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Abstract Extensive uses of silica nanoparticles
(SiNPs) in biomedical and industrial fields have
increased the risk of exposure, resulting concerns
about their safety. We focussed on some of the safety
aspects by studying neurobehavioural impairment,
oxidative stress (OS), neurochemical and ultrastruc-
tural changes in corpus striatum (CS) of male Wistar
rats exposed to 80-nm SiNPs. Moreover, its role in
inducing mitochondrial and endoplasmic reticulum
(ER) stress-mediated neuronal apoptosis was also
investigated. The results demonstrated impairment in
neurobehavioural indices, and a significant increase
in lipid peroxide levels (LPO), hydrogen peroxide
(H,0,), superoxide (O,) and protein carbonyl con-
tent, whereas there was a significant decrease in the
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activities of the enzymes, manganese superoxide
dismutase (Mn SOD), glutathione peroxidase (GPx),
catalase (CAT) and reduced glutathione (GSH) con-
tent, suggesting impaired antioxidant defence system.
Protein (cytochrome c, Bcl-2, Bax, p53, caspase-3,
caspase 12 and CHOP/Gadd153) and mRNA (Bcl-2,
Bax, p53 and CHOP/Gadd153, cytochrome c) expres-
sion studies of mitochondrial and ER stress-related
apoptotic factors suggested that both the cell organelles
were involved in OS-mediated apoptosis in treated rat
brain CS. Moreover, electron microscopic studies
clearly showed mitochondrial and ER dysfunction. In
conclusion, the result of the study suggested that
subchronic SiNPs’ exposure has the potential to alter
the behavioural activity and also to bring about
changes in biochemical, neurochemical and ultrastruc-
tural profiles in CS region of rat brain. Furthermore, we
also report SiNPs-induced apoptosis in CS, through
mitochondrial and ER stress-mediated signalling.
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Introduction

In recent years, numerous toxicological investigations
of engineered nanoparticles have been carried out
(Liao et al. 2009; Brouwer 2010), and there are several
reports that inhaled or injected nanoparticles can cross
the blood-brain barrier (Lockman et al. 2004) and
enter the central nervous system (CNS) of the exposed
animals (Elder et al. 2006). Inhaled nanoparticles
either translocate directly into the brain or exit the
lungs and enter the circulation (Oszlanczi et al. 2011).
Ultrafine carbon black (ufCB), nano- and submicron
ferric oxide (Fe,O3), titanium dioxide (TiO,), manga-
nese oxide (MnO,) and silver nanoparticles have been
found to translocate into the brain via the olfactory
nerve pathway after intranasal instillation exposure.
Moreover, there are reports that these nanoparticles
also accumulate in different brain regions and stim-
ulate OS, inflammatory responses, pathological
changes and impair neural function in the hippocam-
pus and CS (Win Shwe et al. 2006; Wang et al. 2008,
2009a, b; Elder et al. 2006; Takenaka et al. 2001). In
view of the above reports, it is necessary to assess the
potential of these nanoparticles to contribute to
neurotoxicity.

SiNPs have attracted extensive interest due to their
easy surface modifications and highly hydrophilic
properties, and potential applications in biomedical
and industrial fields. These applications include
industrial manufacturing, packaging, mechanical pol-
ishing, additive to food, cosmetics, optical imaging,
targeted drug delivery, cancer therapy and control
drug release for gene and protein (Bharali et al. 2005;
Slowing et al. 2007; Bottini et al. 2007). The emerging
commercialization of SiNPs products have also raised
concerns about their safety. There have been reports
that SiNPs may pose a health threat by adversely
affecting cell function through production of reactive
oxygen species (ROS). Experimental evidences, both
in vivo and in vitro, support that SiNPs induce
intracellular OS and trigger mitochondrial stress-
mediated apoptosis (Wu et al. 2011a, b; Liu and Sun
2010; Parveen et al. 2012). Although mitochondria
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may play a central role in stress-induced neuronal
apoptosis by the activation of p53 (Kroemer et al.
2007), mitochondria are not the only cellular organ-
elles that respond to OS-mediated damages. Studies
suggest that even ER is also quite sensitive to OS-
mediated damage (Chen et al. 2008; Sanges and
Marigo 2006; Walter and Hajnoczky 2005). There is
growing evidence that ER may also regulate neuronal
apoptosis in stressful conditions (Galehdar et al.
2010). It is well known that perturbations of ER
homeostasis affect protein folding and cause ER stress
in many neurological disorders including Parkinson-
ism and Alzheimer’s disease (Doyle et al. 2011). ER
stress can also result in apoptosis through activation of
CHOP and caspase-12 pathways (Rizvi et al. 2014;
Galehdar et al. 2010; Nakagawa et al. 2000). However,
ER stress-mediated apoptosis has received very scanty
attention, especially in the field of nanoparticle
research. Only a few in vitro studies on nanoparticles
showed that ER may play an important role in
response to apoptosis and OS-induced damages
(Zhang et al. 2012; Christen et al. 2013). However,
we hypothesize that, in vivo, ER may play an
important role, along with mitochondria, in SiNPs-
induced neurotoxicity and neuronal cell death.

