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Abstract

SiO, nanoparticles (NPs), in addition to their wideggr@tilization in consumer goods, are also
being engineered for clinical use. They are comeitiéo exert low toxicity both in vivo and in

vitro, but the mechanisms involved in the cellulssponses activated by these nanoobjects, even at
non toxic doses, have not been characterized ail détis is of particular relevance for their
interaction with the nervous system: silica NPsgared candidates for nanoneuromedicine
applications. Here, by using the GT1-7 neurondllced, derived from gonadotropin hormone
releasing hormone (GnRH) neurons, we describe gahamisms involved in the perturbation of
calcium signaling, a key controller of neuronaldtian. At the non toxic dose of 20 pg ML50

nm SiQ NPs induce long lasting but reversible calciunmalg, that in most cases show a complex
oscillatory behavior. Using fluorescent NPs, wevghioat these signals do not depend on NPs
internalization, are totally ascribable to calciunfiux and are dependent in a complex way from
size and surface charge. We provide evidence ahtlidvement of voltage-dependent and
transient receptor potential-vanilloid 4 (TRPV4) A4 channels.

Keywords: Silica nanoparticles; Neurons; Calcium signalmgeostasis; Voltage dependent

channels; TRPV4 channels.

Abbreviations

[Ca®; cytosolic free calcium concentration MANCHEREBBE
DLS dynamic light scattering

DMEM Dulbecco'smodified Eagle's medium

EGTA ethylene glycol tetraacetic acid

ELS electrophoretic light scattering

FBS fetal bovine serum

GnRH gonadotropin hormone releasing hormone

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulf@td SERVE?
NPs nanoparticles

PM particulate matter

QDs quantum dots

RR ruthenium red

SOCE store-operated calcium entry

TRPC transient receptor potential canonical

TRPV transient receptor potential-vanilloid

VDCCs voltage dependent calcium channels



Introduction

SiO2 nanoparticles (NPs), in addition to their vgjgieead utilization in consumer goods, are also
being developed and engineered for clinical usa §&ehooneveld et al., 2008). While they are
considered to be among the most biocompatible NBar{g et al., 2005; Izak-Nau et al., 2014;

Kim et al., 2006), extensive knowledge of the dallwuesponses elicited by their interaction id stil
incomplete. This is of particular relevance for tie@vous system (NS): nanoneuromedicine is
rapidly gaining momentum (Gendelman et al., 204) silica NPs are good candidates for
applications in this field, ranging from drug deliy (Rosenholmet al., 2011) to cell tracking and
subcellular imaging (Montalti et al., 2014). Theangass the blood brain barrier (Kim et al., 2006);
moreover, protocols for direct access of NPs tacrebrospinal fluid have been proposed (Papisov
et al., 2013). On the other hand, neurons arecpiattly delicate and sensitive cells, and even kmal
functional perturbations that can be noninfluenabther cell types may have severe outcomes in
the nervous tissue. In this perspective, the utaedsng of the mechanisms activated by the
interaction between NPs and neuronal cells is iofigmy relevance for the rational design of better
and safer nanoparticles, particularly for long-texdministration to the nervous system.

Cytosolic free calcium concentration, fJa is a highly relevant parameter, influencing biéfén
and death of cells, and neurons are particulangifige to its changes, even subtle ones. These
changes are involved in normal neuronal functiochsas information coding; loss of control of
[C&®"]; can lead to neuronal death (Arundine and Tymiar&303). During development, its
changes are crucial in controlling proper differatidn and the correct establishment of neuronal
connections. By interacting with both plasmamemésaand membranes of intracellular organelles,
NPs can alter the delicate set of mechanisms donganflux, efflux and sequestration of calcium
ions. Apart from silica NPs (Ariano et al., 201d3ta on the perturbations of calcium signaling
mechanisms induced by NPs are still scarce (seé&laang et al., 2010; Koeneman et al., 2010)
and this is particularly true for neuronal cellau@et al., 2013; Haase et al., 2012; Nyitrai et al.
2013; Tang et al., 2008a, 2008b), as recently vexdle(Lovisolo et al., 2014).

Moreover, for potential applications in nanomeuigiit is relevant to investigate these
mechanisms at non toxic doses. To this purposdiave taken advantage of the properties of silica
NPs (both bare and hybridized in the bulk with aigdluorophores) previously shown (Miletto et
al., 2010) to be non toxic at the same size and desd in a preliminary paper on calcium signals,
performed with similar silica NPs (Ariano et alQ12). They can be safely incorporated into
neuronal (Miletto et al., 2010) and other cell tygdccomasso et al., 2012), and, because of their
high fluorescence efficiency are quite suited taubed in cell tracking and subcellular imaging. By

means of this tool, we have correlated their irtBoa and internalization in neuronal cells witke th



time course of the calcium signals they elicit andestigated the molecular targets involved in the

perturbation of calcium homeostasis.

Methods

Materials: Both lab-made Si©ONPs and spherical commercial Sificro- and nanoparticles were
used (Corpuscular Inc., www.microspheresnanosptwrg. These latter will be hereafter referred
as 2000-Si@and 500-SiQ, because of their diameter of 2.0 or Qrf, i.e. 2000 and 500 nm (see
below). Lab-made silica NPs were prepared usingelierse microemulsion technique, following
the procedure previously reported (Alberto et 28D09; Miletto et al., 2010). Details are in
Supplementary Materials (hereafter SM), MethodssENNPs exhibit a mean diameter close to 50
nm and then they will be referred to as 50-Si0

Lab-made silica NPs carrying at their surface agroups were also prepared, with mean
diameter 55 nm (see below) and then referred tdH3s55-SiOG,. For preparation protocol and data
dealing with sample characterization see SM, Metreodl Figure S1.

A third type of lab-made SKINPs was constituted by fluorescent nanopartitiese@fter
referred to as FL-50-Siresulting from the hybridization of silica withflaorescent cyanine dye.
The cyanine-silane derivative was used togethdr WHOS for the preparation of hybrid dye-$iO
NPs following the same procedure reported abowe $8¢, Methods and Figure S2). Previous
studies (Alberto et al., 2009) indicated that thecpdure adopted resulted in the presence in each
NP of ca. 110 cyanine molecules, all entrappediwitie silica matrix.

All reagents and solvents used for the preparatfaranoparticles and for cell cultures were
highly pure Sigma-Aldrich products and were usetdkasived, unless otherwise mentioned.

Physicochemical characterization of NPsTransmission electron microscopy images were
obtained with a 3010 Jeol instrument operated @k80For the measurements, a droplet of the
suspensions of lab-made silica nanoparticles wasadpn a copper grid coated with a lacey carbon
film, and then the liquid was allowed to evapor&istograms of the size distribution of NPs were
obtained by measuring ca. 200 particles, and trenrparticle diameter )l was calculated as

dn=2din/Zn;, where pwas the number of particles of diameterTdhe results are indicated as

dntstandard deviation.

