
TRPV4 antagonist HC-067047!231in the bath solution (10 uM), which well illustrates several sub-
conductance states and loop-gating events, 1.e. transitions between an open and the fully closed state
that occur through a number of meta-stable intermediate conductance states with a slow, measurable
time coursel?®!, The best fit of the amplitude histogram distribution (Figure 5F) of the single channel
trace indicates a main open state of -15.9 pA, but single channel events of -20 pA and even larger
could be detected (arrows in E). Figure 5G, obtained from the same experiment as in E, shows the
single channel I-V relationship. The curve was fitted with two regression lines yielding a
conductance state of 300 pS (blue line) and another of 220 (red line).

In 5 experiments, NPs activated also channels of higher conductance (see also above, fig 5B) and
with different biophysical properties. Figure 6A shows a current trace, recorded in the presence of
20 ug mL! NPs and 5 uM RR. The I-V relationship in fig 6B shows a strong outward rectification
for Vm > 50 mV and Viey=-7.8 mV. In the expanded traces shown in the lower part of fig 6A single
channel openings could be observed, with a current amplitude at Vm -50 (red lines) of -29 pA (687
pS).

In conclusion, the data provide evidence that SiO, NPs activate most frequently channels with a
conductance in the range of 200-250 pS and in the range of 300-350 pS (Table 3). These data are in
agreement with those reported in previous papers for Cx43 and Cx26.2"1In addition, we also
recorded nonselective channels with an outwardly rectifying [-V relationship, with a very large
conductance in the range of 600-700 pS at -50 mV (Table 3), properties comparable to those

described for Panx channels.!!1¢.262.28]

SiO:> NPs induce lipid peroxidation in GT1-7 cells

Production of free radicals, and in particular lipid peroxidation, has been reported to be activated by
the interaction of several kinds of NPs with different cell types;?°! this pathway may be in turn
involved in the activation of some of the channels we described in the previous sections. To
investigate this potential mechanism, GT1-7 were treated with SiO>-50nm NPs (20 pg mL™") for 30

min, and the changes in lipid peroxidation were evaluated by means of the Click-1T® Lipid



Peroxidation Imaging kit (see Experimental Section). As shown in Figure 7A, the treatment
triggered a significant increase (p-value=0.003) in lipid peroxidation over the basal value, while cell
preincubation with 1 mM of the antioxidant N-acetylcysteine (NAC) significantly reduced (p-
value=0.04) the response (Welch’s F-test and Games-Howell post hoc test).

These protocols were performed by adding the NPs to the medium in the culture dish, differently
from all the other experiments in which the NPs were administered by microperfusion. A set of
control tests (SI Methods and Figure S7) allowed to confirm that there was no significant difference

in the actual NP concentration.

Preincubation with NAC affects the calcium increases induced by 20 ug mL™' SiO, NPs

To evaluate the effects of NAC on calcium signals induced by SiO> NPs we performed further
calcium imaging experiments in which GT1-7 cells were challenged with 20 ug mL™! SiO> after 30
min of preincubation with 1 mM NAC. Specifically, we recorded [Ca?*]i time course from 434
NAC-preincubated cells (from 7 experiments) and compared the responses elicited by NPs with the
same set of control traces already used to assess the effect of RR and CBX. NAC preincubation
caused a strong reduction of NP-induced calcium signals, as shown by the average traces in Figure
7B; Figure 7C shows 4 representative traces from 2 different experiments (one in control conditions
and one with NAC preincubation). The area between each trace and its baseline was evaluated by
the same approach previously described; Figure 7D shows the frequency distributions of the areas
measured in the two experimental conditions. Similarly to what observed with RR/CBX blockers,
the effect of NAC as compared to the control condition was striking, leading to a nearly complete
suppression of the response in most of the observed cells (Mann-Whitney U Test, p-value=9.1-10
82, effect size r=0.64). Further analytical and statistical details are provided in Supporting

Information, Methods.

Discussion

The detailed and quantitative assessment of the physiopathological responses elicited by
nanoparticles in cells and tissues is the prerequisite for determining which properties (in term of
composition, surface, size) have to be selected in view of a safe and effective use of these tools in
biomedical applications. The first and critical step of the interaction between these nanoobjects and
the cell resides at the plasmamembrane and its rich inventory of proteins that mediate the responses

to the changes in the extracellular environment. Among this inventory, a key role is played by ionic



channels, and specifically calcium permeable ones, that can activate both fast responses and long
term intracellular signalling mechanisms.3!In spite of their functional relevance, few reports are
available regarding the effects of NPs on neuronal channels: most refer to inhibition of voltage-
dependent Na* and K* channels, 7% while increases in Ina and Ik by ZnO NPs have been reported
at a relatively high concentration (100 pg mL").B""We have previously!® provided evidence that
S10,-50nm NPs, at nontoxic doses, activate in the GT1-7 neuroendocrine cell line strong and long
lasting increases in [Ca®*];, at least in part dependent on the activation of the calcium permeable
channel TRPV4, an integrator of different physical and chemical stimuli,’*?)and only marginally
affected by blockers of voltage dependent calcium channels. Therefore the object of the present
work was to provide direct evidence, using the patch clamp electrophysiological approach, for the
involvement of TRPV4 and to identify the other channels responsible of the NP-activated calcium

influx.

