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Highlights
 Available evidence suggests incomplete effectiveness of protective barriers of the brain
against nanoparticles translocation to the brain
 Nanoparticles from continuously growing industrial production and the use of
nanoparticles may impact human brain health
 There is a need to specifically evaluate the interactions between nanomaterials and the
nervous system: with original dedicated experimental models and tools for
neurotoxicological research, with epidemiological studies of neurodegenerative diseases
in manufactured nanoparticle-exposed populations
 This review warrants recognition of an emerging need to combine nanotoxicology and
neurology and calls for novel specific tools and investigation methods for this discipline
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Abstract

The present critical review analyzes the question of how nanoparticles from continuously
growing industrial production and use of nanomaterials may impact human brain health.
Available evidence suggests incomplete effectiveness of protective barriers of the brain
against nanoparticles translocation to the brain. This raises concerns of potential effects of
manufactured nanoparticles on brain functions, given that nanoparticle’s potential to induce
oxidative stress, inflammation, death by apoptosis, or changes in the level of expression of
certain neurotransmitters. Most concerns have not been studied sufficiently and many
questions are still open: Are the findings in animals transposable to humans? What happens
when exposure is chronic or protracted? What happens to the developing brain when
exposure occurs in utero? Are some nanoparticles more deleterious, given their ability to
alter protein conformations and aggregation? Aside from developments in nanomedicine,
the evidence already available fully justifies the need to specifically evaluate the interactions
between nanoparticles and the nervous system. The available data clearly indicates the need
for original dedicated experimental models and tools for neurotoxicological research on the
one hand, and the need for epidemiological studies of neurodegenerative diseases in
manufactured nanoparticle-exposed populations, on the other. A combination of
nanotoxicology with neurology in a novel discipline, with its specific tools and methods of
investigation, should enable answering still unresolved questions.
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α, alpha; β, beta; δ, delta; ε, epsilon; APOE, apolipoprotein E ; Aβ, amyloid beta; BBB, blood–
brain barrier; CERAD, The Consortium to Establish a Registry for Alzheimer's Disease; CNS,
central nervous system; CRP, C reactive protein; CSF, cerebrospinal fluid; DRG, dorsal root
ganglia; EBC, exhaled breath condensate; H2O2, hydrogen peroxide; HCECs, human cerebral
endothelial cells; HR, hazard ratios ; IL, Interleukin; MDA, malondialdehyde; MIG, metal inert
gas; MMSE, Mini-Mental State Examination; NPs, nanoparticles ; PEG, polyethylene glycol ; PM
particulate matter; PNC, particle number concentration; PNS, peripheral nervous system;
QD, quantum dots ; ROS, reactive oxygen species; SiO2, silica dioxide; TIG, Tungsten Inert
Gas; TiO2, titanium dioxide ; TNF-α, tumor necrosis factor- alpha; UFPs, ultrafine particles ;
ZnO, zinc oxide;
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1. Introduction
It is advisable today to distinguish between ultrafine particles characterized by various sizes,
shapes and compositions, either of natural origin (erosion, volcanic eruptions) or anthropic
activities (traffic, combustion and some industrial activities), and manufactured
nanoparticles. The latter are produced intentionally in the framework of the flourishing
nanotechnologies. Unlike ultrafine particles (UFPs), manufactured nanoparticles are
produced for their particular properties shown only at the nanoscale, and have more
controlled physicochemical characteristics. The properties exhibited at this scale (between 1
and 100 nm) can be of diverse type, i.e. electric, catalytic, mechanical, optical, or biological,
enabling use of nanotechnology products in almost all the major sectors in today’s world,
including health, energy, electronics, the environment, and transport and information
technology and telecommunications. This explains the enthusiasm of industry and the public
authorities for these products. The use of manufactured nanoparticles in medical
applications is particularly remarkable, including for diagnostic purposes, treatment of
cancers, molecular imagery, surgery, and medical devices or tissue engineering (Bechet et
al., 2008; Benachour et al., 2012; Chouikrat et al., 2012; Koffie et al., 2011; Wadghiri et al.,
2013; Zhang et al., 2013). The development of optimized tools to diagnose, study, and treat
central nervous system (CNS) diseases, including tumors or neurodegenerative diseases
reputed incurable, is one of the expected applications in nanomedicine. Carbon-based
(Riviere, 2009) and metallic nanoparticles (Yokel et al., 2013) are already widely used,
especially for imaging. Nanoparticles may resolve key problems such as penetration and
targeting of specific brain areas, difficulties resulting from the high level of protection of this
particular organ. This is why some studies dealing with nanomedicine (in vitro, in vivo and
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more rarely human studies) have focused mainly on the interactions between nanoparticles
and the nervous system, and on drug delivery systems (like polymer-based, dendrimers,
nanoliposomes ...) that target the CNS. Despite the different strategies that are currently
used to overcome the remaining hurdles for nanoparticle transfer to the brain (increasing
nanoparticle dose, use of polyethylene glycol (PEG) or other surface modifications), there is
still little evidence that nanoparticles reach the brain in vivo, and there is a lack of studies
about possible deleterious effects of these nanoparticles. Indeed, precautions must be
taken in the use of these nano-designed treatments, as nanoparticles may also induce
neurotoxic effects or accelerate existing brain damage (Figure 1).
Moreover, in addition to nanomedicine products that concern vulnerable populations, the
rapid spread of nanotechnology raises serious questions about its impact on the general
population’s health and on the environment. Thousands of nanoproducts are already
available on the market (JRC, 2014) (Tulve et al., 2015; Vance et al., 2015), raising concerns
of massive consumer exposure by inhalation, ingestion, dermal contact, or a combination of
these routes. While several studies have already pointed to possible respiratory and
cardiovascular system damage following nanoparticle exposure (Cassee et al., 2011; Dockery
et al., 1993; Ghio et al., 2012; Liao et al., 2014; McCreanor et al., 2007; Miller et al., 2013;
Patel et al., 2013; Pieters et al., 2012; Pope et al., 2008; Pope et al., 2006; Robertson et al.,
2012; Robertson et al., 2014; Seaton et al., 1995; Thurston et al., 2016; Xu et al., 2013b;
Yamamoto et al., 2013), only few studies have looked at their impact on the highly
vulnerable nervous system as underlined in several reviews (Cupaioli et al., 2014; Lung et al.,
2014; Suh et al., 2009; van Berlo et al., 2014; Yokel, 2016a; Yokel and Macphail, 2011).
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This review aims to 1) describe possible exposure routes and consequences of manufactured
nanoparticles on the function and integrity of the nervous system in light of their specific
structural and physiological properties, 2) assess the evidence in humans, with particular
focus on neurodegenerative and neurodevelopmental outcomes, and 3) identify
methodological and research gaps and possible solutions for a better understanding of how
manufactured nanoparticles may affect the human nervous system.