To the best of our knowledge, this is the first in vivo
study to illustrate that SiNPs may induce ER stress or
potentiate ER stress responses along with mitochon-
drial stress signalling. In the present study, we report
behavioural, biochemical, neurochemical and ultra-
structural changes in CS region of rat brain exposed to
SiNPs. In this study, we also demonstrate SiNPs-
induced apoptosis in CS through mitochondrial and
ER stress-mediated signalling.

Materials and methods
Silica nanoparticles and characterization

Silica (SiO,) nanopowder (Product No. 4830HT,
average particle size: 80 nm, specific surface area:
440 m*/g, purity: 99.0 % trace metals basis) was
purchased from Nanostructured & Amorphous Mate-
rials, Inc. (Houston, TX, USA). The detailed charac-
teristics provided by the supplier are given in
Table 1A. The size and shape of the particles were
characterized by scanning and transmission electron
microscopy (SEM, JEOL JEM-200CX, TEM, FEI
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Table 1 (A) Data provided by supplier. (B) Dynamic light scattering (DLS) measurement of SiNPs

A

Data provided by manufacturer. Note The purity of nanoparticles

Nanoparticle products IDs Nanoparticle size Chemical formulae Purity (%) SSA® (mzlg) Colour Morphology
4830 HT 80 nm (APS)? Si0O,, amorphous 99.0 440 White Spherical
B

DLS measurement of silica nanoparticles

Parameter

In phosphate buffer saline

Hydro dynamic size (nm)

Zeta potential (—mV)

397 £ 0.7
25 £ 0.6

Data provided by manufacturer. Note The purity of nanoparticles

“ APS average particle size

% Specific surface area measured by (BET) (Brunauer-Emmett—Edward)

Tecnai G2 Spirit Twin, Czech Republic). Hydrody-
namic size and zeta potential of SiNPs in phosphate
buffer saline (PBS) were determined by dynamic light
scattering (DLS) on a Malvern Instrument (Nano
7S590; Malvern Instruments, Westborough, MA,
USA). Briefly, dry powder of SiNPs was suspended
in PBS solution, the suspension was sonicated at room
temperature for 15 min at 40 W, and the measure-
ments were performed.

Animal and experimental design

Young male rats of Wistar strain (N = 60) weighing
around 150-200 g, obtained from the central animal
house of CSIR-Indian Institute of Toxicology
Research (CSIR-IITR), Lucknow were used in the
study. Rats were housed in an air conditioned room at
a temperature of 25 + 2 °C with a 12-h light/dark
cycle under standard hygiene conditions. They had
free access to pellet diet (procured from national
supplier) and water ad libitum. The study was
approved by the Institutional Animal Ethics Commit-
tee (IAEC) of King George’s Medical University,
Lucknow, India, and all experiments were carried out
in accordance with the guidelines laid down by the
Committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA), Ministry of
Environment and Forests (Government of India), New
Delhi, India.

The animals were randomly divided into five
groups, each group comprising 12 rats (6 controls
and 6 treated rats each). Rats in Group I were treated

with 80-nm SiNPs (150 png/50 pul PBS/rat), intrana-
sally instilled into both nostrils, using micro-syringe,
for 15 days. Rats in Group II, III, IV and V were also
treated with 80-nm SiNPs (150 pg in 50 pl PBS/rat)
similarly as Group I, for 90 days. Before intranasal
instillation, SiNPs were suspended into PSB and
sonicated for 15-20 min and mechanically vibrated
for 2 or 3 min to prevent aggregation and to keep the
maximum dispersed state of particles in PBS. Control
rats were treated with PBS (50 pl/rat) for the duration
of the treatment. At post instillation day 15, rats in
Group I were sacrificed by cervical decapitation.
Brains were taken out quickly, washed in ice-cold
saline and dissected for CS region following a
standard procedure (Glowinski and Iversen 1966).
Brain regions were processed immediately for the
estimation of OS-related parameters, neurotransmit-
ters and silica content. Behavioural studies were
carried out as per plan after 90 days of treatment.
Rats in Group II were used to assess spontaneous
locomotor activity, 24 h after the last dose of
treatment. The same set of rats were used to measure
grip strength, 1 h after the spontaneous locomotor
activity test. Rotarod test was carried out in Group III.
After rotarod test, rats were sacrificed as described
above. The half of the CS region of same set of rats
was processed immediately for the assay of parame-
ters related with OS, and remaining half of the CS
region was kept frozen at —20 °C for the assay of
dopamine (DA)-D2 receptors and neurotransmitters
and processed within 72 h. Moreover, half of the CS
region of individual rats of Group IV was analysed for
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| SiNPs 80nm I

| 'Young male Wistar Rats (N=60) |

Intranasal exposure of 80nm SiNPs
(150 pg/50pl PBS/rats for 15 days) ,
control rats were treated with 50ul PBS/Rat

Intranasal exposure of 80nm SiNPs
(150 pg/50pl PBS/rats for 90 days) ,
control rats were treated with 50pl PBS/Rat

Gp-I comprises 12 Rats
(6 controls and 6 treated)

Gp-II comprises 12 Rtas
(6 controls and 6 treated)

Gp-III comprises 12 Rtas
(6 controls and 6 treated)

Gp-1V comprises 12 Rtas
(6 controls and 6 treated)

Gp-V comprises 12 Rtas
(6 controls and 6 treated)

Rats were scarificed
at day 15 by cervical
decapitation

Rats were scarificed
at day 90 by cervical
decapitation

Rats were scarificed
at day 90 by cervical
decapitation

Rats were scarificed
at day 90 by cervical
decapitation

CS of individual rats were
analyse for 0s
Neurotransmitters and Si
content.