In whole cell experiments we have found that SiO>-50nm NPs (0.5 and 20 pg mL™") elicit inward
currents showing a noisy behaviour, with partial reversibility. The reversal potential, near 0 mV,
suggests the involvement of nonselective conductances. The striking observation of single unitary
macroscopic events even in the whole cell configuration pointed to the activation of large
conductance channels. To dissect the contribution of the different channel types we used a
pharmacological approach by means of blockers of TRPV4 channels, and of the connexin and
pannexin families of large conductance nonselective channels. By combining calcium imaging on
cell populations with whole cell and single channel recordings we show that the three major
components of the inward currents elicited by the interaction of the NPs with the neuronal plasma
membrane are carried by TRPV4 channels and Cx and Panx-like channels. All three classes of
channels described above are known to be involved in a wide spectrum of physiological and
pathological processes!!!©2°%3% and characterized by multiple activation mechanisms. In the present
case the most relevant is likely related to the production of reactive species, since we have shown
that lipid peroxidation is significantly increased after 30 minutes of NP exposure and that
preincubation with the antioxidant NAC strongly reduced the NP-induced [Ca?"]; increase. ROS are
involved in the activation of TRPV4;[*3Imoreover, ROS production has been observed downstream
of TRPV4-mediated calcium influx,*¥ thus providing a potential amplification mechanism. In
addition, some Cxs have been reported to open in response to generation of ROS and other reactive

species,’>331and the same holds for Panx channels.[°%3¢]

A relevant issue in the interpretation of our data is the finding that their activation has been
observed also in excised membrane patches, pointing to membrane-delimited pathways. One

explanation is based on the existence of plasmamembrane, constitutively active oxidases that



release oxides/peroxides in the extracellular medium;*”! a recent paper*® has reported that SiO,
NPs can generate "HO 1n the presence of H>O». Therefore, channels present in an excised patch can
be activated by the reactive species produced either locally or in the surrounding environment,
derived from the whole cell population. Interestingly, the Authors reported that in contrast with bare
Si0> NPs, aminated NPs did not catalyze ROS production: this is in agreement with our observation
that aminated NPs failed to induce detectable increases in [Ca®*]il%! and to activate inward currents
in most cells tested (see above). Additionally, more than one mechanism may coexist, in particular
for TRPV4: as discussed above, its activation could lead to intracellular ROS production, thus
explaining the strong contribution of this pathway to the observed cellular responses. The obvious
candidate is mechanotransduction, following membrane stretch due to the interaction with the NP.
TRPV4 is a polymodal channel, that can give an integrated response to different chemical and
physical stimuli.?? It is involved in the transduction of cell stretch and mechanical pressure, even if
it is still controversial whether it is activated directly by deformation of the membrane or by the
ensuing release of some membrane component that in turn acts on the channel.[*"]

Mechanosensitivity has been reported also for Panx channels.[*!]

Conclusions

In the present paper we report the first detailed electrophysiological characterization of the ionic
currents activated by the interaction of nanoparticles with the neuronal plasmamembrane and
identify the major channel types involved. Combining whole cell and single channel recordings
with calcium imaging we show that the response can be ascribed to two major components carried
respectively by TRPV4 and large conductance channels and point to the involvement of free

radicals production as one of the key actors in this process.

A peculiar feature of the results presented in this paper is that they have been obtained at NP
concentrations that we have previously shown to be nontoxic;!%%4?! a key question is whether the
same molecular actors may underlie toxicity at higher doses, given the potential amplification
pathways described above. In this light, recentlyl*}] it has been reported that SiO> NPs inhibit
TRPV4 following its activation with the agonist GSK1016790A in airway epithelial cells; however,
these findings were obtained with smaller (10 nm) particles with a C-potential of 20 mV; of greater
relevance, the concentrations used in native cell (100-3000 pg mL!) have been shown to be well
above the threshold for toxicity.[*? It is quite reasonable that at such high doses the interaction of

the NPs with the membrane involves radically different mechanisms. In any case, the information



presented here may be of general value, particularly for cells of the nervous system, since a similar

pathway has been reported for Panx1 activation by CB NPs in astrocytes.[!?]

Experimental Section
Materials

Lab-made silica nanoparticles, in the bare form (i.e. S10,-50nm NP) and functionalized at their
surface with amino groups (i.e. NH2-S10,-55nm NP) were prepared following the procedure
previously reported, ref 4 and ref. 6, respectively. In brief, in both cases SiO> NP were prepared by
the reverse microemulsion technique, using tetraethylorthosilicate (TEOS) as source of silica. For
the functionalization, (3-Aminopropyl) triethoxysilane (APTS) was added to the microemulsion
after the formation of NP. Microparticles were purchased from Corpuscular Inc.,

www.microspheresnanosphere.com
Characterization of (nano)particles

Size and shape of SiO2 NP were determined by transmission electron microscopy (Jeol 3010,
operated at 300 kV). Samples were prepared by dropping of aqueous suspensions of the NP on
TEM grids, supporting a lacey carbon film, and waiting until dryness. Histograms of the size
distribution of NPs were obtained by measuring ca. 200 particles, and the mean particle diameter
(dm) was calculated as dm = Zdini/Zn;, where n; was the number of particles of diameter di. The
results are indicated as dm * standard deviation. Microparticles were imaged by SEM (Zeiss EVO
50), observing an aliquot of the sample fixed on a conventional stub through a carbon conducting

biadhesive tape.