2. The brain: a particularly vulnerable and highly protected organ
Compared to the other organs, the brain is unique in several ways (Figure 2): 1) high
metabolic needs, for a cerebral mass accounting for approximately 2% of the whole body,
the brain consumes nearly 20% of the total oxygen inhaled, making it one of the most active
organs at the metabolic level; 2) complex organization with hundreds of neuroanatomic
regions namely the “nuclei” having different sensitivities to physical or chemical insults; 3)
specific cells with unique properties, the neurons, highly specialized to allow electric and
chemical conduction; the glial cells (80% of CNS cells) responsible for myelination of the
neuronal processes, metabolic support and regulation of neuronal synaptogenesis or
chemical transmission within a synapse, as well as responses to brain damage; and 4) several
levels of protection including the ventricular spaces filled with cerebrospinal fluid (CSF) that
have a crucial function in preserving brain homeostasis by regulating the maintenance of the
integrity of the CSF–brain barrier, but also the blood–brain barrier (BBB), a regulator of the
flow of molecules between the blood circulation and cerebral parenchyma, also involved in
the elimination of toxic metabolites and protection of the brain against xenobiotic agents
(Abbott et al., 2006). Finally, the brain is highly vulnerable by nature, as it is extremely
8

sensitive to hypoxia, inflammation, and oxidative stress, and has very limited regenerative
capacity of the neurons.

3. Routes for nanoparticles to reach the brain
The main paths of exposure to nanoparticles in humans are the respiratory route, which
includes the nasal cavity, but also the digestive tract and potentially the cutaneous route
(Buzea et al., 2007) (Figure 3). Once nanoparticles successfully cross these first barriers, the
lungs, the gastrointestinal tract, or the skin, they may attain the blood stream, and next the
brain, especially if they can cross the BBB. The possibility of nanoparticles reaching the brain
via these various routes of exposure is supported by experimental evidence accumulated
over the last fifteen years and Figure 3 provides a sum up of possible routes transposed to
humans.

3.1. Neuronal uptake and transportation of nanoparticles
3.1.1. From nose to brain
A first and direct possibility of neuronal translocation is after inhalation, from the nasal
cavity to the brain through the olfactory bulbs directly accessible from the nasal fossae. The
demonstration of nanoparticle uptake from the nasal cavity to the brain can be found in a
study using squirrel monkeys exposed intranasally to 50 nm colloidal gold (De Lorenzo,
1970). The gold nanoparticles detected by electron microscopy, were seen in the olfactory
nerve within 30 min after exposure and in mitral cells of the olfactory bulb 1 hour after
exposure (De Lorenzo, 1970). In 2004 Oberdörster’s team showed that nanoparticles of 13C
of approximately 36 nm could be transferred straightaway from the olfactory epithelium to
9

the olfactory bulbs via olfactory nerve neural processes (Oberdorster et al., 2004). Since
these studies, the observation has been repeated for other types of nanoparticles, such as
those of manganese or iron oxide (Elder et al., 2006; Wang et al., 2007a). Thus a direct
neuronal uptake of nanoparticles is possible and it is reasonable to assume that
nanoparticles could be then transported to more distant brain areas, using the neuronal
retrograde transport. Indeed the uptake of particulate matter, such as pigment particles or
viruses (such as 30 nm poliovirus, 80 to 100 nm herpes virus …), followed by their neuronal
retrograde transport along the olfactory tract is reported and admitted since a long time ago
(Howe and Bodian, 1941; Rake, 1937). But even today, the exact mechanism of
Nanoparticles uptake by sensory endings and their translocation to the brain are not
understood.

Neuronal transport
It is well-known that neurons are able to internalize not only pathogens, toxins but other
types of molecules such as trophic factors. Once inside the neurons, these molecules can be
transported using either anterograde or retrograde axonal transport machinery (Gibbs et al.,
2016; von Bartheld, 2004). The retrograde transport is mostly driven by cytoplasmic dynein,
a protein that sustains the transport of various organelles such as vesicles, mitochondria,
endosomes, lysosomes etc.…from the axon terminals to the neuronal cell bodies. It is usually
accepted that axonal transport can be ‘fast’ (200–400 mm/day or 2 to 5 μm/s) or ‘slow’ (1–5
mm/day) (Shepherd, 1994). The fast transport with an average speed of 1 to 2 μm/s (Cui et
al., 2007; Ori-McKenney et al., 2010), can be however less (0.4 μm/s) or more rapid (up to 5
μm/s) (Hill et al., 2004; Kural et al., 2005; Parton et al., 1992) depending on the model
studied (Cui et al., 2007; Ori-McKenney et al., 2010) More recently, some studies have
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brought evidence supporting the attractive speculation that Nanoparticles could be
internalized by endocytosis and then transported using this retrograde machinery. For
example, using a zinc binding dye, airborn ZnO particles (12-14 nm) were detected in the
olfactory bulbs and brains of rats exposed 4h on 3 consecutive days using transmission
electron microscopy (Kao et al., 2012). To test the olfactory uptake and axonal transport,
quantum dots (QD) made of CdSe/ZnS nanocrystals were used in inhalation studies in mice
(droplets size 84 nm at an average concentration of 250 μg/m3 for 1 hour) (Hopkins et al.,
2014). In this study, several techniques, including fluorescent and transmission electron
microscopy on tissue samples that were previously washed and exsanguinated, allowed
demonstrating that QDs were quickly transported from the nose to the brain mainly by
olfactory uptake and via fast axonal transport. Axonal translocation was also reported for
CeO2 and SiO2 Nanoparticles in frog sciatic nerve (ex vivo preparation) and the measured
speed of translocation was compatible with the slow axonal transport (Kastrinaki et al.,
2015). Computational studies may further clarify our understanding of the axonal transport
of nanoparticle. Notably, Kuznetsov (Kuznetsov, 2012) provided a model of nanoparticle
transport in neurons and described two modes of neuronal transport, depending on the
intracellular location of Nanoparticles, inside or outside of endocytic vesicles. Assuming that
in axons, Nanoparticles would be internalized only at axon terminals, and in dendrites, in
which Nanoparticles could enter anywhere through the entire plasma membrane, this
mathematical

model

integrated

the

differences

between

axons

and

dendrites

compartments, resulting from these different uptake possibilities. The development of
nanoparticle based tools for studying the function of dyneins on retrograde transport of
endosomes in neurons (Chaudhry et al., 2008) also confirms the relevance of the
nanoparticle translocation using the retrograde axonal machinery. Functionalization of
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Nanoparticles enables them to be endocytosed and transported. It was shown by a study
using nerve growth factor conjugated quantum dots that enter DRG neurons and are then
transported axonally in a retrograde manner (Cui et al., 2007).