Gp-II were used to assess
SLA & Grip strength test

Gp-III were used for
Rota Rod test, after that
rats were scarifies & CS
were analyze for OS and
Neurochmicals.

Gp-IV were used for
protein expression,

mRNA expression and Si
content analysis.

Gp-IV were used for
ultrastructural study.

Fig. 1 Experimental design for in vivo experiments

protein and mRNA expression, and remaining half CS
region was used for the estimation of silica content.
Group V rats were perfused with Karnovsky’s fixative,
and CS region of perfused rats brain was used for the
ultrastructural studies (Fig. 1).

Spontaneous locomotor activity

Spontaneous locomotor activity in rats was assessed
using computerized Actimot (TSE, Germany), fol-
lowing the method as described by Yadav et al. (2009).
Effect on different parameters including total distance
travelled, resting time, stereotypic time, time moving
and rearing were studied in controls and treated
groups.

Rotarod performance

Effect of SiNPs on motor coordination was studied in
rats using Rotomex (Columbus Instruments, USA),
and the time of fall from the rotating rod was
monitored following the standard procedure of Yadav
et al. (2009).

Grip strength

A computerized grip strength metre (TSE, Germany)
was used to measure the forelimb grip strength in
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controls and treated rats following the standard
procedure described by Yadav et al. (2009).

Silica nanoparticles content analysis

CS region was removed from treated and control rats
and stored at —80 °C. CS region was thawed on the
day of analysis. Generally, 0.1 g of the tissue was
weighed, digested and analysed for silica content
using Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES, Perkin Elmer.).

Lipid peroxide levels

Lipid peroxide levels, as a measure of malondialdehyde
(MDA) formation, were estimated following the method
of Ohkawa et al. (1979), and the intensity of pink colour
formed during the reaction was read at 532 nm. The
values were expressed as jtmol MDA/mg protein.

Protein carbonyl

Protein carbonyl content in the CS region of the rat
brain was measured following the method of Levine
et al. (1990), using 2,4-dinitrophenylhydrazine
(DNPH) as a substrate. The difference in absorbance
between the DNPH-treated and the HCl-treated sam-
ples was determined spectrophotometrically at
375 nm, and the amount of carbonyl contents was
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calculated using a molar extinction coefficient (e) of
22.0 mM~' cm™" for aliphatic hydrazones. The val-
ues were expressed as nmol/mg protein.

Reduced glutathione

Reduced glutathione (GSH) levels in CS were mea-
sured spectrophotometrically, using 5, 5'-dithiobis (2-
nitrobenzoic acid) (DTNB) as the colour reagent,
following the method of Hasan and Haider (1989). A
range of glutathione (2-10 pg) was also run in parallel
to plot the standard curve. The values were expressed
as pg GSH/g tissue weight.

Superoxide dismutase

Activity of superoxide dismutase (SOD) was assayed
following the method of Kakkar et al. (1984) using
NADH as a substrate in the post-mitochondrial
fraction of CS. The SOD activity was expressed in
units/min/mg protein.

Catalase

Activity of catalase in the CS region of the rat brain
was assayed following the method of Aebi (1984),
spectrophotometrically in the post-mitochondrial frac-
tion using hydrogen peroxide (H,O,) as substrate. The
activity was expressed in pmol/min/mg protein.

Glutathione peroxidase

Glutathione peroxidase (GPx) activity in CS was
measured following the procedure of Flohe and
Gunzler (1984). The values were expressed as nmol
GSH oxidised/mg protein.

HzOz and 02_

The detection of hydroperoxide (H,O,) contents in the
CS tissue was carried out by the xylenol orange assay,
following the method of Nourooz-Zadeh et al. (1994).
Superoxide anions (O, ") in CS tissue were measured
by determining the reduction of 3-{1 [(phenylamino)
carbonyl]-3,4-tetrazolium }-bis(4-methoxy-6-nitro)
benzenesulfonic acid hydrate (XTT) as described by
Oliveira et al. (2001). The values are expressed were
nmol/mg tissue.