For dynamic light scattering (DLS) measuremen®@(@s Particle Size Analyzer, laser
wavelength 660 nm, detection angle 90°, T = 20°ti@) materials were suspended (0.1 mgHrih
water, DMEM and Tyrode solution (see below for teenposition); for each sample three

measurements were performed. Large agglomeratipically in the range of microns, resulted in



significant differences among repeated measuremeetause of the much more complex
scattering behaviour (Orts-Gil et al., 2011).

Hydrodynamic diameters are reported as masshiistns (SM, Figure S3). The same samples
were used fof-potential measurements by electrophoretic lighttecing (ELS), using a Zetasizer
Nano-ZS (Malvern Instruments). Results are repaaitethe mean value of five separate
measurements each resulting from 10 runs + starcavidtion.

Calcium imaging: For ratiometric measurements of f{aGT1-7 cells, an immortalized line
derived from highly differentiated mouse gonandpitnehormone releasing hormone (GnRH)
neurons (generously donated by Prof. P.L. Mellay,e plated on glass coverslips (32 mm
diameter) coated with poly-L-lysine (1¢@ mL™) at densities of 10000 cells &riThe cells were
maintained in Dulbecco's Modified Eagle's mediunviM) supplemented with 10% fetal bovine
serum (FBS; Lonza), gentamycin (56 mL™), and 2 mM glutamine at 37 °C, in a humidified
atmosphere of 5% COn air and then switched for 4-5 days to 0.5% EBSplemented with B27
(Invitrogen), to improve survival and differentiati. GN11 cells, another cell line derived from
GnRH neurons at an early developmental stage (Reldetval., 1991), were plated with the same
protocol as for GT1-7 cells but kept in 10% FBS DMIEnd used after 1-2 days in culture.

Cells were loaded with the Fura-2 acetoxymethyre@.5uM, 45 min, 37 °C) and subsequently
shifted to a standard physiological Tyrode solutbthe following composition (in mM): NacCl,
154; KClI, 4; Cadl, 2; MgCl, 1; 4-(2-hydroxyethyl)-1-piperazineethanesulfoaed (HEPES), 5;
glucose, 5.5; and NaOH (pH 7.35). The NPs wereobiisd in the Tyrode solution at the required
concentration. The solution was applied with a operfusion system; for calcium-free conditions,
the CaC] salt was omitted and the calcium chelator ethytgyeol tetraacetic acid (EGTA; 0.5
mM) was added. Cells were imaged every 3 s at 3@si@y a monochromator system attached to
an inverted microscope with a 20x objective (SEIdbkon). For experiments lasting several
hours, in order to avoid excessive photodamagey, tfe initial phase of stimulation with the NPs,
acquisition time was one every 5 min; control reaags were performed to check the stability of
the fluorescence at the isosbestic point. Images aequired using an enhanced CCD camera
(PCO,) and the Metafluor software (Universal ImggGo.).

Wavelet analysis of calcium signalsTo provide a quantitative evaluation of the charigeke
oscillatory pattern of calcium signals followingraiistration of SiQ NPs and of the calcium
channel blockers, an approach based on waveletssmatas employed, using KYM 0.5 software
(http://sourceforge.net/projects/kynand according to the formulation given in Ruftinat al.,

2011. Briefly, we calculated the index J(t) as stineate of the oscillatory activity for each time

interval, as described inSM, Methods.



Internalization tests: GT1-7 cells were seeded on glass microscope dgpge(Marienfeld,
Laudakoénigshefen,-Germar)yand maintained in culture according to the sam#opol as for
calcium imaging experiments at 30000 cells’cifhe cells were kept in serum-free DMEM
medium for 7 min, 30 min and 4 hours in the presesfca 20ug mL™* suspension of FL-50-SiO
Details are given in SM, Methods. 15-20 cells fre# experiments were analyzed for each
protocol.

Quantitative real-time PCR: The protocols are described in SM, Methods.

Statistical analysis:Unless otherwise indicated, 3 to 9 experiments weréormed for each

protocol. Data are expressed as mean + standandaéithe mean.

Results
Size, surface properties and dispersion in the indation media of silica particles

Codes and mean patrticle size of the silica mategal are listed in Table 1. Representative TEM
and SEM images, as well as histograms of partsilas distributions (for TEM data) are displayed
in SM Figure S4 and S5, respectively. Diameterdabfmade nanoparticles and of commercial
particles are in agreement with previous resultb€fo et al., 2009), and whit data provided by the

producer, respectively.

Table 1.Sample codes and means size (hm) of pitidicles.

Sample code Mean patrticle size + stdv (nm)
50-SiQ 49 (x2)

FL-50-Si0, 47 (+4)
NH»-55-Si0 55 (+3)

500-SiQ 500 (x25)
2000-SiQ 2000 (£100)

As far as lab-made 50-SiNPs are concerned, infrared spectroscopy (SM,r&igd) witnessed
for the absence on their surface of molecules neimgifrom the preparation procedure (which was
ended by several washing steps, see the Methd8sl)nand then the only process contributing to
the appearance of surface charges when suspendadgreanwater should be the dissociation of

protons from surface hydroxy groups (silanols).



The (-potential values obtained for the various matsrgalspended in water and in media used
for cell tests, DMEM and Tyrode, are listed in Te@Bl as well as the maximum of the distribution
of hydrodynamic diameters measured by DLS in th@ua cases (full set of experimental data in
SM, Figure S3).

Table 2.¢-potential {, mV) and hydrodynamic diameters (HD, nm) valuesandard deviation of
the various types of silica nano- and microparsickeispended in water, DMEM and in Tyrode

solution.

Suspension media Materials

50-SiG;
FL-50-SiG,

NH,-55-Si0, 500-SiQ 2000-SiQ

Water (pH 5.5) I mvV 290 (¥056)  +0.3 (x1.12)  -54.3 (x0.86)  -81.5 (¥1.42)
HD,nm 50 (+1.15)* 602 (£51.00) 501 (+36.59) 3452 (+253.00)

152(+24.00)*

DMEM (pH7.35) ~ ¢, mv _ -20.8 (0.47)  +5.0 (¥0.67) 0.7 (10.92)  -22.4 (x0.82)

HD,nm 120 (+15.01) 4360 (+1111.92) 1930 (+451.75) 4262 (+1347.50)

Tyrode (pH7.35) ¢, mV  -17.5 (£1.01) _ +26.7 (£0.76)  -3.6 (£0.37) __ -19.7 (+0.66)

HD, nm 1680 (+194.42) 3008 (+974.12) 3758 (+1014.82) 3734 (+1586.89)

* in this case a bimodal distribution was obtained

When suspended in water, bare silica materialsi6Q;$00-SiQ and 2000-Si@ exhibited a
negative potential (natural pH of the suspensiof} % agreement with the presence of silanols on
their surface. The largely negatiggotential values obtained for 500-Si&hd 2000-Si@appeared
in agreement with data reported in the literatwe garticles with diameter in this range for a
similar pH (Xu et al., 2003). Different absolutelues of the(-potential of these particles should
monitor a different amount of surface silanols. §&esurface groups should be even less in the case
of 50-SiQ NP, which exhibit a significantly less negaté#potential. In FL-50-Si@all fluorescent
molecules were located within the silica bulk (Atioeet al., 2009), and then these NP exhibited
surface features equivalent to the 50-S@des. Passing to NFb5-SIiQ; NPs in water, the-
potential resulted slightly positive (basically apgching 0) due to the presence of protonated



amino terminations which compensate the negatiargehof silanols still present after partial
surface functionalization (Figure S1 in SM).