An additional main pathway to reach the CNS implicates the trigeminal nerve (Dhuria et al.,
2010), a small portion of which terminates in the olfactory bulbs (Schaefer et al., 2002). The
trigeminal and olfactory pathways of nanoparticles allow direct translocation to the brain
(Elder et al., 2006; Lewis et al., 2005). These data suggest an innovative gateway of entrance
into the CNS for Nanoparticles, avoiding the blood–brain barrier (Johnson et al., 2010).

Trans-synaptic transportation
The observation that several levels of brains areas connected to the nasal fossae through
olfactory and trigeminal nerves were shown to contain inhaled Nanoparticles, suggests by
itself that Nanoparticles could pass from a neuron to another through the synapses.
Olfactory sensory neurons synapse on mitral cells, are themselves connected with tufted
cells. From the olfactory bulbs, these neurons pass through to the olfactory tubercle and
then a third-order neuronal projections (third synaptic contact) result in connections with
several brain areas such as the anterior olfactory nucleus, prepyriform and the entorhinal
cortex, the amygdala, as well as the hippocampus, hypothalamus and thalamus (Lledo et al.,
2005). Most of the inhalation studies reported clearly nanoparticle deposition within the
olfactory bulb (first order synapse) (De Lorenzo, 1970; Elder et al., 2006; Hopkins et al., 2014;
Oberdorster et al., 2004; Wu et al., 2013). From there, Nanoparticles might travel to other
areas of the brain (e.g., hippocampus, hypothalamus, etc.), following the olfactory and
trigeminal pathways (Lledo et al., 2005). This property should be particularly taken into
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account in the drug delivery strategies based on nasal instillation (Illum, 2000) (Mistry et al.,
2009). The ability of Nanoparticles to pass the synapses between olfactory neurons in the
olfactory bulb to the telencephalon and diencephalon structures or from trigeminal nerves
to the projections from the spinal trigeminal nucleus are difficult to apprehend and might
appear as less efficient (Oberdorster et al., 2004; Tjalve et al., 1996). Several parameters
could explain this difficulty, first a question of time: nanoparticle axonal and trans-synaptic
transport needed to reach other areas of the brain supposes more time. Secondly, a dilution
effect during trans-neuronal dissemination and thirdly a potential clearance of some of the
Nanoparticles during the journey.

Extracellular pathways excluding blood
In addition to the neuronal pathway, nanoparticles could gain access to the CNS through the
extracellular pathways (perineuronal, perivascular and cerebrospinal fluid pathways). As an
example, to comfort initial inhalation studies using uranium aerosol (Tournier et al., 2009) in
rats, that suggested the existence of an olfactory transport, a second wave of experiments
using instillation of soluble uranium in the nasal cavity was performed (Ibanez et al., 2014).
Using SIMS microscopy, the analysis revealed that the uranium has been brought directly
along the olfactory nerve to the brain through perineural and cerebrospinal fluid pathways.

3.1.2. From lungs to the brain
Translocation to the CNS after inhalation has been reported for Nanoparticles of very
different chemical types and sizes: ferric oxide (Wang et al., 2016) silver (Patchin et al.,
2016), gold (Yu et al., 2007; Zhang et al., 2012), copper (Zhang et al., 2012), titanium dioxide
(TiO2) (Wang et al., 2008a; Wang et al., 2008b), manganese dioxide (Elder et al., 2006),
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iridium (Kreyling et al., 2009), and carbon (Kreyling et al., 2009), with dimensions reaching
from 2 to 200 nm. It was also reported in the context of anthropic nanoparticles (Shimada et
al., 2006). During inhalation, passage of nanoparticles from the lungs to the brain has also
been suggested (Oberdorster et al., 2005; Oberdorster et al., 2004). In this case, it would
appear that translocation to the brain results predominantly from secondary translocation,
following preliminary nanoparticle crossing of the lung–blood barrier. It has been shown that
metal nanoparticles, for instance uranium (38 nm) (Petitot et al., 2013), are translocated
from the respiratory tract to extra-pulmonary organs, particularly the CNS, via blood
capillary vessels (Simko and Mattsson, 2010). The presence of sensory nerve endings at the
bronchiolar and alveolar level could also support the neuronal translocation of
nanoparticles. As an example, C-nerve fibers present within the airways ending in the
solitary nucleus and para-trigeminal nucleus within the medulla oblongata (McGovern et al.,
2015) might contribute to the uptake and translocation to the brain. A review by Stapleton
et al. points out several neurological links that may sustain the observed cardiovascular
responses to xenobiotic pulmonary exposure (Stapleton et al., 2015). However there is a lack
of data reporting nanoparticle neuronal uptake and retrograde transportation by this way.

3.1.3. From gut to the brain
The digestive tract appears to be another route of translocation after inhalation of
nanoparticles; this well-known pathway can be studied specifically by intra-esophageal
instillation. A very recent study by Kreyling et al. (Kreyling et al., 2017) investigated with a
remarkable precision the quantitative biodistribution of TiO2 NPs in rats after a single dose
delivered by intra-esophageal instillation. They showed that despite very low absorption of
TiO2 nanoparticles across the gut (less than 0.6% of the dose applied), and despite the
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physiological barriers of the CNS, TiO2 nanoparticles were detectable weakly but clearly in
the brain. This study does not allow determining precisely the cellular location of these
nanoparticles (nervous cells, endothelial cells) neither the precise pathways (blood,
neuronal) that contribute to this translocation in the brain. But, compared to other organs,
these nanoparticles still detectable in the brain seven days after oral delivery suggest
importantly retention of nanoparticles in this organ (Kreyling et al., 2017). Similar
observation was reported for 80nm gold nanoparticle but with lower retention (Schleh et al.,
2012). Furthermore, the possibility of nanoparticle passage from the gastrointestinal tract to
the brain has been studied by direct exposure via drinking water or by gavage. The study of
Hillyer and Albrecht investigated gold nanoparticle content in gastrointestinal tract and brain
after 4, 10, 28 and 58 nm diameter colloidal gold nanoparticle oral delivery (Hillyer and
Albrecht, 2001). The authors report nanoparticle accumulation in brain with the highest
concentration recorded for 4nm nanoparticles and less strong but similar concentration for
10 and 58 nm. Other studies (Hu et al., 2010; Wang et al., 2007b; Wang et al., 2013) suggest
nanoparticle accumulation in the brain after oral exposure, combined to dose-dependent
brain damage, based on prior passage of the nanoparticles in the systemic circulation.
However for all these studies it is not possible to distinguish the parenchymal from the blood
nanoparticle content. A study on female rats exposed to a unique oral dose of iron oxide
(Fe2O3 (30nm)) at different concentrations, has also showed, although with slight levels, a
dose dependent content in Fe2O3 in the brain that was more effective for the nanoforms
compared to the control bulk material (Singh et al., 2013). It is plausible that before being
transported in a retrograde manner to the brain, nanoparticle could be captured by the
numerous nerve endings along the digestive tract (Furness et al., 2013) Yet, this pathway has
not been addressed in the nanotoxicology literature. It requires a thorough evaluation,
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notably in a context of growing exposure by this route, to relatively high levels of engineered
nanoparticles (Weir et al., 2012) and given the recent hypothesis in Parkinson disease (PD)
etiology (Hawkes et al., 2007). According to Braak’s theory, PD could be initiated outside the
central nervous system, in peripheral areas, such as olfactory bulbs and enteric nervous
system present in the gut, possibly triggered by xenobiotic agents that would be taken up
locally and initiate neurotoxicity (Braak et al., 2006). This hypothesis was experimentally
studied and sustained only recently (Pan-Montojo et al., 2012).
Concerning oral exposure during critical periods of life like in newborns, a very recent study
suggests that infants can be exposed to silver and gold nanoparticles via breastmilk
(Morishita et al., 2016). Silver nanoparticles administered intravenously or orally to lactating
mice resulted in silver nanoparticle detection in breastmilk, and subsequently silver
nanoparticles were found to accumulate in the brains of offspring. During the earliest
months of life, the young mice did not show any neurologic abnormalities. However, the
consequences of nanoparticle exposure on brain function may appear on a longer time scale
and thus this should be evaluated.