Assay for catecholamine’s

Dopamine (DA), 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) were ana-
lysed using high-performance liquid chromatography
with electrochemical detector (HPLC ECD) following
the method of Kim et al. (1987). The CS tissues were
homogenized in 0.1 M perchloric acid containing
DHBA, an internal standard at a final concentration of
25 ng/ml. After that the samples were centrifuged at
12,000xg for 5 min. The supernatant was further
filtered through 0.25 pm nylon filters before injecting
into the HPLC injection pump. A water standard
system consisting of a high-pressure isocratic pump,
20-ul sample injector valve, C18 reverse phase
column and electrochemical detector was used. Data
were recorded and analysed with the help of Breeze
software. Mobile phase consisted of 0.15 M NaH,.
PO,4, 0.25 mM EDTA, 2 % isopropanol and 1.75 mM
sodium octyl sulphate and 4 % methanol, pH of the
mobile phase, was adjusted to 4.0. Electrochemical
conditions for the experiment were +0.800 V, and
sensitivity range was 2 nA. Separation was carried out
at a flow rate of 1.2 ml/min. Results were expressed in
terms of ng/g wet tissue weight.

Assay for dopamine-D2 receptors

Radioligand receptor binding technique was employed
to assay dopamine (DA) D2 receptors in crude
synaptic membranes of CS following the standard
procedure described in detail by Khanna et al. (1994).
3H-spiperone (18.5 Ci/mmol, 1 x 107° M, Perkin
Elmer, USA) was used as a radioligand, while
haloperidol (1 x 10~° M) was used as a competitor
to assess the extent of non-specific binding. Specific
binding was expressed as pmol ligand bound/g
protein. Scatchard analysis was carried out at varying
concentrations of *H-spiperone (0.1-4 x 10~ M) to
ascertain whether change in the binding is due to
alteration in the affinity (K,) or number of receptor
binding sites (Bpax)-

Real-time PCR
RNA was isolated from control and treated rats using
RNAqueous kit (Ambion Inc., Austin, TX, USA),

following the manufacturer’s protocol. RevertAid™
First Strand cDNA Synthesis kit (Fermentas, St. Leon-

@ Springer



2664 Page 6 of 15

J Nanopart Res (2014) 16:2664

Rot, Germany) was used to synthesize cDNA from
100 ng of RNA. Real-time PCR was performed using
Power SYBR green PCR master mix (Applied
Biosystems, Foster City, CA, USA) in ABI 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) following the fast thermal cycling
conditions: 95 °C for 5 min and 40 cycles of 95 °C for
15 s and 60 °C for 1 min. Expression levels of Bax,
Bcl2, cytochrome ¢, p53 and CHOP were calculated
relative to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as endogenous control. Primers for real-
time PCR are given in Table 4.

Isolation of total protein and cytosolic protein
from corpus striatum

Total protein was isolated by the method of Yadav
et al. (2009). Briefly, the brain CS regions were
homogenized in RIPA buffer containing Tris—HCI
(50 mM, pH 6.8), NaCl (150 mM), sodium deoxy-
cholate (0.5 %), SDS (0.1 %), protease inhibitor and
Triton X-100 (1 %), and centrifuged at 12,000x g for
15 min at 4 °C to remove insoluble materials. The
pellets were discarded and supernatant contained total
protein was used in immunoblot experiment. The
cytosolic fractions were prepared by the method of
Tang et al. (1998). Protein content was quantified
using Lowry et al. (1951).

Immunoblot analysis

Forty microgram of protein sample was separated on
10 % SDS-polyacrylamide gel electrophoresis and
electro-blotted on PVDF membrane. The membrane
was incubated for 2 h with specific polyclonal IgG
antibodies of Bax, Bcl,, Cyt ¢ (Santa Cruz Biotech-
nology, Inc.), caspase-12, caspase-3, p53, Gadd153/
CHOP and -actin (Abcam), and with respective
HRP-conjugated secondary antibodies for 1 h at room
temperature. Immunoblot was revealed using Immo-
bilon™ Western Chemiluminescent HRP substrate
kit. (Millipore, Corporation, MA, USA). -Actin was
used as internal standard. PageRuler'™ Prestained
Protein Ladder (5 pl) (Thermo, EU) was used to
determine molecular weight of the protein bands.
Densitometry of the bands obtained was done using
NIH software Image J version 1.41 (USA). Band areas
were calculated by densitometric scanning and results
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expressed as Arbitrary Units for each experimental
band.

Caspases activity

Enzymatic activities of caspase-3 and caspase-12 were
measured using Caspase-3 Colorimetric Assay Kit,
and caspase-12 Fluorimetric Assay Kit (BioVision,
Inc., Mountain View, CA, USA), respectively, accord-
ing to manufacturer’s instruction. The absorbance was
measured at 405 nm for caspase-3, while for caspase-
12 fluorescence was recorded at 505 nm emission with
400 nm excitation filter in a SYNERGY-HT multiwell
plate reader, Bio-Tek (Winooski, USA).