Both culture media were buffered at a slightly bapH, definitely higher than that of the
suspensions in pure water, and then this condsimuld furthermore promote the deprotonation of
surface silanols (and of NHmoieties in NH-55-SiQ), and then more negativepotential values
were expected for all types of silica (nano)pagsclConversely, the opposite occurieall cases,
clearly indicating that additional phenomena ocedrrThese media are saline solutions and
electrolytes are known to affect significantly thgotential of suspended patrticles (Israelachvili,
1996). In fact cations can adsorb on the negatisletirged surface sites of particleSiO resulted
from the deprotonation of silanols) and, for N56-SiQG,, on —NH moieties through coordination
by the lone pair of the nitrogen atom (Liu et @12, Kim et al. 2011, Sukhorukov et al. 1998).
Moreover, aminoacids and vitamins present in DMENM @lucose present in both DMEM and
Tyrode could adsorb on the suspended particlesibatihg to the actual state of their surface.

This complexity should have played a role also etedmining the dispersion vs agglomeration of
the various types of silica (nano)particles in thierent media, that in a significant number of
cases was not simply related to the surface chémgact, the collection of DLS data (Table 2 and
Figure S3 in SM) indicated that, by consideringavaDMEM and Tyrode, in that order:

i) the hydrodynamic diameter (HD) of 50-SIBL-SiO, moved from a bimodal distribution
(monodispersed, HD=52 nm; small agglomerates, HR=1%) to a monomodal distribution of
small agglomerates (HD=120 nm) and then underwentxdended heterogeneous agglomeration
(HD=1680 nm, stdv ca: 195 ), despite a simil&rpotential in these two media;

i) the NH,-55-SiQ, exhibited a significant agglomeration in water @#iD2 nm, stdv of the order
of the size of primary particles), and this cantfoe result of &-potential value close to zero, but
the agglomerates became much larger and heterageme®MEM (HD=4260 nm, stdv cal110
nm), where, conversely &-potential slightly different from 0 was measureahd large and
heterogeneous agglomerates were formed also ind&y{tdD=3200 nm, stdv ca975), where the
(-potential increased significantly;

i) 500-SiO, are monodispersed in water (HD=501 nm), aggloredrat DMEM (HD=1930 nm),
with heterogeneity in size of the order of the déden of primary particles (stdv ca.451 nm) and
formed even larger and heterogeneous agglomeraitegode (HD=3758 nm, stdv cal115 nm),
this being the only case where the agglomeratemdtiappeared similar to the trend of the absolute
values of¢-potential,

iv) 2000-SiQ slightly agglomerated in water (HD=3452 nm), thagglomeration became more

pronounced in DMEM (HD=4360 nm), where a significalecrease in the absolute valuelef



potential occurred, while their dispersion in Tyeodppeared similar to that in water (HD=3750
nm) although thé-potential remained similar to the suspension inEM/ In these three cases the
profile of HD distribution exhibits a broad tailes Figure S3 in the SM) down to 2000 nm,
indicating also the presence of minor fraction e$sl agglomerated and even monodispersed

particles.

Long lasting calcium signals elicited by NPs

As a first approach, calcium imaging experimentsenwzerformed in order to analyze the
perturbations in [C4]; induced by the interaction of the NPs with the &Tdells at the non toxic
concentration of 20 pg miL(Miletto et al., 2010).

Perfusion of GT1-7 cells with the 50-Si®Ps induced changes in [€ a high percentage of
cells (77.8% out of 518 cells from 9 experimenegponded with latencies ranging from 2 to about
7 min, with a strong and long lasting increasedef[];, that in general persisted even after washout
of the NPs from the extracellular solution. Thesgponses were in agreement with previous
preliminary observations, limited to shorter timeistained with similar NPs (Ariano et al., 2011).
A relevant feature is that many responses showedrked oscillatory behaviour. Typical traces
obtained from three cells from a single experingetshown in Figure 1A; Figure 1B shows the
averaged response from all 64 cells of this expamimin the averaged trace, the oscillatory pattern
is not evident, pointing to a random, non-synchzedibehaviour of the individual cells. For
recordings up to 1h, the reversibility was not ctetgofor most cells.

The specificity of the response was highlightedh®yobservation that in some cases the
activation showed spatiotemporal selectivity atdimgle cell level. In Fig. 1C, the response to NPs
administration was seen first at a very localizegion of a neurite, subsequently at the soma and
still later at the opposite neurite. Fig. 1D shdkes recordings corresponding to the three Regions
Of Interest (ROIs) marked in C.

As shown in Figure 1, in all experiments cells evehallenged with an external solution
containing 40 mM KClI prior to perfusion with the BIRGT1-7 cells are considered to express
several types of voltage-dependent calcium chanW&€Cs (Hoddah et al., 2009; Martinez-
Fuentes et al., 2004). Depolarization with the Higrsolution, that induces calcium influx through
these channels, was used as a control of cellibmadity; cultures that did not respond at all t€IK
were not taken into account.

In order to check the general relevance of theselts, we performed a parallel series of
experiments on another neuronal cell line, GN1lscebtained from GnRH neurons at an early
differentiation stage. These cells show quite déife functional properties (they have high



proliferative and migratory activity and are eleftly inexcitable) and possess very low or non
detectable levels of voltage activated calcium cess(Pimpinelli et al., 2003). In these cells,,too
perfusion with 50 nm SiONPs at the concentration of 2§ mL™* elicited long lasting calcium
oscillations in 98% of 110 cells from four experime (SM, Figure S6A,B).

In routine experiments with GT1-7 cells, non-flascent NPs were employed, since their surface
properties are virtually identical to the cyaniregpdd ones (see Methods). Control experiments
with fluorescent NPs gave results fully comparatitl those obtained with the plain SIGPs
(SM, Figure S7A). Since in Tyrode solution the N&sn quite large agglomerates, while in
DMEM the aggregation is quite limited (Figure 1) ereecked if the responses were dependent on
the agglomeration state, by challenging the ceills WPs dissolved in DMEM; the same medium
was also present in the culture dish. The perceraagesponding cells and the time course of the
responses (SM, Figure S7B) were identical to whaeoved in Tyrode solution, providing evidence
that the cellular responses are not univocally ddpet on the agglomeration state.

Another parameter that can potentially influertee NlP-membrane interaction is the electrostatic
potential, that in the case of the 50-5NIPs is strongly negative. Four experiments weréopaed
with NPs of the same size terminated with aminaigso In all cases, no changes in{G;acould
be recorded (SM, Figure S7C).

A further check was made with silica particleshadiameters of 500 nm and 2000 nm, smaller
and of the same order of magnitude, respectivélfheoagglomerates of 50-SiQIPs, but
exhibiting a similar negative surface potentiale BD0-SiQ NPs elicited transient and rapidly
reversible responses in only 42% of 117 cells fbaxperiments. Subsequent perfusion with the
2000-SiQ NPs elicited a response in only 12% of cells; aimgé and duration were further
reduced (SM, Figure S7D), suggesting that thetglmfithe NPs to elicit long-lasting calcium

signals in GT1-7 cells is dependent in a combinagl from both size and surface properties.