Dynamic light scattering (DLS) measurements, providing hydrodynamic radius values, were
carried out with a 90Plus Par-ticle Size Analyzer, laser wavelength 660 nm, detection angle 90, T =
20 °C). Materials were suspended (0.1 mg mL™") in the relevant aqueous media indicated in Table

1. Measurements were repeated in triplicate. In presence of large agglomerates in the micrometer
range, in some cases significant differences among repeated measurements occurred, because of the
much more complex scattering behavior!*4l. The same samples were used for {-potential
measurements by electrophoretic light scattering (ELS; Zetasizer Nano-ZS , Malvern Instruments).
Results are reported as mean value + standard deviation of five separate measurements each

resulting from 10 runs.



Cell culture

GT1-7 cells, an immortalized line derived from highly differentiated mouse gonadotropin-hormone
releasing hormone (GnRH) neurons (generously donated by Prof. P.L. Mellon), were plated either
on glass 32 mm cover-slips coated with 100 pg mL™! poly-I-lysine (for calcium imaging
experiments) or, for electrophysiological experiments, on uncoated plastic dishes (Falcon, Becton
Dickinson) at densities of 10,000 cells cm™2. The cells were maintained in Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with10% heat-inactivated fetal bovine serum (FBS;
Lonza), gentamycin (50 ug mL™"), and glutamine (2 mM) at 37°C, in a humidified atmosphere of
5% COz in air and then switched for 1 day to 0.5% FBS supplemented with B27 (Invitrogen), and

subsequently for 3-4 days to 0.5% FBS, to improve survival and differentiation.

Electrophysiology
Patch clamp

Conventional whole cell patch clamp recordings were performed at 22-25 °C in the voltage clamp
mode. In a first set of recordings, the cells were continuously superfused with a standard
physiological Tyrode solution of the following composition (in mM): NaCl, 154; KCl, 4; CaCl, 2;
MgCl, 1; 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES), 5; glucose, 5.5; NaOH to
pH 7.35. Composition of the pipette solution was (in mM): KCl, 15; CaCl,, 3; MgCly, 3;
4(2hydroxyethyl) -1-piperazine ethane sulfonic acid (HEPES), 5; KAsp, 118; EGTA, 5, Na;ATP, 5,
KOH to pH 7.35. Pipettes had a resistance of 2-5 MQ. In a second set, in order to abolish or reduce
the contribution of currents through K channels, the extracellular solution had the following
composition (in mM): NaCl, 134; tetracthylammonium chloride (TEACI), 20; KCl, 4; CaCl,, 2;
MgCls, 1; 4(2hydroxyethyl) 1 piperazine ethane sulfonic acid (HEPES), 5; glucose, 5.5; NaOH to
pH 7.35. Composition of the pipette solution was (in mM): CsCl, 20; CaCl,, 0,08; MgCla, 1;
4(2hydroxyethyl) 1 piperazine ethane sulfonic acid (HEPES), 10; Aspartic Acid, 100; CsOH, 100;
Na2ATP, 4; pH 7.35. A few control experiments were performed using DMEM as an extracellular
medium.

NPs (sonicated for 20 min prior to the preparation of the suspensions) and other agents were
dispersed in the solutions at the required concentration. Solutions were applied by means of a
microperfusion system connected to a set of five syringes containing the control and test solutions;
the perfusion pipette was located at several tens of microns away from the cell to be recorded, in

order to minimize mechanical perturbations.



Correction for junction potential was performed analogically. Data were collected with an Axopatch
200B amplifier (Molecular Probes, USA) using Clampex 10.2 and Axoscope 10.2 software and
sampled at 10 kHz and 1 kHz respectively. Current voltage (I-V) relationships were obtained from
protocols designed to inactivate the voltage-dependent inward currents expressed in these cells (see

SI Figure S8).

In the presence of NPs, whole cell recordings lasted from 5 to 40 minutes, durations comparable to
those obtained in control experiments in the absence of NPs.