Electron microscopic study

Ultrastructural changes in CS region of the rat brain
were assessed using standard electron microscopic
technique. The rats were anesthetized with nembutol
(sodium pentobarbitol) solution, 50 mg/kg b.w. and
perfused through heart with Karnovsky’s fixative
(0.1 M paraformaldehyde and glutaraldehyde solution
in cacodylate buffer, pH 7.3) following the standard
procedure described by (). The brains were quickly
removed from the cranium, placed on ice and CS was
dissected out. Small pieces of 2-3 mm size were
immersed in the same fixative for 4 h and there after
washed with 0.1 M cacodylate buffer (pH 7.3). The
samples were post fixed for 3 hat4 °Cin 1 % osmium
tetroxide prepared in 0.1 M cacodylate buffer. The
specimen were washed with distilled water and left in
1 % aqueous uranyl acetate overnight. Subsequently,
dehydration was carried out in ascending grades of
alcohol, acetone and in pure acetone. Following
dehydration, the specimens were embedded in Epon
812 at room temperature. Sections were cut on an
LKB-ultramicrotome with a glass knife. Thereafter,
sections were mounted on 300 mesh copper grids,
stained with 1 % uranyl acetate and lead citrate and
examined with a FEI Tecnai G2 Spirit Twin, Czech
Republic Transmission Electron TNH Microscope.

Statistical analysis

Statistical analysis was carried out using GraphPad
Prism software. The data were analysed using one-
way analysis of variance (ANOVA) followed by
Newman—Keuls test to compare all pair of columns.
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Fig. 2 Characterization of SiNPs (A) field emission scanning electron microscope image, (B) field emission transmission electron

microscope image and (C) energy-dispersive X-ray spectrum

Values were expressed as mean = SEM, and values
up to p < 0.05 were considered significant.

Results
SiNPs characterization

The results of SEM and TEM indicated that SiNPs
having smooth surface and the primary sizes of the
SiNPs were about 80 & 6 nm, and the shapes of the
SiNPs were near spherical (Fig. 2A-C). The hydrody-
namic size and zeta potential of SiNPs in physiological
saline were examined by DLS, which provide

quantitative information on stability of the particles
during experiment, and results showed that the
average hydrodynamic size of SiNPs in physiological
saline solution was 397 + 0.9 nm (Table 1B). Fur-
ther, zeta potential of SiNPs in physiological saline
solution was —25 mV.

SiNPs altered neuromuscular coordination
and spontaneous locomotor activity
The rotarod test and grip strength revealed a marked

impairment in the muscle strength and coordination in
SiNPs-treated group after 90 days exposure with
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respect to control group. The average retention time
was reduced by 54.61 % in treated group when
compared to the controls (Table 2A). The treated
animals showed neuromuscular incoordination and
seemed confused during training period as compared
to the control animals. None of the SiNPs-treated
animals could maintain themselves on the rotating rod
for the full quota of the cut off time (180 s). Forelimb
grip strength was also found to be significantly
decreased in treated rats (56.6 %), compared to
controls (Table 2B). A significant decrease in total
distance travelled (65 %), time moving (39.8 %),
rearing (52 %) and an increase in resting time
(14.2 %) was observed in treated rats with respect to
control group (Table 2C).

Accumulation of SiNPs in corpus striatum

The first and most important step in assessing the
neurotoxicity of nanoparticles is to determine their
fate in the brain. In the present study, no significant
increase in SiNPs content in CS was observed on day
15. However, intranasal instillation of SiNPs for
90 days resulted in a significant increase in SiNPs
content in CS, when compared with the controls
(Fig. 3).

SiNPs induce oxidative stress and disturbs
antioxidant defence in corpus striatum

We found significant increase (118 %) in lipid perox-
ide levels and protein carbonyl formation (74.2 %) in
treated group, when compared with the controls
(Fig. 4C,D). Moreover, SiNPs significantly increased
the production rate of H,O, (100.8 %) and O,
(91.4 %), in CS of treated rats as compared with
controls (Fig. 4A,B). We also examined the levels of
antioxidants like MnSOD, CAT, glutathione reductase
and reduced glutathione and found significant
decrease in MnSOD (51.2 %), CAT (50 %), glutathi-
one reductase (28.13 %) and reduced glutathione
(41.06 %) in CS of SiNPs administrated rats, when
compared with control group (Figs. SA-D).

SiNPs perturbed catecholamine levels
and dopamine D2 receptor in corpus striatum

The levels of DA, DOPAC and HVA were signifi-
cantly reduced in CS of SiNPs-treated rats. We found
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Table 2 Changes in motor coordination and neurobehavioral
impairment in rats, following exposure to SiNPs for 90 days

Parameter Control group SiNPs-treated group
A

Rota rot 269 + 20 122 £ 12*

B

Grip strength 786 + 34 341 £ 29*

Cc

Total distance 6508 £ 877.0 2245 + 887**
Resting time 196 + 15.65 224.8 £ 25.15%
Time moving 118 £ 4.05 71.17 4 23.0*
Stereotypictime 104.5 £ 18.3 96.5 + 10.3
Time rearing 23 £9.19 11 £ 5.21%

(A) Rotarod test, (B) Forelimb grip strength and (C) Different
parameters of locomotor activity in rats following exposure to
SiNPs at post instillation of day 90. Data were analysed by one-
way analysis of variance followed by Newman—Keuls test.
Values are mean + SEM of six animals in each group

The asterisk indicates the significant difference between treated
and control groups (* p < 0.05 and ** p < 0.01)

350

300 A

250 -

200

150 A

100

Si Content (ng/g tissue)