NPs-induced calcium oscillations are totally depereht on calcium influx

Next we investigated the mechanisms responsiblthé®oNPs-induced calcium signals. The
response was completely abolished in nearly 100e&kdg when the standard 2 mM Ca&blution
was substituted with a calcium free solution camitaj 0.5 mM EGTA (Figure 2A,B; n = 220 cells,
4 experiments). Reintroduction of 2 mM Cal the extracellular medium restored the respamse
100% of cells tested. In another set of experiments the cells bathed in the calcium free
solution no response to NPs could be observed. Menwehen 2 mM CaGlwas reintroduced into
the bath, even after washout of the NPs, an inergakCa"]; could be observed in a percentage of

cells (82.1%; n = 173 cells, 4 experiments) comiplarto controls (Figure 2C). Interestingly, also



the calcium responses to 50 nm SNIPs observed in GN11 cells were totally dependaribhflux
from the extracellular medium (SM, Figure S6A,B,C).

These findings point to the activation of calciunrfiux from the extracellular medium as a
necessary and sufficient condition for the onsehefresponse to NPs. A mechanism by which
release from intracellular stores can indirectlgtdbute to influx is store-operated calcium entry
(SOCE), by which the depletion of the intracellldtores activates calcium permeable channels at
the plasmamembrane (Smyth et al., 2010). To teshilpothesis, cells were first challenged with
10 nM thapsigargin (TG), an irreversible blocketlsd sarcoplasmic-endoplasmic reticulum
calcium pump SERCA (Thastrup 1990) in the 0 mMicah; 0.5 mM EGTA extracellular solution.
The blocker induced a transient increase irf{[;#ollowed, after reintroduction of 2 mM CaCl
into the extracellular medium, by a strong anddgeaon oscillatory signal, ascribable to SOCE
(Figure 2D,E); subsequent perfusion with 20 pg'nsiiO, NPs induced a further and mostly
oscillatory increase in [G§; in a percentage of cells nearly identical to titagerved in control
conditions (82.5%; n = 97 cells from 3 experimentisyis providing evidence that release from
intracellular stores is not involved in the compjattern of calcium signals elicited by the
interaction with SIQ NPs.

Time span and reversibility of NPs-induced oscilldons in [Ca®"];

The lack of reversibility of the responses, attdastimes of about 1h, raises the question of how
this finding can be reconciled with the absenceytdbtoxicity of these NPs at this concentration
(Miletto et al., 2010). To clarify this issue, werformed longer (up to 6 h) recordings. In two
experiments, the NPs were washed out after 5-1Qwtkian the response had reached maximum
amplitude. [C4T; levels returned to basal values in 3-4 h; FigukesBows the averaged trace from
one representative experiment (n = 44 cells).da@nd set of experiments, NPs were kept in the
bath for the whole duration of the recordings:wo experiments, a nearly complete recovery
(about 100%) to basal [E% levels could be observed in about 4 h; in other tive recovery was
between 70% and 80%. Thus, the homeostatic mechamithese neuronal cells are able to
compensate for the massive influx activated byNRs. Figure 3B shows a representative
experiment (averaged trace from 20 cells).

Time course of NPs incorporation

The data presented above support the hypotheaisngichanism dependent on the interaction of
the NPs with the plasmamembrane, and not on thieimalization. To provide additional evidence



to this crucial finding, we took advantage of thghhphotoemission brightness of the cyanine
doped FL-50-Si@NPs (Alberto et al., 2009) to perform an evaluatd the time course of their
internalization by fixing the cells after differetmines of exposure to the NPs and analyzing their
intracellular localization by means of confocal mgcopy. Incubation times were 7 min
(corresponding to the longest latency of respoadkd NPs), 30 min and 4 h (the time at which
[Ca®™]i had returned to basal levels, even in the condimuesence of the NPs). As shown in Figure
4, at 7 min the NPs are present on the surfadaeofells but are not yet internalized; at 30 min
some internalization can be detected, that beconoes evident at 4 h. Therefore, no correlation
can apparently be established between activati@alofum influx by the NPs and their

internalization.

The ionic channels involved in the NPs-induced calom influx

Next we addressed a further relevant questionchwvare the targets that mediate the NPs-induced
calcium influx? It has been reported that some Bsh as uncoated CdSe quantum dots (QDs),
can irreversibly disrupt calcium homeostasis inraral cells by affecting voltage dependent Na
and N-type C& channels (Tang et al., 2008a, 2008b); conver&se-ZnS QDs can reduce
calcium influx through C4 VDCCs (Gosso et al., 2011). GT1-7 cells expresgbte extents of
many types of VDCCs (Charles and Hales, 1995; Ho@dal., 2009; Watanabe et al., 2004). We
therefore used a pharmacological approach, by n&aspgecific blockers of voltage dependent
calcium channels. In Figure 5 the results of thaiegtion of the VDCCs blockers are shown.
Remarkably, combined perfusion with L- and T-tyd@GCs calcium blockers, respectively
nifedipine (10 uM) and NiGI(100 pM), abolished nearly 100% of the responstOtcM KClI
(SM, Figure S8): therefore in these cells L- antyde channels are the major, if not sole,
contributors to voltage-dependent calcium influxc®, as stated above, the responses to high KCI
showed a high degree of heterogeneity, we seldoteahalysis only those cells in which the
response to KCl was above a threshold, arbitraetyatAR > 0.2, since in cells with low VDCC
expression the signals elicited by NPs could natigeificantly dependent on this influx pathway.

In Figure 5A a decrease in the oscillatory behavfollowing perfusion with the two blockers is
clearly detectable on traces from single cells lyigbsponsive to 40 mM KCI. The effect on the
averaged response from the same experiment is simorgure 5B: on the sustained response to
NPs, the two molecules exerted a limited blockifigat (representative of 4 experiments, 54 cells).
In order to uncover subtle effects on the oscithateehaviour that may be difficult to decipher with
gualitative observation, we employed a quantitaspectral analysis, based on the wavelet

algorithm we have recently developed (Ruffinattalet 2011), that enables to perform a spectral



analysis of the signal in both time and frequenaeydins (see SM, Methods). The results from the
same experiment as in B are shown in Figure 5@arpresence of the two blockers, oscillatory
activity, as quantified by the activity index J€seM, Methods) was significantly reduced. In two
control experiments, in the absence of the chaploekers, no significant decrease in the NPs-
induced oscillatory activity could be detecteddaromparable time interval (SM, Figure S10).

In the light of the limited contribution of VDCCe the NP- induced calcium influx, the search was
extended to other types of calcium permeable cHanWée had previously shown that GT1-7 cells
express several members of the TRPC (TransientpgRedeotential Canonical) family (Dalmazzo
et al., 2008). Interestingly, members of anotherillaof TRP channels, TRPVs (Transient
Receptor Potential Vanilloid), have been reportedd activated by particulate in epithelial airway
cells and in peripheral neurons (OortgieseneR8D0; Veronesi et al., 2002a). Due to the relevance
of these findings, we investigated the presendeaofcripts of these two families in GT1-7 cells,
by means of real-time quantitative PCR assay. €helts are shown in Figure 6A: most members
are expressed, with particularly high levels of TRPTRPV2 and TRPV4 channels.