For single channel outside out experiments, patch pipettes, with a resistance of 5-7 MQ, were filled
with the Cs-aspartate solution used for whole cell experiments. In preliminary experiments with the
extracellular solution containing 20 mM TEACI, we observed gigaseal (2-10 GQ) rupture very soon
after NPs perfusion. Therefore, in order to increase the duration of the experiments, based on the
rationale that NPs are less agglomerated when they are suspended in DMEM, ) we added MEM
supplements (Sigma) to the above solution. A control test (by means of dynamic light scattering,
DLS, see SI Methods and Table 1) showed that agglomeration was lower in this solution than in
Tyrode solution, even if greater than previously reported for DMEM.[6] Actually, this condition
enhanced the stability of the gigaseals, although the duration of the outside out patch recordings was
significantly shorter in the presence of 20 ng mL-1 of NPs (median and interquartile range: MNP =
158 s, IQRNP =[99; 216] s, n = 14) than in the presence of pharmacological agents in similar
experiments with the TRPV4 agonist GSK1016790A (MGSK = 346 s, IQRGSK = [260; 687] s, n =
28, p-value = 0.022, Mann-Whitney U test, two tailed, unpaired). Data were filtered at 1 kHz and
digitized continuously at a sampling frequency of 1 kHz with PClamp Axoscope software. Steady
state voltage clamp and ramp protocols from -120 mV to 100 mV were applied and digitized at 10
or 20 kHz with PClamp Clampex software. Data analysis was performed with OriginPro 9.1
software (OriginLab, USA). To obtain the I-V relationship and the reversal potential of the mean
current activated by the agonists, we subtracted, if not otherwise specified, the average of at least
ten current traces recorded in control conditions during ramp application (red curves in the figure
insets), from the average current recorded in the presence of the agonist (black curves in the figure
insets). Single channel I-V was obtained by subtracting the baseline (current ramp during closed or
blocked state of the channel, red curves in the insets) from a current ramp recorded during channel

opening (black curves in the insets).

Calcium imaging



Cells were loaded with the Fura-2 acetoxymethyl ester (2.5 M, 45 min, 37°C) and subsequently
shifted to a standard physiological Tyrode solution of the following composition (in mM): NacCl,
154; KCl, 4; CaCl, 2; MgCly, 1; 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 5;
glucose, 5.5; and NaOH (pH 7.35). The NPs were sonicated and dispersed in the Tyrode solution at
the required concentration. The solutions were applied with a microperfusion system. Cells were
imaged every 3 s at 37-C using a monochromator system attached to an inverted microscope with a
20x objective (SFluor, Nikon). Images were acquired using an enhanced CCD camera (PCO) and

the Metafluor software (Universal Imaging Co.).

Assessment of lipid peroxidation

GT1-7 cells were seeded at the initial density of 35000 cm™ in 96 well plates in DMEM
supplemented 10% FBS (Lonza). The medium was changed with DMEM plus 0.5% FBS
supplemented with B27 (Invitrogen) for 24 hrs and substituted with DMEM 0.5% FBS for three
days. Lipid peroxidation was analysed using the Click-iT® Lipid Peroxidation Imaging kit
(ThermoFisher). The Click-iT® Lipid Peroxidation Imaging Kit-Alexa Fluor® 488 leverages
copper-catalyzed click chemistry and the linoleamide alkyne (LAA) reagent (alkyne-modified
linoleic acid) for detection of lipid peroxidation-derived protein modifications in fixed cells. Details

are given in Supporting Information Methods.

Statistical data analysis

All samples were first tested for normality (Shapiro-Wilk test) and for homogeneity of variance
(Levene’s test). Mean and standard error of the mean (SEM), rather than median (or trimmed mean)
and interquartile range (IQR), depending on the skewness of data distribution, were used as
measures of central tendency and dispersion respectively, as detailed along the text. When possible,
statistical significance was assessed by parametric tests, otherwise non-parametric alternatives were
used as specified case by case. However, all statistical tests were among unpaired samples, two-
tailed and a p-value <0.05 was considered statistically significant. Single channel current
amplitudes are represented as mean =+ standard deviation (SD), estimated by fitting the amplitude

histograms to a sum of Gaussian functions (OriginPro 9.1).

Acknowledgements



Work supported by the Fondazione CRT (call “Richieste ordinarie 2014”, project n. 2014.1041) and
by funds of the University of Piemonte Orientale (“Bando Ricerca Locale 2015”).

References

[1]a)J. S.Kim, T.J. Yoon, K. N. Yu, B. G. Kim, S. J. Park, H. W. Kim, K. H. Lee, S. B. Park, J.
K. Lee, M. H. Cho, Toxicol. Sci. 2006, 89, 338; b) M. A. Malvindi, V. Brunetti, G. Vecchio, A.

Galeone, R. Cingolani, P. Pompa, Nanoscale 2012 4, 486; ¢) E. 1zak-Nau, K. Kenesei, K. Murali,
M. Voetz, S. Eiden, V. F. Puntes, A. Duschl, E. Madarasz, Nanotoxicology 2014, 8 Suppl.1, 138.

[2] @) J. M. Rosenholm, C, Sahlgren, M. Lindén, Curr. Drug Targets 2011, 2, 1166; b) S. Zhang, Z.
Chu, C. Yin, C, Zhang, G. Lin, Q. Li, J. Am. Chem. Soc. 2013,135, 57009.

[3] a) M. Montalti, L. Prodi, E. Rampazzo, N. Zaccheroni, Chem. Soc.Rev. 2014, 43, 4243; b) Z.
Wei, Y. Wu, Y. Zhao, L. M1, J. Wang, J. Wang, J. Zhao, L. Wang, A. Liu, Y. Li, W. Wei, Y. Zhang
Y, S. Liu, Anal. Chim. Acta 2016, 938, 156.