50

et

15 Days

0 ===

Control

90 Days

Fig. 3 Si content in CS of rat brains (n = 6) after intranasal
instillation with SiNPs at time points of 15 and 90 days.
**p < 0.01 when compared with control groups

significant reduction in the levels of DA (56.6 %),
DOPAC (40.3 %) and HVA (49.9 %) in treated rats,
as compared with controls (Fig. 6A). Radioligand
binding assay showed significant decrease in the
binding of *H-spiperone to striatal membranes, known
to label dopamine receptors (34.3 %) in SiNPs-treated
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Fig. 4 Changes in H,0,,
O, , MDA level and Protein
carbonyl levels in the CS of
rats (n = 6) intranasally
instilled with physiological
saline and SiNPs at the time
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rats, when compared with controls (Fig. 6B). Scat-
chard analysis revealed that the decrease in the binding
was due to decrease in the number of binding sites
(Bmax), and no significant effect on affinity (Ky) was
found in the SiNPs-treated rats, when compared with
the control group (Table 3).
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SiNPs-induced mitochondrial and ER stress-
mediated apoptosis in corpus striatum

To confirm whether chronic exposure of SiNPs play

any role in neurodegeration, we analysed expression
of apoptosis-related proteins (Bax, Bcl-2, cytochrome
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Fig. 6 Changes of (A) DA, DOPAC and HVA level in the CS
of rats (n = 6) after intranasal exposure of SiNPs at the time
point of 15 and 90 days, and (B) Dopamine D2 receptors at post
instillation of 90 days. Data were analysed by one-way analysis

Table 3 Scatchard analysis of *H-Spiperone to CS mem-
branes of rats following exposure to SiNPs for 90 days

Parameter Control SiNP Treated
Ky 1.84 £ 0.12 1.62 + 0.13
Brax 565 £+ 49 226 4 25%*

Values are mean & SEM of six animals in each group. The
asterisk indicates the significant difference between treated and
control groups (** p < 0.01). Ky is the dissociation constant
expressed in nM, B, is the maximum number of binding sites
expressed in Pico moles *H-Spiperone bound/g protein

¢, caspase-3, p53, caspase-12 and CHOP) by western
blotting and m-RNA expression of Bax, Bcl-2, CHOP
and p53 by real-time PCR. The protein and m-RNA
expression of pro-apoptotic protein Bax was found to
be increased, while antiapoptotic protein Bcl-2
showed downregulation (Fig. 7A,D) in CS of treated
rats. Immunoblotting of cytochrome c¢ revealed a
single protein band in cytosolic fractions of CS of
treated rats, which confirms the release of cytochrome
¢ from mitochondria to cytosol (Fig. 7B). Immuno-
blotting and enzymatic activity of caspase-3 revealed
that subchronic SiNPs exposure caused significant
increase in caspase-3 in CS of treated rat with respect
to controls (Fig. 7A,E). These findings confirm that
cytochrome ¢ release and subsequent activation of
caspase-3 may form an essential component of
neuronal degeneration in chronic form of SiNPs
neurotoxicity. Further, we demonstrated the expres-
sion of p53 and found that p53 protein and m-RNA
levels were upregulated (Fig. 7A,D) in CS of treated
rats with respect to controls. ER stress-related marker

@ Springer

of variance followed by Newman—Keuls test. Values are
mean = SEM of six animals in each group. The asterisk
indicates the significant difference between treated and control
groups (*p < 0.05 and **p < 0.01)

CHOP/GADDI153 and caspase 12 were significantly
increased in CS of treated rats (Fig. 7C, F), when
compared with the controls.

SiNPs-induced ultrastructural changes in corpus
striatum

To provide further insight into the nature of the
neuronal cell death caused by SiNPs, we examined the
CS tissue for ultrastructural changes by transmission
electron microscopy (Fig. 8 A-D). The electron micro-
scopic studies depicted intensely electron dense mito-
chondria, mitochondrial  swelling, loss of
mitochondria cristae, changes in nuclear shape, chro-
matin condensation, dilation of rough endoplasmic
reticulum, increase in lysosomes and degeneration of
neurodendron in CS of treated rats.

Discussion

Physicochemical properties such as particle size, zeta
potential and hydrodynamic size are important param-
eters to assess the toxic effects of nanomaterials (Jiang
et al. 2009; Murdock et al. 2008). In the present study,
characterization of SiNPs was carried out by SEM and
TEM, which showed that nanoparticles were almost
spherical in shape, smooth surface, well dispersed and
with an average diameter of 80 £+ 8 nm (Fig. 2A,B).
We observed that the hydrodynamic size of SiNPs,
measured by DLS, was approximately 4-5 times
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Fig. 8 Transmission electron micrograph of CS showing
apoptotic morphology after subchronic SiNPs exposure for
90 days. (A) Control rat showing normal mitochondria (red
arrow) NM normal mitochondria; magnification x15,000.
(B) Electron micrograph of SiNPs-treated rat brain CS exhibit
part of an axonal profile showing two mitochondria, depicted
longitudinal cristae which are electron lucent (green arrow); one
mitochondrion at the top (red arrow) shows transverse cristae
with electron dense matrix. Some particles are present in the
mitochondrion (blue arrow). Curved perforated synapse seen at
the bottom (yellow arrow). M Mitochondria, PS perforated