We then looked at the effects of the applicatibBKF96365 (2 uM) and of Ruthenium Red (RR;
5 uM), blockers respectively of TRPC and TRPV clasijLovisolo et al., 2012; Patapoutian et al.,
2003).

Both from individual cell recordings and averagextes, in 2 experiments with 94 cells, no clear
effect of the TRPC blocker could be detected (Sigufe 9). On the contrary, when the TRPV
blocker RR was added to the medium during the mespto the NPs, a reduction in averaged
calcium levels and in the oscillatory behaviournafividual traces elicited by NPs could be
observed. (Figure 6B,C; one experiment represeetafifour, for a total of 211 cells). Wavelet
analysis provided further evidence of a significattuction of the oscillatory behaviour. The
results from the same experiment as in C are shiowigure 6D: in the presence of RR, oscillatory
activity, as quantified by the mean activity indek> (see SM, Methods) was significantly and
strongly reduced.

Thus, at least two components appear to contriiouiee NPs-induced alterations in f(a a

calcium influx through TRPV channels that, by cagsa depolarization of the membrane potential
can lead to activation of VDCCs, thus inducing dher calcium influx.

However, two main issues need more precise invagiiy first, RR in this concentration range has
been reported to block other members of the TREréapily: TRPM6 (Voets et al., 2004) and
TRPA1 (McNamara et al., 2007) channels. As forftmmer, its selectivity is 5-fold higher for

Mg?* than for C&", and therefore it is not a likely contributor kethuge increases in [€h

induced by the NPs. This was confirmed by the oladiEm that when cells were perfused with a



Mg?*-free extracellular solution during the sustainkdse of the response to NPs, no change in the
response amplitude, neither in individual respom&gsn averaged traces, could be observed (SM,
Figure 11A,B; experiment representative of four,ddotal of 126 cells). To investigate the
potential contribution of TRPAL channels, we emplbyhe selective antagonist HC 030031
(McNamara et al., 2007) at the concentration oftl in three experiments (215 cells) no
reduction of the response to $iINPs could be detected, neither in individual resgs nor in
averaged traces (SM, Figure S11C,D).

The second issue refers to the specific contribuiomembers of the TRPV family. To this
purpose, specific blockers of TRPV1 (previouslyared to be activated by environmental nano-
and micropatrticles, Oortgiesen et al., 2000) an&@V#&channels, the most strongly expressed
member in the GT1-7 cell line, were used. As showBM, Figure S11E, F, theTRPV1 antagonist
capsazepine (10 uM; Veronesi et al., 2003) didaffect the response to NPs, either on individual
traces or on the average (271 cells from threerexpats).

The picture was quite different with the selecfi®PV4 antagonist GSK 2193874 (Thorneloe et
al., 2012). GSK 2193874 (300 nM) induced a marketliereversible reduction of the calcium
signal activated by NPs in 51% of the cells (14iBsdeom three experiments). Subsequent addition
of 5 UM RR did not induce a further decrease. uké 6E,F are shown two individual responses
and the averaged trace from the same experimere{Biresponsive to GSK 2193874 from a total
of 35 cells). In the remaining cells, non respoadiv GSK 2193874, addition of RR induced a
small decrease in the response in only 12 cells@Bfte total population; not shown), suggesting
that the contribution of other members of the TREMily, if present, is quite marginal. A
guantitative evaluation of the effect of GSK 2198®n the oscillatory activity induced by the NPs
by means of wavelet analysis was performed in taditeonal experiments (69 responsive cells
from a total of 122), in which RR perfusion was tied, in order to focus the analysis on the
specific effect of the TRPV4 blocker. Fig. 6G shdws representative traces of responding cells
from one experiment; in H the wavelet analysishef time course of the oscillatory activity shows
that the TRPV4 blocker sharply reduced the meanipct

These findings provide evidence for an involven@ntRPV4 channels in the generation of the

calcium signals elicited by the NPs, at least irelavant subpopulation of cells.

Discussion

The data presented above provide evidence thasttitatory changes in [¢8; observed

following perfusion of neuronal cells with the sdiNPs are elicited by their interaction at thé cel



membrane, influx from the extracellular medium Igestpparently the exclusive pathway. The
nanoparticles used in the present study, as mangysytcan be internalized (Accomasso et al.,
2012; Miletto et al. 2010) and intracellular orgde®are potential targets (Corazzari et al., 2013;
Kettiger et al., 2013). However, the calcium imapdata are supported by the observation that the
time course of internalization is slower than theet of the calcium signals: even in the presefce o
the NPs, [C&]; returns to baseline in about 4 h, when interntibnehas reached levels comparable
to observations at 24 and 72 h (Miletto et al.,®0Therefore, the search for the target(s)
responsible for the onset of these responses hssftacused on the plasma membrane, the primary
gate for all interactions of cells with the extdrmalieu. The reversibility of the NPs-induced

signals and their differential activation at deli@s subcompartments allow to rule out a non-
specific perturbation of membrane permeability hsas a disruption of the plasmamembrane lipid
bilayer, pointing to the activation of one or mpigysiological pathways. While these electrically
excitable cells express several types of VDCCs, alker calcium permeable channels are potential
candidates. We provide evidence of the involvenaébbth VDCCs and TRPVchannels. The latter
possess peculiar polymodal activation propertiesaar regarded as sensors of irritants (Nilius et
al., 2007) and of pollutants (Veronesi et al., 200®e interaction between these two channel
families, with the potential contribution of othaalcium permeable channels, may contribute to the
oscillatory behaviour observed in most cells. Bynparing NPs of different sizes and physico-
chemical properties, our data suggest that nesilzer nor surface charge or agglomeration
(Thomassen et al., 2011) taken separately arecmiftito define the biological response, but that i
depends in a combined way from the whole set drpaters. The finding that the NPs-induced
calcium oscillations at non cytotoxic doses, albmig lasting, are transient on the time scale of a
few hours may provide a useful criterion for stgdiémed at large scale screening of the
neurotoxicity and/or biocompatibility of environntahand engineered NPs.

The fact that the same NPs can elicit quite singi&illations in [C&]; in another neuronal cell
line, showing different functional properties anffetent expression of membrane channels,
provides evidence that the mechanisms involved lbeaguite general.

Finally, the precise identification of the molezmutargets responsible for the cellular response to
the NPs is a crucial step in designing nanomaseftalbiomedical use tailored to the specific cell
type or tissue of interest.