[4] 1. Miletto, A. Gilardino, P. Zamburlin, S. Dalmazzo, D. Lovisolo, G. Caputo, G. Viscardi, G.
Martra, Dyes Pigments 2010, 84, 121.

[5] a) D. E. Clapham, Cell 2007, 131, 1047; b) D. Lovisolo, A. Gilardino, F. A. Ruffinatti, /nt. J.
Environ. Res. Public Health 2014, 11, 9621.

[6] A. Gilardino, F. Catalano, F. A. Ruffinatti, G. Alberto, B. Nilius, S. Antoniotti, G. Martra, D.
Lovisolo, Int. J. Biochem. Cell Biol. 2015, 66, 101.

[7] a) Z. Liu, G. Ren, T. Zhang, Z. Yang, Toxicology 2009, 264, 179; b) D. Shan, Y. Xie, G. Ren, Z.
Yang, Toxicol. Lett. 2012, 209, 129; ¢) M. Busse, D. Stevens, A. Kraegeloh, C. Cavelius, M.
Vukelic, E. Arzt, D. J. J. Nanomedicine 2013, 8, 3559.

[8] C. Distasi, F. A. Ruffinatti, M. Dionisi, S. Strauss, /nt. Antoniotti, A. Gilardino, G. Croci, B.
Riva, E. Bassino, G. Alberto, E. Castroflorio E, D. Incarnato, E. Morandi, G. Martra, S. Oliviero, L.
Munaron, D. Lovisolo, Sci. Rep. 2018, 8, 2760.

[9] a) C. Ambrosi, O. Gassmann, J. N. Pranskevich, D. Boassa, A. Smock, J. Wang, G. Dahl, C.
Steinem, G. E. Sosinsky, J. Biol. Chem. 2010, 285, 24420; b) A. Chandrasekhar, A. K. Bera, Cel/
Biochem. Funct. 2012, 30, 89-100; ¢) J. A. Orellana, A. D. Martinez, M. A. Retamal,
Neuropharmacology 2013, 75, 567; d) S. Penuela, R. Gehi, D. W. Laird, Biochim. Biophys. Acta



2013, 1828, 15; e) B. E. Isakson, R. J. Thompson, Channels (Austin) 2014, 8, 118; f) D. Patel, X.
Zhang, R. D. Veenstra, FEBS Lett. 2014, 588, 1372.

[10] S. Bose, G, M. Leclerc, R. Vasquez-Martinez, F. R. Boockfor, Mol. Cell Endocrinol. 2010,
314, 75.

[11] a) R. Bruzzone, S. G. Hormuzdi, M. T. Barbe, A. Herb, H. Monyer, Proc. Natl. Acad. Sci. USA
2003, 100, 13644; b) A. Vogt, S. G. Hormuzdi, H. Monyer, Brain Res. Mol. Brain Res. 2005, 141,
113; ¢) G. Cheung, O. Chever, N. Rouach, Front. Cell Neurosci. 2014, 8, 348; d) V. 1. Shestopalov,
V. Z. Slepak, Front. Physiol. 2014, 5, 23; e) L. A. Swayne, S. A. Bennett, BMC Cell Biol. 2016, 7
Suppl 1, 10.

[12] H. Wei, F. Deng, Y. Chen, Y. Qin, Y. Hao, X. Guo, Toxicology 2014, 323, 32.

[13] S. P. Alexander, J. Striessnig, E. Kelly, N. V. Marrion, J. A. Peters, E. Faccenda, S. D.
Harding, A. J. Pawson, J. L Sharman, C. Southan, J. A. Davies; CGTP Collaborators, Br. J.
Pharmacol. 2017, 174 Suppl 1, S160.

[14] a) C. E. Stout, J. L. Costantin, C. C. Naus, A. C. Charles, J. Biol. Chem. 2002, 277, 10482; b)
L. Vergara, X. Bao, M. Cooper, E. Bello-Reuss, L. Reuss, J. Membr. Biol. 2003, 196, 173.

[15] D. B. Hansen, Z. C. Ye, K. Calloe K, T. H. Braunstein, J. P. Hofgaard, B. R. Ransom, M. S.
Nielsen, N. MacAulay, J. Biol. Chem. 2014, 289, 26058.

[16] T. Woehrle, L. Yip, M. Manohar, Y. Sumi, Y. Yao, Y. Chen, W. G. Junger, J. Leukoc. Biol.
2010, 88, 1181.

[17] J. N. Israelachvili, Intermolecular and Surface Forces, Academic Press, London, UK 1996, p.
257.

[18] a) R. P. Kondo, S. Y. Wang, S. A. John, J. N. Weiss, J. . Goldhaber, J. Mol. Cell Cardiol.
2000, 32, 1859; b) J. H. Lee, C. Park, S. J. Kim, H. J. Kim, G. S. Oh, A. Shen, H. S. So, R. Park,
Exp. Mol. Med. 2013, 45:e12.

[19] F. Yang, L. Zhou, D. Wang, L. L. Yang, G. R. Yuan, Q. Y. Huang, Sci. Rep. 2016, 6, 30168;
[20] A. Patapoutian, A.M, Peier, G. M. Story, V. Viswanath, Nat. Rev. Neurosci. 2003, 4, 529.