3.2. Neuronal translocation of nanoparticles through the blood brain barrier
Regardless of the route of exposure, it would seem that nanoparticles could quickly reach
the blood vessels, (Ragnaill et al., 2011; Sharma and Sharma, 2007; Zensi et al., 2009) via
transcytosis through endothelial cells rather than between endothelial cells. Translocation
from blood compartment through endothelial cells to reach the brain has been
demonstrated in vivo in the mouse after intravenous injection of nanoparticles
functionalized with Apo-E molecules (Kreuter et al., 2002; Zensi et al., 2009). These
nanoparticles were identified in endothelial cells of the BBB 15 min after administration, and
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in neurons 30 min after administration (Zensi et al., 2009). This was also shown in vitro for
TiO2 nanoparticles, which were detected within the endothelial compartment, then in
astrocytes (Brun et al., 2012). The distribution of nanoparticles in the bloodstream raises a
particular concern of placental nanoparticle transfer to the fetal CNS (Figure 3). Because the
BBB develops gradually in the fetal brain (Ballabh et al., 2004), this type of direct exposure to
nanoparticles in utero may have the most damaging consequences. Best studied in rodents,
in which the BBB develops anatomically between embryonic day 11 and 17, the temporal
development of an operational BBB has been found to vary with species (Ballabh et al.,
2004). In addition, complete BBB functionality may need additional time, as shown in the rat
brain by the increase of the expression of occludin, a tight junction protein expressed by BBB
endothelial cells, between postnatal day 8 and 70 (Hirase et al., 1997).

3.3. The case of the peripheral nervous system
In case of dermal contact with nanoparticles, the peripheral nervous system (PNS) may be
the first nervous compartment to be concerned by possible nanoparticle uptake and
consecutive harmful effects. As an example, the presence in the superficial layers of the
epidermis of free sensory nerve endings of C- and Aδ-fibers that innervate the skin
represents a possible gateway of entrance of nanoparticles into the brain. In the event of
nanoparticle uptake by these afferent sensory nerve endings, the substances may be
transported through neuronal processes to their neuronal cell bodies grouped in the dorsal
root ganglia (DRG), as discussed in the previous subsection. Secondarily from DRG,
nanoparticles may pass through synapses in the spinal cord to reach neurons in the CNS. This
pathway of nanoparticles in the PNS has been poorly investigated despite its importance,
particularly considering that hundreds of consumer products containing nanoparticles are
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designed for dermal application. Constitutively, neurons of the PNS are secured by a blood–
neuron barrier thanks to the existence of tight junctions in the endothelial cells surrounded
by pericytes. However, a noticeable difference with the CNS lies in the absence of foot
processes from astrocytes at this barrier, and in the presence of Schwann cells instead of
oligodendrocytes. These features may sustain PNS susceptibility to nanoparticle exposure
that requires particular attention.

4. Cellular and subcellular locations of manufactured nanoparticles
Once in the brain, where can we find these nanoparticles? In vitro studies have helped to
highlight the existence of nanoparticles in neurons, astrocytes and microglial cells, but
potentially all cell types in the brain could be involved. Once in neurons or glial cells, the
nanoparticles may be directed to the lysosomes or persist in the cytoplasm, offering the
opportunity to interact with other organelles. Electron microscopy studies have shown the
presence of nanoparticles within the glial and neuronal cells for instance silver nanoparticles
of 20 nm were found mostly in the lysosomes of astrocytes (Haase et al., 2012; Locht et al.,
2011), silica based nanoparticle engineered for nanomedicine tools, was detected in the
endoplasmic reticulum (ER) and in the cytoplasm of microglial cells (Ducray et al., 2017), as
wells TiO2 nanoparticles were detected in the cytoplasm and in vacuoles of microglia (Long
et al., 2006). This indicates that certain nanoparticles may be subject to classic cell
degradation processes. More rarely, nanoparticles (like silver nanoparticles of 6-20 nm and
cationic quantum dots (QD) of 2.2 nm) have been found in the nucleus (Asharani et al., 2009;
Lovric et al., 2005), suggesting that the subcellular location can be highly reliant on the
dimension of the nanoparticles. Surprisingly, the mitochondrial compartment of nerve cells
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has not been identified as hosting nanoparticles, except in the study of De Lorenzo in which
spherical 50nm gold nanoparticles were reported within the mitochondria of the mitral cells
of the olfactory bulb (De Lorenzo, 1970). The lack of other evidence of mitochondrial
implication results probably and predominantly from many research gaps in this area. Given
that oxidative stress is regularly reported in association with exposure to nanoparticles, it is
very likely that mitochondria host nanoparticles more frequently, as demonstrated for other
cell types such as macrophages (Eidi et al., 2012).