The early findings that the inflammatory respottsparticulate matter (PM) in airway epithelial
cells (Veronesi et al., 1999) and peripheral nesi{@ortgiesen et al., 2000; Veronesi et al., 2002a)
was at least partly dependent on activation ofigalanflux through the capsaicin-activated, acid

sensing TRPV1 channel, were the first report oh&olvement of a member of the TRPV family in



response to micro- and nanopatrticles. In thesaraadollowing paper (Veronesi et al, 2002b) the
same group attributed their activation to the nggatharge present on the surface of many PM
components. However, the specimens employed wéte lygterogeneous regarding size (from
nanometers to micrometers) and other propertiesgethdata were confirmed by using engineered
polymeric particles, but these were in the micranetnge (Veronesi et al., 2003).

Our results, obtained by means of NPs of contlddiee and surface properties, partially diverge
from these previous observations by pointing tommex relationship between size, agglomeration
and surface charge, and providing evidence foméribmition, at least partial, of TRPV4 channels.
The mechanism may be either a direct or an indoret TRPV4 can be activated by arachidonic
acid (AA) and some of its metabolites (Everaertal £2010); some isoforms of the enzyme
phospholipase A2, that catalyzes AA synthesis, begctivated following mechanical stress
(Lehtonen and Kinnunen, 1995; Munaron, 2011; Otka.e1994). The indirect hypothesis could
explain the relatively long delay (up to a few nies) observed between NPs perfusion and the
onset of the calcium response.

In conclusion, the data reported above can befalusel to set the basis for testing the spediici

of the effects of different types of nano-objeatsselected cellular models.

Conflict of interest

The Authors declare no conflict of interest.

Acknowledgements

The Authors thank Prof. Pietro Baldelli for techalibelp. Work supported by the Compagnia di
San Paolo (call “Progetti di Ateneo 2011”, projectORTO11RRTS5: “Advances in nanostructured
materials and interfaces for key technologies”) pthe Fondazione CRT (call “Richieste
ordinarie 2014”, project n. 2014.1041).

References

Accomasso L, Cibrario Rocchietti E, Raimondo S afzato F, Alberto G, Giannitti A, et al.
Fluorescent silica nanoparticles improve opticagmg of stem cells allowing direct
discrimination between live and early-stage apoptmlls. Small 2012;8:3192-200. doi:
10.1002/smll.201200882.



Alberto G, Miletto 1, Viscardi G, Caputo G, LatteriL, Coluccia S, et al. Hybrid Cyanine-Silica
Nanoparticles: Homogeneous Photoemission Behatiéntwapped Fluorophores and Consequent
High Brightness Enhancement. Journal of Physican@stry C 2009;113:21048-53. doi:
10.1021/jp907415q.

Alexander SP, Mathie A, Peters JA. Guide to Rees@od Channels (GRAC), 5th edition. Br J
Pharmacol 2011;164:Suppl 1, S1-324.

Ariano P, Zamburlin P, Gilardino A, Mortera R, OaiB, Tomatis M, et al. Interaction of spherical
silica nanoparticles with neuronal cells: size-awmnt toxicity and perturbation of calcium
homeostasis. Small 2011;7:766-74. doi: 10.1002/261002287.

Arundine M, Tymianski MM. Molecular mechanisms al@um-dependent neurodegeneration in
excitotoxicity. Cell Calcium 2003;34:325-37. d0i:1016/S0143-4160(03)00141-6.

Charles AC, Hales TG. Mechanisms of spontaneowsucaloscillations and action potentials in
immortalized hypothalamic (GT1-7) neurons. J Netggol 1995;73:56-64.

Corazzari |, Gilardino A, Dalmazzo S, Fubini B, liseo D. Localization of CdSe/ZnS quantum
dots in the lysosomal acidic compartment of culfureurons and its impact on viability: potential
role of ion release. Toxicol In Vitro2013;27:752¢@i: 10.1016/j.tiv.2012.12.016.

Dalmazzo S, Antoniotti S, Ariano P, Gilardino A\lisolo D. Expression and localisation of TRPC
channels in immortalised GnRH neurons. Brain R&82A®30:27-36. doi:
10.1016/j.brainres.2008.07.019.

Everaerts W, Nilius B, Owsianik G. The vanilloidisient receptor potential channel TRPV4: from
structure to disease. Prog Biophys Mol Biol 2016;2617. doi: 10.1016/j.pbiomolbio.2009.10.002.

Gendelman HE, Mosley RL, Boska MD, McMillan J. Tpr@mise of nanoneuromedicine.
Nanomedicine (Lond) 2014;9:171-6. doi: 10.2217/rith1l7.

Gosso S, Gavello D, Giachello CN, Franchino C, GaebE, Carabelli V. The effect of CdSe-ZnS
guantum dots on calcium currents and catecholasgneetion in mouse chromaffin cells.
Biomaterials 2011;32:9040-50. doi: 10.1016/j.bioeniats.2011.08.031.

Guo D, Bi H, Wang D, Wu Q. Zinc oxide nanopartictesrease the expression and activity of
plasma membrane calcium ATPase, disrupt the irtidaecalcium homeostasis in rat retinal
ganglion cells. Int J Biochem Cell Biol 2013;45:9849. doi: 10.1016/j.biocel.2013.06.002.

Haase A, Rott S, Mantion A, Graf P, Plend| J, ThmiaenAF, et al. Effects of silver nanopatrticles
on primary mixed neural cell cultures: uptake, axie stress and acute calcium responses. Toxicol
Sci 2012;126:457-68. doi: 10.1093/toxsci/kfs003.

Hoddah H, Marcantoni A, Comunanza V, Carabelli ¥rlidne E. L-type channel inhibition by
CB1 cannabinoid receptors is mediated by PTX-seed& proteins and CAMP/PKA in GT1-7
hypothalamic neurons. Cell Calcium 2009;46:303¢32- 10.1016/j.ceca.2009.08.007.



Huang CC, Aronstam RS, Chen DR, Huang, YW. Oxidas$itress, calcium homeostasis, and
altered gene expression in human lung epithelid egposed to ZnO nanoparticles. Toxicol In
Vitro 2010;24:45-55. doi: 10.1016/j.tiv.2009.09.007

Huang DM, Hung Y, Ko BS, Hsu SC, Chen WH, Chien €fLal. Highly efficient cellular labeling
of mesoporous nanoparticles in human mesenchyeral stlls: implication for stem cell tracking.
FASEB J 2005;9:2014-6. doi:10.1096/f].05-4288fje.

Israelachvili J. Intermolecular and Surface Fortesidon: Academic Press; 1996.

Izak-Nau E, Kenesei K, Murali K, Voetz M, EidenPyntes VF, et al. Interaction of differently
functionalized fluorescent silica nanoparticleshwieural stem- and tissue-type
cells.Nanotoxicology 2014;8:138-48. doi: 10.3109/35390.2013.864427.

Kettiger H, Schipanski A, Wick P, Huwyler J. Engémed nanomaterial uptake and tissue
distribution: from cell to organism. Int J Nanomade 2013;8:3255-69. doi: 10.2147/1IN.S49770.

Kim JS, Yoon TJ, Yu KN, Kim BG, Park SJ, Kim HW,at Toxicity and tissue distribution of
magnetic nanoparticles in mice. Toxicol Sci 2006388-47. doi: 10.1093/toxsci/kfj027.