[21] L. Seminario-Vidal, S. F. Okada, J. I. Sesma, S. M. Kreda, C. A. van Heusden, Y. Zhu, L. C.
Jones, W. K. O'Neal, S. Penuela, D. W. Laird, R. C. Boucher, E. R. Lazarowski, J. Biol. Chem.
2011, 286, 26277.



[22] a) J. Z. Bai, J. Lipski, Neurotoxicology 2014, 41,64; b) S. M. Mueller-Tribbensee, M. Karna,
M. Khalil, M. F. Neurath, P. W. Reeh, M. A. Engel, PLoS One 2015, 10:e0128242

[23] K. S. Thorneloe, A. C. Sulpizio, Z. Lin, D. J. Figueroa, A. K. Clouse, G. P. McCafferty, T. P.

Chendrimada, E. S. Lashinger, E. Gordon, L. Evans, B. A. Misajet, D. J. Demarini, J. H. Nation, L.
N. Casillas, R. W. Marquis, B. J. Votta, S. A. Sheardown, X. Xu, D. P. Brooks, N. J. Laping, T. D.
Westfall, Pharmacol. Exp. Ter. 2008, 326, 432.

[24] a) H. Watanabe, J. Vriens, S.H. Suh, C. D. Benham, G. Droogmans, B. Nilius, J. Biol. Chem.
2002, 277, 47044; b) D. S. Cao, S. Q. Yu, L. S. Premkumar, Mol. Pain 2009, 5, 5; c) C. H.
Feetham, N. Nunn, R. Lewis, C. Dart, R. Barrett-Jolley, Br. J. Pharmacol. 2015, 172, 1753.

[25] W. Everaerts, X. Zhen, D. Ghosh, J. Vriens, T. Gevaert, J. P. Gilbert, N. J. Hayward, C. R.
McNamara, F. Xue, M. M. Moran, T. Strassmaier, E. Uykal, G. Owsianik, R. Vennekens, D. De
Ridder, B. Nilius, C. M. Fanger, T. Voets, Proc. Natl. Acad. Sci. U S A 2010, 107, 19084.

[26] a) L. Bao, S. Locovei, G. Dahl, FEBS Lett. 2004, 572, 65; b) S. Oh, T. A. Bargiello, Yonsei
Med. J. 2015, 56, 1.

[27] a) J. E. Contreras, J. C. Saez, F. F. Bukauskas, M. V. Bennett, Proc. Natl. Acad. Sci. U S A
2003, 100, 11388; b) N. J. Kang, K. M. Lee, J. H. Kim, B. K. Lee, J. Y. Kwon, K. W. Lee, H. J.
Lee, J. Agric. Food Chem. 2008, 56, 10422; c) C. Carnarius, M. Kreir, M. Krick, C. Methfessel, V.
Moehrle, O. Valerius, A. Briiggemann, C. Steinem, N. Fertig, J. Biol. Chem. 2012, 287, 2877; d) V.
Valiunas, Front. Pharmacol. 2013, 4, 75; €) H. A. Sanchez, K. Villone, M. Srinivas, V. K. Verselis,
J. Gen. Physiol. 2013, 142, 3.

[28] a) W. Ma, H. Hui, P. Pelegrin, A. Surprenant, J. Pharmacol. Exp. Ther. 2009, 328, 409; b) R.
J. Thompson, J. Physiol. 2015, 593, 3463.

[29] a) G. Oberdorster, A. Elder, A. Rinderknecht, J. Nanosci. Nanotechnol. 2009, 9, 4996; b) A.
Karmakar,Q. Zhang, Y. Zhang, J. Food. Drug Anal. 2014, 22, 147: ¢) B. Song, Y. Zhang, J. Liu,
X. Feng, T. Zhou, L. Shao, Nanoscale Res. Lett. 2016, 11, 291.

[30] Z. Liu, S. Liu, G. Ren, T. Zhang, Z. Yang, J. Appl. Toxicol. 2011, 31, 439.
[31] J. Zhao, L. Xu, T. Zhang, G. Ren, Z. Yang Z, Neurotoxicology 2009, 30, 220.
[32] W. Everaerts, B. Nilius, G. Owsianik, Prog. Biophys. Mol. Biol. 2010, 103, 2.

[33] a) K. Suresh, L. Servinsky, J. Reyes, S. Baksh, C. Undem, M. Caterina, D. B. Pearse, L. A.
Shimoda, Am. J. Physiol. Lung Cell Mol. Physiol. 2015, 309, L1467, b) K. Suresh, L. Servinsky, H.



Jiang, Z. Bigham, X. Yun, C. Kliment, J. C. Huetsch, M. Damarla, L. A. Shimoda, Am. J. Physiol.
Lung Cell Mol. Physiol. 2018, 314, L893.