synapse, magnification x20,000. (C) Change in nuclear shape
and chromatin condensation (green arrow), slight dilation of
rough endoplasmic reticulum clearly seen (red arrow) and
increases in lysosome were observed in CS of treated rat. CC
Chromatin condensation, RER rough endoplasmic reticulum,
L lysosome, magnification x15,000. (D) Mitochondria under-
went morphological changes such as matrix swelling, loss of
mitochondrial cristae (red arrow), mitochondrial swelling (blue
arrow) and some particles were seen inside the mitochondria
(vellow arrow). MS Mitochondria swelling, magnification
% 15,000. (Color figure online)
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higher (i.e. 397 £ 12 nm) than that calculated by
TEM (80 & 8 nm). The higher size of SiNPs in
aqueous suspension, as compared to TEM size, may be
due to the tendency of particles to agglomerate in
aqueous state. Our results are consistent with previous
reports (Liu et al. 2010; Liu and Sun 2010). Moreover,
agglomeration of particles depends on the surface
charge. The surface charge of SiNPs, determined as
zeta potential, was —25 mV in PBS. Our results
showed that the SiNPs possessed uniform shape and
structure along with relatively uniform dispersibility,
which are important factors for nanotoxicity studies.

There is paucity of awareness about the potential
adverse effects of SiNPs on brain function, as also
regarding the relationship between inhalation expo-
sure of SiNPs with the onset of neurodegenerative
disorders. The present study mainly focused on
investigating the effect of subchronic inhalation
exposure to SiNPs on CS of rat brain. The CS is
responsible for regulating autokinetic stability, mus-
cular tension and posture. Moreover, neuronal damage
to the CS is reported to be closely correlated with
Parkinson’s disease (Bugiani et al. 1980; Pitcher et al.
2012; Sterling et al. 2013). Our findings are notewor-
thy as CS appears to be the major site of intranasally
instilled SiNPs accumulation (Fig. 3). Our results
showed that approximately 50 % of the nanoparticles
remained in the CS of the exposed rats. The high
surface to volume ratio of nanoparticles deposited in
brain for prolonged period may contribute to cellular
interaction and free radical production, and these
reactions may lead to brain damage and increase the
risk of developing neurodegenerative disorders (Wu
et al. 2011a, b).

The results of the present study demonstrated that
SiNPs have potential to cause oxidative injuries, as we
observed increased levels of H,O, and O,  in OS
(Fig. 4A,B). H,0, and O, have traditionally been
regarded as a by-product of ROS and have been
implicated in transcription factor activation and are
also reported to play a role in neurodegenerative
diseases (Hu et al. 2011). Peroxidation of membrane
lipids may be one of the mechanisms by which ROS
contribute to the cascade of events leading to damage
of cell membrane and intracellular cytoplasmic
bodies. Therefore, the observed elevated MDA levels
(Fig. 4C) may be associated with membrane dysfunc-
tion and triggering events leading to neuronal injury.
We also checked protein carbonyl formation, as an
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index of protein oxidation, and indeed it was found to
be significantly elevated in CS of treated rats
(Fig. 4D). It has been suggested that oxidatively
modified proteins accumulate in various conditions
of OS such as ischaemia reperfusion, Parkinson’s and
Alzheimer’s disease, etc. (Barbara and Earl 1997).

From our results, it was also evident that SiNPs
caused redox imbalance in CS through the marked
depletion in GSH, CAT, SOD and GRx levels
(Fig. 5SA-D). These enzymes and GSH are considered
to be the first line of defence against deleterious effects
of ROS (Wang et al. 2009a, b). These data clearly
indicate the adverse biological effects of SiNPs
exposure on CS of rat brain, and this may ultimately
enhance the risk of SiNPs-related neurotoxicity.

To check the OS-mediated neurological damage,
we also assessed the levels of DA and its metabolites,
and found significant reduction in DA, DOPAC and
HVA levels in the CS of treated animals (Fig. 6A).
Furthermore, it may be pointed out here that there are
reports of an intimate relationship between DA
metabolism and ROS generation. The oxidative
deamination of catecholamines by monoamine oxi-
dase (MAO) generates hydrogen peroxide, which in
turn may lead to OS in catecholaminergic neurons or
catecholamine degrading cells (Sulzer et al. 2000;
Meiser et al. 2013). In contrast, non-enzymatical and
spontaneous auto-oxidation of DA produces O, and
reactive quinines. Both quinones and ROS can react
unspecifically with many cellular components altering
their functionality and thus being potentially neuro-
degenerative (Graham 1978; Napolitano et al. 2011).
Earlier reports have shown that dopaminergic system
is involved in many psychiatric and neurological
disorders, including Parkinson’s disease (Meiser et al.
2013; Shafer et al. 2005).