Kim SH, Huang Y, Sawatdeenarunat C, Sung S, LibW/ Selective sequestration of carboxylic
acids from biomass fermentation by surface-funeti@ed mesoporous silica nanoparticles. J Mater
Chem 2011;21:12103-12119. doi: 10.1039/C1IJM11299F.

Koeneman BA, Zhang Y, Westerhoff P, Chen Y, Criiem JC, Capco DG. Toxicity and cellular
responses of intestinal cells exposed to titanitoride. Cell Biol Toxicol 2010;26:225-38. doi:
10.1007/s10565-009-9132-z.

Lehtonen JY, Kinnunen PK. Phospholipase A2 as eharezsensor. Biophys J 1995;68:1888-94.
doi:10.1016/S0006-3495(95)80366-8.

Liu Y, Zhang Z, Zhang Q, Baker G L, Worden R M. Biembrane disruption by silica-core
nanoparticles: effect of surface functional grougasured using a tethered bilayer lipid membrane
2014;1838:429-437. doi:10.1016/j.bbamem.2013.09.007

Lovisolo D, Ariano P, Distasi C. Calcium signalimgneuronal motility: pharmacological tools for
investigating specific pathways. Curr Med Chem 209%5793-801. doi:
10.2174/092986712804143277.

Lovisolo D, Gilardino A, Ruffinatti FA. When neursrencounter nanoobjects: spotlight on calcium
signalling. Int J Environ Res Public Health 201496P1-37. doi:10.3390/ijerph110909621.

Martinez-Fuentes AJ, Hu L, Krsmanovic LZ, Catt Kabnadotropin-releasing hormone (GnRH)
receptor expression and membrane signaling in eanlyryonic GnRH neurons: role in pulsatile
neurosecretion. Mol Endocrinol 2004;18:1808-17: ttp://dx.doi.org/10.1210/me.2003-0321.

McNamara CR, Mandel-Brehm J, Bautista DM, Siemem3janian KL, Zhao M, et al. TRPA1
mediates formalin-induced pain. PNAS 2007;104:133@5doi: 10.1073/pnas.0705924104.



Miletto I, Gilardino A, Zamburlin P, Dalmazzo S, \isolo D, Caputo G, et al. Highly bright and
photostable cyanine dye-doped silica hanopartidiesptical imaging: Photophysical
characterization and cell tests. Dyes and Pigni0it§;84:121-7.
doi:10.1016/j.dyepig.2009.07.004.

Montalti M, Prodi L, Rampazzo E, Zaccheroni N. Dy@ped silica nanoparticles as luminescent
organized systems for nanomedicine. Chem Soc RAw;23:4243-68. doi: 10.1039/c3cs60433k.

Munaron L. Shuffling the cards in signal transdaietiCalcium, arachidonic acid and
mechanosensitivity. World J Biol Chem 2011;2:59-@@: 10.4331/wjbc.v2.i4.59.

Nilius B, Owsianik G, Voets T, Peters JA. Transieteptor potential cation channels in disease.
Physiol Rev2007;87:165-217. doi: 10.1152/physred2102006.

Nyitrai G, Héja L, Jablonkai I, Pal I, Visy J, KarslJ. Polyamidoamine dendrimer impairs
mitochondrial oxidation in brain tissue. J Nanobeabtnology 2013;11:9. doi: 10.1186/1477-3155-
11-9.

Oike M, DroogmansG, Nilius B. Mechanosensitive C&2#sients in endothelial cells from human
umbilical vein. Proc Natl Acad Sci USA 1994;91:2941(doi: 10.1073/pnas.91.8.2940.

Oortgiesen M, Veronesi B, Eichenbaum G, Kiser RinoB SA. Residual oil fly ash and negatively
charged synthetic polymers activate epithelialscafid nociceptive sensory neurons. Am J Physiol
Lung Cell Mol Physiol 2000;278:L683-95.

Orts-Gil G, Natte K, Drescher D, Bresch H, MantidrKneipp J, Oesterle W. Characterisation of
silica nanoparticles prior to in vitro studies:rfr@rimary particles to agglomerates. J Nanopart Res
2011; 13:1593-1604. doi: 10.1007/s11051-010-9910-9.

Papisov MI, Belov VV, Gannon KS. Physiology of ih&rathecal bolus: the leptomeningeal route
for macromolecule and particle delivery to CNS. Nblarm 2013;10:1522-32. doi:
10.1021/mp300474m.

Patapoutian A, Peier AM, Story GM, Viswanath V. lheTRP channels and beyond: mechanisms
of temperature sensation. Nat Rev Neurosci 2002%439. doi: 10.1038/nrn1141.

Pimpinelli F, Redaelli E, Restano-Cassulini R, @uei, Giacobini P, Cariboni A, et al.
Depolarization differentially affects the secretaryd migratory properties of two cell lines of
immortalised luteinizing hormone-releasing horm@ndRH) neurons. Eur J Neurosci 2003;18:
1410-18. doi: 10.1046/j.1460-9568.2003.02866.X.

Radovick S, Wray S, Lee E, Nicols DK, Nakayama Yeiktraub BD, et al. Migratory arrest of
gonadotropin-releasing hormone neurons in transgaige. Proc Natl Acad Sci USA 1991;88:
3402-06. doi: 10.1073/pnas.88.8.3402.

Rosenholm JM, Sahigren C, Lindén M. Multifunctionasoporous silica nanopatrticles for
combined therapeutic, diagnostic and targeted mati@ancer treatment. Curr Drug Targets
2011;2:1166-86. d0i:10.2174/138945011795906624.



Ruffinatti FA, Lovisolo D, Distasi C, Ariano P, Equez J, Ferraro M. Calcium signals: analysis in
time and frequency domains. J Neurosci Methods 2@91310-20.
doi:10.1016/j.jneumeth.2011.05.009.

Smyth JT, Hwang SY, Tomita T, DeHaven WI, Mercer BPGtney JW. Activation and regulation
of store-operated calcium entry. J Cell Mol Med @Q#%:2337-49. doi: 10.1111/].1582-
4934.2010.01168.x.

Sukhorukov G B, Donath E, Lichtenfeld H, Knippelkhippel M, Budde A, M6hwald H. Layer-
by-layer self assembly of polyelectrolytes on caoléb particles. Coll and Surf A: Physicochemical
and Engineering Aspects 1998;137:253-266.

Tang M, Wang M, Xing T, Zeng J, Wang H, Ruan DY .diianisms of unmodified CdSe quantum
dot-induced elevation of cytoplasmic calcium levialprimary cultures of rat hippocampal
neurons. Biomaterials 2008a;29:4383-91. doi: 1G61jddiomaterials.2008.08.001.

Tang M, Xing T, Zeng J, Wang H, Li C, Yin S,et aitdodified CdSe quantum dots induce
elevation of cytoplasmic calcium levels and impaniof functional properties of sodium channels
in rat primary cultured hippocampal neurons. Envirealth Perspect 2008b;116:915-22. doi:
10.1289/ehp.11225.

Thastrup O. Role of Ca2(+)-ATPases in regulatiomafular Ca2+ signalling, as studied with the
selective microsomal Ca2(+)-ATPase inhibitor, thggsgin. Agents Actions 1990;29:8-15.