5. Possible effects on the nervous system
Given the proven possibility of nanoparticles to reach the nervous system, together with the
subcellular detection of these nanoparticles within nervous cells, several factors are to be
taken into attention for the study and understanding of the possible effects on peripheral
and central nervous system. In the case peripheral nervous system, according to Jaiswal et
al., SiO2-nanoparticles exert differential cytotoxic effects on PNS neural cells and Schwann
cells are more susceptible than DRG cells (Jaiswal et al., 2011). In more recent times, it has
been proved that TiO2-nanoparticles are taken on in DRG cells and generate apoptosis,
produce reactive oxygen species (ROS) and changes in expression of pro-inflammatory
cytokines (Erriquez et al., 2015). Further implication of the PNS has also been shown in rats
exposed repeatedly to lead nanoparticles (20 nm) by intratracheal instillation (Oszlanczi et
al., 2011). The action potential as well as conduction velocity of the tail nerve were altered in
the exposed animals.
In the case of the CNS, it is important to consider the regional dimension of the brain
affected by the presence of nanoparticles. In brain areas ensuring specific roles, a variety of
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impacts are likely to be possible. It may be noted, for example, that the presence of
nanoparticles in the BBB can induce changes in barrier properties. Similarly, interactions of
nanoparticles with the hippocampus could be linked to memory impairment (Liu et al.,
2012a). The nature of the possible consequences is also reliant on the cell type targeted.
Schematically, the presence of nanoparticles in astrocytes may participate in the induction of
reactive gliosis, while in the case of nanoparticle accumulation in neurons, there may be
changes in neuronal metabolism, functions, or even viability. Finally, the sub-cellular scale
also has its own importance, as suggested by a study reporting the loss of β-tubulin and actin
filamentin cultured neurons exposed to 20 nm silver nanoparticles (Xu et al., 2013a); this
observation was reproduced at sublethal concentrations of silver nanoparticles which
disrupt also actin dynamics in SVZ-NSCs (Cooper and Spitzer, 2015). Among the possible
expected effects, impacts on cell morphology, function, and viability are critical for the
highly vulnerable nerve cells, when compared to other cell types.
Since neurons ensure the transfer of information, it is key to note that variations in electrical
activities have been documented, including studies on neurons isolated from the
hippocampus (Liu et al., 2012b; Xu et al., 2009; Zhao et al., 2009), or studies of primary
murine cortical networks (Gramowski et al., 2010). These studies indicate that silver
nanoparticles (50-100 nm, 10 μg/mL) inhibited postsynaptic currents in neurons from the
CA1 region of the hippocampus, and that ZnO nanoparticles (20-80 nm, 10-4 g/mL) are able
to increase the entry of sodium ions and the output of potassium ions from the neurons of
the CA3 region, enhancing their excitability while CuO nanoparticles had small effects on
transient outward potassium current. In primary cell cultures from the mouse frontal cortex,
TiO2 nanoparticles at 10 μg/mL induced severe inhibition of the electrical activity of the
neural network.
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The review by Simko and Mattsson (Simko and Mattsson, 2010) provides a summary of
possible neurotoxic outcomes associated with exposure to nanoparticles; other reviews
(Heusinkveld et al., 2016; Win-Shwe and Fujimaki, 2011; Yokel, 2016b) support the idea of a
wide range of possible effects. Morphological changes such as number and length of
neurites or astrocytes branches were reported for example in vitro, in neurons (rat DRG
primary cells) exposed to Cu nanoparticles (40, 60 and 80 nm) (Prabhu et al., 2010), as well
as in astrocytes exposed to ZnO nanoparticles (rod shaped 45 nm)(Wang et al., 2014). In
vivo, morphological changes can also be seen, like in the hippocampus of mice repeatedly (3
times/week for 4 weeks) exposed to ZnO nanoparticles (20-80nm) by intraperitoneal (i.p.)
injection at 5.6 mg/kg body weight (Tian et al., 2015). Observed in two vulnerable parts of
the hippocampus, the CA1 and dentate gyrus (DG) regions, the morphological changes
affecting pyramidal neurons consisted in a sparse arrangement, cellular distortions,
dissolved and less numerous Nissl bodies. Neurotoxicity induced by nanoparticles exposure
can be mediated by oxidative stress, characterized by overproduction of various reactive
oxygen species (ROS). It is ascertained by the evaluation of the ROS production levels
combined to the presence of antioxidant defenses (Hellack et al., 2017). This has been
extensively studied in vitro and in vivo notably for metallic nanoparticles such as ZnO (Guo et
al., 2013; Tian et al., 2015; Wang et al., 2014), iron oxides (Wu et al., 2013), TiO2 (HuertaGarcia et al., 2014; Long et al., 2006; Ma et al., 2010), silver (Haase et al., 2012) but also
shown for non-metallic nanoparticles such as for fullerenes (C60) (Oberdorster, 2004).
Neurotoxicity induced by nanoparticles can also be mediated by induction of an
inflammatory state that can be assessed by different approaches like detection of an upregulation of the transcription of various pro-inflammatory genes, of cytokines production,
and in the brain an activation of microglial cells. As an example, in vivo, it has been shown
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that TiO2 nanoparticles induce cerebral inflammation (Elder et al., 2006) via activation of
microglial cells in the brain (Balvay et al., 2013). These aspects are very important given the
high sensitivity of the CNS to oxidative stress and inflammation (Appel et al., 2010; Brochard
et al., 2009; Glass et al., 2010; Perry et al., 2007; Pott Godoy et al., 2008; Tansey and
Goldberg, 2010; Wu et al., 2002). More radically, the possibility of neuronal cell death by
apoptosis has been described in vitro and in vivo, specifically in the context of exposure
during development (Shimizu et al., 2009). This possibility is particularly worrying for the
brain, which has very limited regenerative capacity. Importantly for brain function, changes
in neurotransmitter expression have been identified in vitro and in vivo (Hu et al., 2010;
Hussain et al., 2006; Wang et al., 2009). As an example, TiO2 nanoparticles administered by
ingestion are able to deregulate the monoaminergic and serotonergic systems in mice (Hu et
al., 2010). These changes can further result in behavioral abnormalities, and altered spatial
memory or motricity, as shown by a significant decrease in locomotor performance (Balvay
et al., 2013). In a very significant manner, it has been shown that some nanoparticles have
the ability to accelerate aggregation of certain proteins such as β-amyloid protein, and αsynuclein protein, demonstrated more recently (Alvarez et al., 2013; Linse et al., 2007). Of
note, accumulation of these aggregated fibrillar proteins is typical of human
neurodegenerative diseases such as Alzheimer's disease or Parkinson's disease. In this
context, a plausible impact of nanoparticles on brain function could be an induction or
acceleration of these human proteinopathies. The effect induced could be reliant on the
dimension and concentration of the nanoparticles, as indicated by Alvarez et al. (Alvarez et
al., 2013). They showed that 10 nm gold nanoparticles can lead to a 3-fold increased speed
of α-synuclein aggregation at concentrations as low as 20 nM (Alvarez et al., 2013).
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The list of possible nanoparticle effects is still lacunar, since there are very few relevant
studies on the subject. The list should clearly be completed with the indirect effects,
unrelated to nanoparticle accumulation in the brain. When exposure to nanoparticles is not
sufficient to induce severe changes in the affected target organs or systems (liver, lungs,
cardiovascular system, and circulating monocytes), it may however induce peripheral
changes and result in indirect neurotoxicity, mediated by circulating cytokines synthesized
by the affected organs. Cytokines are known to be able to promote the onset or the
acceleration of brain disorders (Perry et al., 2007; Pott Godoy et al., 2008), whether they
alter the integrity of the BBB or not (Murta et al., 2015).