We also report decrease in dopamine-D2 receptors
in CS, as reflected by a decrease in the binding of *H-
spiperon to striatal membranes (Fig. 6B; Table 3). At
present, it is difficult to explain the exact reason for
decreased binding of dopamine-D2 receptors. It may
either be due to excessive dopaminergic neuronal cell
death, as a result of redox imbalance, or decreased
levels of dopamine, which may influence the sensi-
tivity of their receptors in the striatum. It may also be a
result of direct interaction of SiNPs with dopamine
receptors, leading to decreased binding, as there are
numerous reports of a number of nanoparticles
interacting with the receptors directly (Wang et al.
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Table 4 Primers for real-time PCR

CHOP F 5'-CAC CTC CCA AAG CCC TCG
CTC TC-3

R 5'-TCA TGC TTG GTG CAG ACT
GAC CAT-3¥

Bax F 5'-ACACCTGAGCTGACCTTG-3’

R 5-AGCCCATGATGGTTCTGATC-3'
Bcl-2 F 5'-CATGCGACCTCTGTTTGA-3'

R 5-GTTTCATGGTCCATCCTTG-3

p53 F 5'-CTACTAAGGTCGTGAGACGC
TGCC-3'

R 5'-TCAGCATACAGGSTTTCCT
TCCACC-3'

F 5-TAAATATGAGGGTGTCGC-3’
R 5-AAGAATAGTTCCGTCCTG-3'

F 5'-GTC TAC TGG CGT CTT
CAC CA-3

R 5'-GTG GCA GTG ATG GCA
TGG AC-3'

Cytochrome C

GAPDH

2009a, b; Bartczak et al. 2011; Vacha et al. 2012).
Role of dopamine and its receptors in modulating the
motor behaviour is well known (Yadav et al. 2009).
We also found decrease in distance travelled associ-
ated with resting time in rats exposed to SiNPs. This
indicates impaired motor performance. Furthermore,
decrease in grip strength and rotarod performance
showed impaired motor coordination. These changes
may be associated with the decrease in the sensitivity
of dopamine receptors in CS of treated rats (Table 4).

To explore the possible molecular mechanism of
SiNPs-induced neuronal apoptosis in CS, the expres-
sion level of several regulators involved in apoptosis
was assessed. It was observed that nanoparticles
disturbed intracellular redox homeostasis which
resulted in the generation of ROS (Wang et al.
2009a, b). ROS may trigger OS in mitochondria and
ER, which, under adverse conditions, result into the
promotion of stress-mediated apoptosis (Liu and Sun
2010; Chen et al. 2008; Wu et al. 20114, b). Our results
revealed that SiNPs disturbed bax/bcl2 ratio
(Fig. 7A,D) in CS, and this was confirmed by the
release of cytochrome C (Fig. 7C) from the mito-
chondrial membrane and activation of executioner
caspase 3, which is a hallmark of apoptosis cascade
(Fig. 7E). Furthermore, we found that these effects
were p53 mediated. It is generally believed that OS
activates multiple signalling pathways, including the
p53 signal transduction pathway (Circu and Aw 2010).

Results showed that p53 protein as well as its mRNA
level was upregulated in CS with respect to controls.
ER stress is implicated in many neurological disorders
(Yoshida 2007) and is also closely linked to OS and
mitochondrial damage (Deniaud et al. 2008; Li et al.
2010). Therefore, the role of ER stress in SiNPs-
induced apoptosis was examined. CHOP/GADDI153
and activated caspase-12 are the sensor of ER stress,
beside this apoptosis-related proteins like bax and bcl2
also reside in ER (Nozaki et al. 2001; Momoi 2004).
Our results clearly indicated that caspase-12 activation
together (Fig. 7C,F) with enhanced CHOP/GADD153
expression in CS (Fig. 7C) of SiNPs-treated rats can
be linked with disruption in bax/bcl2 homeostasis and
redox imbalance (Barone et al. 1994; Matsumoto et al.
1996). Moreover, our results also suggest that SiNPs
may promote the perturbation in the mitochondrial and
ER function in the CS of rat brain which in turn may
result in the activation of apoptotic proteins in these
organelles, and thereby promotes apoptosis (Fig. 8A-
D). Furthermore, the ultrastructural changes in CS of
SiNPs-treated rat brain revealed that mitochondria and
ER underwent various morphological changes such as
mitochondrial swelling, electron dense mitochondria
and dilation in rough endoplasmic reticulum. The
changes observed in electron microscopic studies
provided clear evidence that SiNPs-induced morpho-
logical changes were consistent with our results of
apoptotic neuronal cell death.

Conclusion

The results of the present study demonstrated that
intranasally instilled SiNPs were deposited in CS
region of rat brain. The accumulation of SiNPs
resulted in OS, due to the increased formation of
ROS and depletion of cellular antioxidants. Further-
more, we also observed SiNPs-induced apoptosis,
which was mediated by mitochondrial as well as ER
stress signalling pathways. The generation of OS and
neuronal apoptotic cell death may constitute the
intervening biochemical steps between subchronic
exposure to SiNPs and perturbation in neurochemical
parameters and appearance of various neurobehavio-
ural deficits. Our results clearly demonstrated the
potential neurotoxicity of SiNPs and their possible
role in neurodegenerative disorders. However, further
studies are needed to gain a better understanding of
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memory functions and nanoparticles-induced apopto-
sis, by the activation of unfolded protein responses
(UPR), particularly in ER stress.
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