Thomassen LC, Rabolli V, Masschaele K, Alberto Gmatis M, Ghiazza M, et al. Model system
to study the influence of aggregation on the hetmopotential of silica nanoparticles. Chem Res
Toxicol 2011;24:1869-75. doi:0.1021/tx2002178.

Thorneloe KS, Cheung M, Bao W, Alsaid H, Lenhardi&n MY, et al. An orally active TRPV4
channel blocker prevents and resolves pulmonamnadeduced by heart failure. Sci Transl Med
2012:159-148. doi: 10.1126/scitransimed.3004276.

van Schooneveld MM, Vucic E, Koole R, Zhou Y, Stedk Cormode DP, et al. Improved
biocompatibility and pharmacokinetics of silica nparticles by means of a lipid coating: a
multimodality investigation. Nano Lett 2008;8:2523- doi: 10.1021/n1801596a.

Veronesi B, Oortgiesen M, Carter JD, Devlin RB.tRRatate matter initiates inflammatory cytokine
release by activation of capsaicin and acid reeeptoa human bronchial epithelial cell line.
Toxicol Appl Pharmacol 1999;154:106-15. doi:10.1/08&p.1998.8567.

Veronesi B, de Haar C, Roy J, Oortgiesen M. Pdeteumatter inflammation and receptor
sensitivity are target cell specific. Inhal Toxi@8102a;14:159-83.
doi:10.1080/089583701753403971.

Veronesi B, de Haar C, Lee L, Oortgiesen M. Théasar charge of visible particulate matter
predicts biological activation in human bronchigitkelial cells. Toxicol Appl Pharmacol
2002b;178:144-54. doi:10.1006/taap.2001.9341.



Veronesi B, Wei G, Zeng JQ, Oortgiesen M. Elecatistcharge activates inflammatory vanilloid
(VR1) receptors. Neurotoxicology 2003;24:463-73:101016/S0161-813X(03)00022-6.

Veronesi B, Oortgiesen M. The TRPV1 receptor: taajeoxicants and therapeutics. Toxicol Sci
2006;89:1-3. doi: 10.1093/toxsci/kfj034.

Voets T, Nilius B, Hoefs S, van der Kemp AW, Droagm G, Bindels RJ, et al. TRPM6 forms the
Mg2+ influx channel involved in intestinal and réig2+ absorption. J Biol Chem 2004;279:19-
25. doi: 10.1074/jbc.M311201200.

Watanabe M, Sakuma Y, Kato M. High expression efRhtype voltage-gated Ca2+ channel and
its involvement in Ca2+-dependent gonadotropinasiley hormone release in GT1-7 cells.
Endocrinology 2004;145:2375-83. doi: http://dx.doy/10.1210/en.2003-1257.

Xu G, Zhang J, Song G. Effect of complexation aamzkta potential of silica powder. Powder
Technology 2003;134:218-222. doi:10.1016/S0032-§33)00172-4.



Figure legends

Figure 1. 50 nm Si©NPs (20 pg mt) elicit long lasting and oscillatory calcium sidgman GT1-7
cells, totally dependent from influx from the exdefular medium. (A) Three individual responses.
(B) Averaged data from 64 cells from the same drpant as in (A). Here and in following figures
the response to 40 mM KCl is shown at left. (C) Thkium signals elicited by 50 nm SiO2 NPs
have in some cases a sharp spatial specificithdrexample shown above, three regions of interest
(ROIs) were selected at three subcellular compantsnéhe increase in [3; was observed first at
the terminal of a neurite (*), subsequently at¢tbk soma @) and finally at the opposite neuritic
compartment+), thus producing a characteristic spatiotempaatiepn at the single cell level.

Scale bar: 20 um. (D) Recordings at the three R@dsvn in C.

Fig. 2. Perfusion with an extracellular calciumefisolution completely and reversibly abolished the
NPs-induced calcium signals. (A) Single traces.ABgraged response. (C) In a calcium free
solution, no response to NPs could be observedtiRduction of the solution containing 2 mM
CacCl elicited the oscillatory responses in individuall€ (not shown) and a strong increase in the
averaged signal.The response to NPs could be a@ubsatso following activation of store-operated
calcium entry (SOCE) induced by 10 nM thapsigarGinTwo sample cells; E: averaged response

from 35 cells from the same experiment as in D.

Figure 3. Reversibility of the NPs-induced incresise[C&];. (A) The NPs were perfused for

about 6 minutes and then washed out. After aboumiBQ perfusion was stopped and the recording
was continued at a slower acquisition frequency averaged trace from 44 cells returned to basal
levels in about 4 hours. (B) Same as in A, bufflilnewas stopped after 40 min and the NPs were
kept in the bath for more than 4 hours; againatieraged trace (20 cells) returned to baseline. The

star denotes the response to 40 mM KCI.

Figure 4. Time course of incorporation of fluore#c8i0, NPs into GT1-7 cells. 3-D
reconstructions of XYZ confocal stacks. Insets @spnt the virtual section along the white/yellow
lines. Scale bars: 10 um in the images, 2 um imngets. (A) After 7 min of incubation in DMEM,
no NPs could be observed inside the cells. (B,C3Amin and 4 h incubation, internalization could

be observed.



Figure 5. Effects of the blockers of L- and T-tymdtage dependent calcium channels (respectively
nifedipine, 10 uM and nickel, 100 pM) on NPs-indidicalcium signals. (A) The two blockers
abolished calcium oscillations in three cells shaystrong responses to high KCI. (B) A reduction
in average response amplitude was observed (18 salhe experiment as in A). (C) Wavelet
analysis from the same experiment as in A,B shtvasthe two VDCC blockers exerted a
significant reduction in the oscillatory activiffiime 0 corresponds to the start of perfusion in E
(arrow). Inset: reduction of mean value of the\amtindex <J> following perfusion with the
blockers. * p< 0.05.

Figure 6. TRPV channels are involved in the calcgigmals elicited in GT1-7 cells by SIQIPs.

(A) Expression of transcripts of the members of TR®°C and TRPV families. The TRPV channel
blocker Ruthenium Red (RR; 5 uM) abolished osadla in single cells (B; two sample traces
representative of 56 cells from one experiment)r@adiced the averaged response (C). (D)
Wavelet analysis from the same experiment as indB@vs that RR exerted a significant reduction
in the oscillatory activity. Time O correspondghe start of perfusion in E (arrow). Inset: redoiati

of mean value of the activity index <J> followingrfusion with RR. * p< 0.05. The TRPV4
antagonist GSK 2193874 (300 nM) markedly reduceccticium responses to NPs. (E) Two
individual traces and (F) averaged trace from 2 cesponsive to GSK 2193874 from one
experiment (total of 37 cells). When 5 uM RR watHer added to the bath, no additional decrease
could be detected. (G) Two individual traces (repreative of 44 responsive cells) from another
experiment in which RR was omitted showing the éase in oscillatory activity induced by GSK
2193874. (H). Wavelet analysis from the same erpant as in G. Time O corresponds to the start
of perfusion in E (arrow). Inset: reduction of meatue of the activity index <J> following

perfusion with the blocker. * p< 0.05.