6. Evidence from epidemiological and human exposure studies
Although no epidemiological data have specifically investigated the neurotoxic effects of
manufactured nanoparticles, studies of populations exposed to anthropic nanoparticles
provide an interesting perspective on the concerns related to the possible effects of
nanoparticles described above in humans. Studies of workers exposed to occupational
pollutants released at the nanoscale (welding fumes and other non-intentional combustionrelated, mineral or metallic nanoparticles) present the greatest interest for assessing this
evidence.

6.1. Studies of nanoparticulate components of welding fumes and their effects on human
central nervous system
Exposure characterization studies have shown that welding entails release of metal, but
their elemental composition and size vary depending on the welding process, the electrode,
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the material being welded, and many other parameters (Buonanno et al., 2011). For
example, fumes from metal inert gas (MIG) soldering consisted of 60% zinc, 17% copper, 1%
iron, and 0.3% manganese, whereas MIG welding of aluminum generated fumes with 51%
aluminum, 5% magnesium, and 0.1 manganese (Hartmann et al., 2014). In 2014, Andujar et
al. found predominantly iron of around 20-25 nm, but also chromium and/or manganese,
titanium, aluminum, silica and nickel in the lung tissue sections of welders (Andujar et al.,
2014). Regarding tungsten inert gas welding, Graczyk et al. (2016a) (Graczyk et al., 2016a)
reported that iron was a minority among elements measured at the welders’ breathing zone,
mostly composed of aluminum and tungsten nanoparticles of 45 nm in average. However,
Miettinen et al. (2016) reported that percentages of Fe, Mn, Cr, Ni, and Mo of the total
particle mass collected were 8.7, 2.7, 2.6, 1.4, and 0.3%, respectively, with multimodal
particle size distribution in the range of 10–30 nm (Miettinen et al., 2016). Among the most
common types of welding, only shielded metal arc welding generated the highest
manganese release (up to 10% of PM2.5 mass concentration), although this was 4-fold less
than iron concentrations (Oprya et al., 2012). Actually, many epidemiological studies of
neurobehavioral impairments in welders have focused on manganese exposure. In 2013,
Park performed a systematic review of 28 such studies (Park, 2013). He concluded that
welders and other workers with known or likely sustained exposures to respirable Mn are at
risk for developing neurological effects, such as performance decrements on standardized
neuropsychological tests and adverse symptoms, and that these effects are consistent with
signs of early manganism. Some data suggest that Mn exposures increase the risk of
Parkinson’s disease and may disrupt dopamine metabolism (Park, 2013). However, the
hypothesis of accelerated onset or early detection of Parkinson’s disease in these workers
remains unconfirmed, even when considering more recent studies. Tescke et al. (Teschke et
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al., 2014) found a three-fold increased risk of Parkinson’s disease in welders, but this finding
was not statistically significant. In contrast, Van der Mark et al. observed reduced
Parkinson’s disease risk associated with exposure to welding fumes (van der Mark et al.,
2015). The effects of other nanoparticulate components of welding fumes have attracted
scientific interest only recently. Nevertheless, despite potential indirect neurotoxicity of
nanoparticles, all identified studies were performed but regardless of their potential
neurobehavioral consequences (Brand et al., 2014; Jarvela et al., 2013; Kauppi et al., 2015;
Kim et al., 2005; Scharrer et al., 2007). These studies investigated the association between
nanoparticle exposure and inflammation and oxidative stress at both, pulmonary and
systemic levels in voluntary welders.
Kauppi et al. (Kauppi et al., 2015) analyzed platelet counts, leucocytes and their differential
counts, hemoglobin, sensitive C reactive protein (CRP), lipids, glucose and fibrinogen,
interleukins IL-1β, IL-6, IL-8, TNF-α, endothelin-1, and E-selectin in plasma samples collected
from 16 welders with suspected occupational asthma. Based on the observed increased level
of blood leukocytes, neutrophils, and platelets, and the decreased level of hemoglobin and
erythrocytes, they concluded that a mild systemic inflammatory response takes place during
welding exposure, in line with the results of earlier studies (Jarvela et al., 2013; Kim et al.,
2005; Scharrer et al., 2007). However, they observed no statistical difference whether in CRP
or in acute-phase mediators IL-6, IL-8, and TNF-α, while pro-inflammatory cytokine IL-1β and
E-selectin levels decreased significantly. Although no study allows comparison with the latter
finding, existing studies on CRP are still contradictory: Kim et al. (2005) (Kim et al., 2005)
support significant CRP changes related to welding fume exposure, while Brand et al. (2014),
Järvelä et al. (2013), and Scharrer et al. (2007), (Brand et al., 2014; Jarvela et al., 2013;
Scharrer et al., 2007) do not. Very recently, Grazcyk et al. (Graczyk et al., 2016b) collected
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exhaled breath condensate, blood and urine from 20 non-smoking male welding apprentices
at different time points: 1)-before exposure, 2)-immediately after exposure, 3)-one hour
after exposure, and 4)-three hours after exposure to assess oxidative stress biomarker
concentrations (8-hydroxy-2'-deoxyguanosine, malondialdehyde, hydrogen peroxide, and
total reducing capacity) at each time point. Significant increases in the measured biomarkers
were observed at 3 h after exposure (a 24%-increase in concentrations of plasma hydrogen
peroxide, a 91%-increase in urinary hydrogen peroxide, a 14%-increase in plasma 8-hydroxy2'-deoxyguanosine, and a 45%-increase in urinary 8-hydroxy-2'-deoxyguanosine). After
doubling the particle number concentration, a significant 22%-increase in plasma 8-hydroxy2'-deoxyguanosine level was observed at 3 h post-exposure. The authors concluded that one
hour exposure to Tungsten Inert Gas (TIG) welding fumes in an experimental, well-ventilated
setting during one hour resulted in acute oxidative stress three hours after exposure in
healthy, non-smoking apprentice welders with no previous chronic exposure to welding
fumes. Since inflammation and oxidative stress (Song et al., 2016) are currently considered
the two main mechanisms of nanoparticle-related neurotoxicity, these findings suggest that
nanoparticulate components of welding fumes might be harmful for the human CNS.