[34] a) A. H. Bubolz, S. A. Mendoza, X. Zheng, N. S. Zinkevich, R. Li, D. D. Gutterman, D. X.
Zhang, Am. J. Physiol. Heart Circ. Physiol. 2012, 302, H634; b) Z. Hong, Y. Tian, Y. Yuan, M. Qi
M, Y. Li, Y. Du, L. Chen, L. Chen, Front. Cell Neurosci. 2016, 10, 232; c) F. Hu, Z. Hui, W. Wei,
J. Yang, Z. Chen, B. Guo, F. Xing, X. Zhang, L. Pan, J. Xu, Biochem. Biophys. Res. Commun.
2017, 486, 108; d) Q. F. Wu, C. Qian, N. Zhao, Q. Dong, J. Li, B. B. Wang, L. Chen, L Yu, B. Han,
Y. M. Du, Y. H. Liao, Cell Death Dis. 2017, 8, €2828

[35] a) L. Zhang, T. Deng, Y. Sun, K. Liu, Y. Yang, X. Zheng, J. Neurosci. Res. 2008, 86, 2281; b)
M.F. Muiioz, M. Puebla, X. F. Figueroa, Front. Cell Neurosci. 2015, 10, 9.

[36] a) S. Kurtenbach, S. Kurtenbach, G. Zoidl, Front. Cell Neurosci. 2014, 8, 263; b) J. Xu, L.
Chen, L. Li, J. Cell Physiol. 2018, 233, 2075,

[37] a) B. Schneider, V. Mutel, M. Pietri, M. Ermonval, S. Mouillet-Richard, O. Kellermann, Proc.
Natl. Acad. Sci. U S A 2003, 100, 13326; b) M. W. Ma, J. Wang, Q. Zhang, R. Wang, K. M.
Dhandapani, R. K. Vadlamudi, D. W. Brann, Mol. Neurodegener. 2017, 12, 7.

[38] S. E. Lehman, A. S. Morris, P. S. Mueller, A. K. Salem, V. H. Grassian, S. C. Larsen, Environ.
Sci. Nano 2016, 3, 56.

[39] a) T. K. Klausen, A. Janssens, P. Prenen, G. Owsianik, E. K. Hoffmann, S. F. Pedersen, B.
Nilius, Cell Calcium 2014, 55, 38; b) J. P. White, M. Cibelli, L. Urban, B. Nilius, J. G. McGeown,
I. Nagy, Physiol. Rev. 2016, 96, 911.

[40] a) R. Kohler, W. T. Heyken, P. Heinau, R. Schubert, H. Si, M. Kacik, C. Busch, I. Grgic, T.
Maier, J. Hoyer, Arterioscler. Thromb. Vasc. Biol. 2006, 26, 1495; b) S. A. Mendoza, J. Fang, D. D.
Gutterman, D. A. Wilcox, A. H. Bubolz, R. Li, M. Suzuki, D. X. Zhang, Am. J. Physiol. Heart Circ.
Physiol. 2010, 298, H466; ¢) Y. Shibukawa, M. Sato, M. Kimura, U. Sobhan, M. Shimada, A.
Nishiyama, A. Kawaguchi, M. Soya, H. Kuroda, A. Katakura, T. Ichinohe, M. Tazaki, Pflugers
Arch. 2015, 467, 843; d) R. J. Thoppil, H. C. Cappelli, R. K. Adapala, A. K. Kanugula, S.
Paruchuri, C. K. Thodeti, Oncotarget 2016, 7, 25849.

[41] Y. H. Chiu, M. S. Schappe, B. N. Desai, D. A. Bayliss, J. Gen. Physiol. 2018, 150, 19.

[42] P. Ariano, P. Zamburlin, A. Gilardino, R. Mortera, B. Onida, M. Tomatis, M. Ghiazza, B.
Fubini, D. Lovisolo, Small 2011, 7, 766.



[43] A. Sanchez, J. L. Alvarez, K. Demydenko, C. Jung, Y. A. Alpizar, J. Alvarez-Collazo, S. M.
Cokic, M. A. Valverde, P. H. Hoet, K. Talavera, Part. Fibre Toxicol. 2017, 14, 43.

[44] G. Orts-Gil, K. Natte, D. Drescher, H. Bresch, A. Mantion, J. Kneipp, W. Oesterle,
J. Nanopart. Res. 2011, 13, 1593.



Figure legends
Figure 1

Si02-50nm NPs activate inward currents in GT1-7 cells. A,C: two examples of whole cell
currents recorded following administration of 20 ng mL! of SiO»-50nm NPs. Voltage clamp
recordings, Vi =-50 mV. Inset in C: a large conductance event observed during a whole cell
recording. B,D: I-V relationships obtained from the experiments in A,C. The red curves were
obtained subtracting the currents activated by the voltage ramps applied before NP administration
(gray) from those recorded during the response (black). E: Amplitude histogram of the large
conductance events shown in the inset of C: the resulting amplitude is 17.2 pA. F. Stimulation with
either S10, microparticles (diameter 2 pm) or NH>-SiO»-55nm NPs failed to induce an inward

current; subsequent administration of plain Si02-50nm NPs elicited a response.

Figure 2

Inward currents activated by 20 ng mL™! of SiO2-50nm NPs in the presence of block of K+
selective channels. A,C: two examples of whole cell currents recorded following administration of
20 pg mL! of SiO2 NPs. Voltage clamp recordings, Vi = -50 mV. Inset in C: large conductance
events observed during a whole cell recording. B: I-V relationships obtained from the experiment in
A. The red curve was obtained subtracting the current activated by the voltage ramps applied before
NP administration (gray) from the one recorded during the response (black). D: Amplitude

histogram of the large conductance events shown in the inset of C: the resulting amplitude is 11 pA.

Figure 3

Effects of channel blockers on the increases in [Ca*']; and on the ionic currents activated by
Si02-50nm NPs (20 ug mL™"). A: Gd*" (10 uM) completely abolished the NP-induced increase in
[Ca®"]i. Upper: Average response (105 cells) from one experiment representative of 4 (total 354
cells). Lower: three individual traces from the same experiment. B: the combination of 5 uM RR
and 50 pM CBX strongly reduced the NP-induced increase in [Ca?*];. Upper: the comparison of the
average of 457 cells from 6 control experiments in which the NPs were administerd in the absence
of the blockers (black) and the average of 693 cells from 6 experiments in which cells were

preincubated with the blockers prior to NP administration (gray). Lower: two representative traces



from one control experiment and one with the blockers. C: frequency histograms of the areas
between the curve of [Ca?"]i response to NPs and the reference baseline. Black bars: areas measured
in control condition (SiO> NPs alone). Transparent gray bars: areas measured during NP
administration in the presence of CBX and RR blockers. In most of the tested cells NPs did not
induce any calcium signal when administered after CBX and RR preincubation (Mann-Whitney U
Test, p-value=1.4-10"12°; effect size 1=0.71). D: reversible block of the NP-activated inward current
by 5uM RR and 50 uM CBX. E: reversible block of the NP-activated inward current by 10 uM
Gd3+. F: I-V relationships of the currents activated by the NPs in the absence (black) and in the
presence of Gd+ (red)

Figure 4

Si0:-50 nm NPs open TRPV4 channels in outside-out patches. A) Currents activated by the
TRPV4 specific agonist GSK1016790A (500 nM) at Viola= -50 mV. B) I-V relationship of the
patch average current obtained subtracting the red trace to the black trace shown in the inset. C)
Examples of TRPV4 single channel currents and the corresponding amplitude histograms. D)
Single channel I-V relationship obtained subtracting the red trace (inset, baseline) from the black
trace recorded in the presence of GSK1016790A (25 nM). E) Currents activated by 20 ug mL"!
Si02 NPs at Vioa= -50 mV. F) I-V relationship of the patch average current activated by SiO> NPs
obtained subtracting the red trace from the black trace shown in the inset. G) Single channel I-V
relationship obtained subtracting the red trace (baseline) from the black trace shown in the inset. H)

Ruthenium red (5 uM) blocked NP-activated TRPV4 channels.

Figure 5

Si0:-50 nm NPs open large conductance channels in outside-out patches. A) Currents activated
by 0.5 ng mL"!' SiO2 NPs at Vioie= -50 mV. B) Single channels currents recorded between and
during the last 4 voltage ramp of figure A in more expanded scales. Red lines indicate the main
current levels. C) single channel I-V relationship obtained by subtracting from the second current
ramp (inset, black trace) of B the first one (inset. red trace). The dotted red line represents the
regression line obtained by fitting the curve from -50 mV to +40 mV. D) Amplitude histogram,
fitted by the sum of 4 gaussian curves, of the single channel trace shown in the inset. E) Single
channel currents activated in response to 20 pg mL! SiO, NPs at Viela= -50 mV and (F) the

corresponding amplitude histogram. (Arrows indicate single channel events of about -20 pA). G) I-



V relationship of the channel in E), obtained by subtracting the baseline from a current ramp

recorded during channel opening (respectively red and black trace in the inset).

Figure 6

Si0:-50 nm NPs open Panx-like channels in outside-out patches. A) Currents activated by 20 pg
mL"" SiO2 NPs at Vhoa= -50 mV in the presence of 5 uM RR. Lower traces are single channels
currents recorded between and during the voltage ramps in more expanded scales. B) [-V
relationship obtained by subtracting the baseline (red trace, inset) from the averaged current

obtained from the ramps shown in A (black trace, inset):

Figure 7

Si0:-50 nm NPs induce lipid peroxidation and this pathway is strongly involved in NP-

activated calcium influx.

A) 30 min preincubation of GT1-7 cells with 1 mM NAC prevented the increase in lipid
peroxidation induced by 20 pg mL! SiO, NPs (*p-value=0.04, **p-value=0.003, Welch’s F-test
and Games-Howell post hoc test). B) Preincubation with NAC strongly reduced the calcium influx
induced by NPs as can be seen from the comparison between the average of 434 cells from 7
experiments with NAC (gray trace) and the average of the same control traces already used as
reference for RR and CBX blockers (black trace, 457 traces from 6 experiments). C) Two
representative traces from one control experiment compared with two from one experiment with
NAC. D) Frequency histograms of the areas between the curve of [Ca?*]; response to NPs and the
reference baseline. Black bars: areas measured in control condition (SiO2 NPs alone). Transparent
gray bars: areas measured during NP administration after NAC preincubation. Significance of NAC
effect on calcium signals induced by NPs was tested through a Mann-Whitney U Test (p-
value=9.1-10"%2 effect size r=0.64)