6.2. Studies of occupational combustion-resulting nanoparticles and their effects on
human central nervous system
Since manufactured nanoparticles may also induce direct and indirect genotoxicity on the
basis of experimental studies, epidemiological case-control studies of CNS cancers were
recently reanalyzed in order to assess the relationship with incidental occupational
nanoparticle exposure. In 2016, Lacourt et al. (Lacourt et al., 2016) reanalyzed data from the
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CERENAT study (Coureau et al., 2014) including 596 cases of CNS cancer diagnosed between
2004 and 2006, and 1,192 controls. Exposure to nanoparticles was assessed via the job
exposure matrix “MatPUF”, linked to the individual occupational histories of study
participants. A significant association between occupational exposure to nanoparticles and
CNS tumors was seen among men, who had a 50% increased risk of CNS tumors compared to
controls (OR=1.5; 95% CI: 1.1, 2.2). The increased risk was particularly pronounced at high
exposure levels and for exposure durations longer than 30 years (OR=1.9; 95% CI: 1.2, 2.8),
as well as after exposure to carbonaceous nanoparticles (OR=1.5; 95% CI: 1.1, 2.3) and
polycyclic aromatic hydrocarbons (OR =1.6; 95% CI:1.1, 2.4) (Lacourt et al., 2016). The results
of analyses by histological subtype of CNS tumor (neuroepithelial tumor/meningioma) were
not statistically significant, although the risk observed for meningioma was increased twofold in the nanoparticle-exposed subgroup (OR=2.0; 95% CI: 0.8, 5.3). In the INTEROCC casecontrol study no association was found between occupational exposure to combustion
resulting particulate material that could be emitted at nanoscale, namely benzo(a)pyrene,
gasoline and diesel exhaust emissions and glioma tumors (Lacourt et al., 2013). These three
combustion products presented a very similar pattern of results. There was neither an
indication of increasing risk when comparing subgroups according to their exposure status
(ever/never), nor clear dose–response relationship. Nevertheless, a borderline significant
odds ratio of 1.3 (95% CI: 1.0, 1.8) was found in the highest category of diesel exhaust
exposure duration (Lacourt et al., 2013). Although an increased brain cancer risk has been
reported among motor vehicle operators (Carozza et al., 2000; Cocco et al., 1998; Krishnan
et al., 2003), no other studies support the association between diesel or gasoline exhaust
emissions and CNS cancer.
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6.3. Studies of environmental air pollution nanoparticles and their effects on human
central nervous system
6.3.1. Studies in adult populations
Given the similarity of air pollution components, namely fine (PM2.5) and especially ultrafine
(PM0.1) particles, with carbonaceous and metal manufactured nanoparticles, studies of
healthy or vulnerable adults and children heavily exposed to outdoor air pollution also shed
interesting light on nanoparticle-related neurobehavioral effects. Tzivian et al. (2015)
identified ten studies published up to November 2013 focused on the effects of
environmental exposure on mental health in adult population, including mood disorders,
neurocognitive function, and neurodegenerative diseases (Tzivian et al., 2015). This review
was supplemented by adding four studies published post 2013 (Bakian et al., 2015a; Bakian
et al., 2015b; Kioumourtzoglou et al., 2016; Schikowski et al., 2015; Wu et al., 2015) as
summarized in Table 1. Although the results were presented in a heterogeneous way,
hampering quantitative comparison between studies, this review supports, in overall, a
possible role of airborne environmental particulate pollutants on neurocognitive function in
the adults. No study analyzed the relationship between the PM0.1 fraction and
neurocognitive outcomes. PM2.5 was significantly associated with global cognitive decline,
assessed by the Mini-Mental State Examination (MMSE), in two Chinese (Sun et al., 2012;
Zeng et al., 2010) and two American studies (Loop et al., 2013; Weuve et al., 2012), but not
in a German study (Schikowski et al., 2015). The latter study was conducted in elderly
women and used a cross-sectional design. The cognitive performance of 789 participants
was assessed by the neuropsychological test battery of ‘The Consortium to Establish a
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Registry for Alzheimer's Disease (CERAD)-Neuropsychological Assessment Battery and
CERAD-Plus subtests for four specific cognitive domains: executive function, constructional
praxis, semantic memory, and episodic memory. Figure copying, a subtest of constructional
praxis, was negatively associated with all particulate components of air pollution. The
strongest association was observed for NO2, NOx and PM10. For PM2.5, the association was
of similar magnitude but not statistically significant (Schikowski et al., 2015). The association
between PM2.5 and traffic load was evident only among carriers of the APOE ε4 risk allele.
The APOE gene regulates cholesterol/lipid metabolism and the ε4 haplotype is a welldescribed risk factor for impaired cognitive function and Alzheimer's disease (Corder et al.,
1993; Strittmatter et al., 1993). In contrast, Gatto et al. (Gatto et al., 2014) reported an
association between PM2.5 and poorer verbal learning in a cross-sectional study of two
distinct populations, while no association was found between PM10 and gaseous pollutants.
Four studies where traffic-related air pollution effects were investigated using two exposure
variables: black carbon concentrations and proximity to the road (Power et al., 2011; Power
et al., 2013; Wellenius et al., 2012), and a study performed by Ranft et al. (Ranft et al., 2009),
supports an association between the increase in black carbon levels and worse MMSE scores
and poorer results on additional specific cognitive tests. The association between particulate
air pollution and neurodegenerative diseases such as Parkinson's disease, Alzheimer's
disease and dementia has been investigated in five studies. Two studies performed by
Calderón-Garciduenas et al. (Calderon-Garciduenas et al., 2004; Calderon-Garciduenas et al.,
2010) pointed out more extensive changes related to Alzheimer’s disease in individuals
exposed to higher air pollution. This changes included accumulation of Aβ42, increase in
expression of COX2, and reduction in olfactory functions, respectively. Finkelstein and Jerrett
(Finkelstein and Jerrett, 2007) reported that Parkinson's disease prevalence was associated
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only with increasing ambient manganese concentration, but not with NO2 concentrations.
Wu et al. (Wu et al., 2015) found that the highest tertile of PM10 (49.23 mg/m3) and ozone
(21.56 ppb) exposure was associated with increased risk of vascular dementia and
Alzheimer's disease. PM2.5 exposure data were unavailable, but given that PM10 and PM2.5
had a high correlation (0.81) in this study, the authors considered that PM10 may serve as a
surrogate of PM2.5 (Wu et al., 2015).
Most recently, Kioumourtzoglou et al. (Kioumourtzoglou et al., 2016) studied the effects of
PM2.5 on first hospital admission for dementia, Alzheimer's disease, and Parkinson's disease
among around 9.8 million Medicare beneficiaries ≥ 65 years in 50 northeastern U.S. cities.
The cohort was followed up from 1999 towards 2010 and allowed analyzing relationships
between long-term city-wide exposure to PM2.5 and the three health outcomes. The hazard
ratios (HR) were reported per 1μg/m3 increase in annual PM2.5 concentrations: 1.08 (95%
CI: 1.05, 1.11) for dementia, 1.15 (95% CI: 1.11, 1.19) for Alzheimer's disease, and 1.08 (95%
CI: 1.04, 1.12) for Parkinson's disease admissions. The authors interpreted these findings as
an indication that PM2.5 environmental exposure might accelerate the progression of
neurodegeneration, especially after the disease onset, and emphasized the role of
inflammation as an intermediate outcome between PM2.5 exposure and the
neurodegeneration (Block and Calderon-Garciduenas, 2009). Three studies assessed
associations between air pollution index and anxiety, mood disorders, and activities of daily
living, and reported that increase in air pollution was associated with poor self-reported
health (Persson et al., 2007; Sun and Gu, 2008; Zeng et al., 2010). Lim et al. examined a
relationship between air pollution and depression in a longitudinal study of 357 residents in
Korea (Lim et al., 2012). Increased levels of PM10, O3 and NO2 were associated with increase
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in the emotional symptoms of depression, while PM10 exposure additionally increased the
frequency of somatic and affective symptoms (Lim et al., 2012).
6.3.2. Studies in pediatric populations
Calderón-Garcidueñas et al. (Calderon-Garciduenas et al., 2015) reviewed studies on the
impact of air pollution on the CNS in pediatric populations, mostly considering studies in
children from the highly polluted Mexico City Metropolitan Area. The authors concluded that
the emerging picture for children in the Mexico City Metropolitan Area consists of systemic
inflammation oxidative stress and immuno-dysregulation at both the systemic and brain
levels, neuroinflammation, disorders in small blood vessel, intrathecal inflammatory process,
as well as the early neuropathological hallmarks of Alzheimer’s and Parkinson's diseases.
They considered that the developing brain in exposed children responds to the harmful
environment by structural and volumetric changes, leading to cognitive, olfactory, auditory
and vestibular deficits, and long-term neurodegenerative consequences (CalderonGarciduenas et al., 2015). When considering this alarming picture, it is important to keep in
mind the high level of uncertainty and methodological limitations in most studies, which
may undermine credibility. These limitations include small study samples, selection and
exposure misclassification bias, and use of poor-quality aggregated exposure data,
hampering control even for well-established confounders. For instance, Tzivian et al. (Tzivian
et al., 2015) criticized the lack of joint consideration of noise exposure when studying the
effects of traffic-related air pollution, due to possible synergistic relations or interactions
between these two exposures. Kristiansson et al. (Kristiansson et al., 2015) emphasized the
need for prospective longitudinal epidemiological investigations of associations between
high concentrations of air pollutants, poverty, violence and health. To date, only one study
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has met these requirements (Sunyer et al., 2015), confirming reduced cognitive
development in children highly exposed to traffic-related air pollutants in Spanish schools. In
this study, outdoor ultrafine particle (PM0.1) concentrations were associated with
inattentiveness and reduction of superior working memory in the 12-months change model,
after adjustment for sex, age, maternal education, air pollution exposure at home, and
residential neighborhood socioeconomic status. In this model, the individual and school
were treated as nested random effects and residual confounding by noise. Moreover, any
residual confounding by noise was ruled out after checking the correlation between noise
and different pollutants in the same classrooms, and the robustness of the coefficients for
the pollutants by additional adjustment for noise and for the interaction between age and
noise (Sunyer et al., 2015).
Overall, the available evidence points to vulnerability of the developing brain to particulate
components of air pollution. This is compatible with most currently considered neurotoxic
mechanisms of ultrafine particles, such as inflammation, altered innate immune response,
and chronic microglial stimulation. Given that microglial inflammation may result from both
local deposition of ultrafine particle in the brain and systemic inflammation originating in
more distant ultrafine particles-exposed organs (Block et al., 2012; Viana et al., 2014), the
risk of neurobehavioral impairments in adults occupationally exposed to anthropic and
manufactured nanoparticles cannot be excluded.

7. Gaps in research and methodological challenges
Currently available studies are insufficient to elucidate the complex issue of how the brain
manages nanoparticles. Are they modified, removed or instead retained in the CNS? The
fact that certain manufactured nanoparticles, like TiO2, could be detected in the vesicles of
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microglial cells suggests that the brain is able to activate classic elimination processes.
However on a longer time scale in particular, there is no evidence on the actual ability of
nerve cells to eliminate nanoparticles. Instead, recent findings are in favor of nanoparticle
accumulation in the brain over time. As an example of intracerebral persistence of
manufactured nanoparticles, multi-wall carbon nanotubes have been observed nearly one
year after single aerosol exposure in mice (at 5 mg/m3 for 5 h) (Mercer et al., 2013). Another
example from nanomedicine area could be found with biostability studies of gallium
phosphide (GaP) nanowires (Gallentoft et al., 2016). Characterized with a diameter in the
nanometer range and a length on the micrometer length scale, these nanowires have been
shown to promote neurite outgrowth and reduce glial cell spreading (Piret et al., 2013; Piret
et al., 2015), thus offering useful advantages in medical applications such as nanostructured
electrode surfaces, by improving recording properties and reducing tissue responses (Piret
and Prinz, 2016). The biostability in the brain of female rats was compared between
degradable nanowires (coated with a 20nm layer of SiOx) and biostable nanowires (coated
with a 20 nm layer of HfOx) known to persist in the brain for long periods of time (Gallentoft
et al., 2015). In both cases, residues from nanowires remained detected in brain tissue
1 year post injection, trapped in the microglia/macrophages, indicating a very slow clearance
(dissolution and removal) of nanoparticles from the brain (Gallentoft et al., 2016). These rare
long term studies stress the possible limits of degradation pathways in the brain and raises
the question of the consequences that would have been observed on chronic exposure.
Furthermore, it is highly likely that the nature of the nanoparticles may also be a key
element in the ability of the brain to eliminate or in contrast to accumulate nanoparticles.
Despite scant available evidence, based on often imperfect studies, it seems reasonable to
point out that metallic nanoparticles are the most dangerous to the brain due to their
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natural tendency to accumulate over time. Interestingly, metals such as iron, manganese,
copper or zinc, are in fact retained in the brain during normal development with regional
specificity (Tarohda et al., 2004), a phenomenon that worsens over time. This point is
noteworthy when studying long-term impacts of nanoparticles on the brain, since abnormal
levels of metals are also associated with neurodegenerative diseases, and more specifically
the neuronal populations affected by the disease (Davies et al., 2014).
Given the limited literature available, an attempt to classify the deleterious effects induced
by nanoparticles is still impossible. However, based on in vitro studies dealing with the
integrity of the BBB, it can be suggested that silver nanoparticles may be more deleterious
than copper nanoparticles, themselves more harmful than aluminum nanoparticles. While
the combination of several metallic nanoparticles is often more realistic in occupational and
environmental settings, there is no study dealing with mixed nanoparticle exposure. A recent
review article proposes an in-depth examination of the physicochemical properties of
engineered nanomaterials that may impact their ability to interact with the nervous system,
reporting how they contribute to nanoparticle distribution in the brain as well as how they
may induce effects on it, bringing further evidence of possible nano-brain interactions
(Yokel, 2016b).
Given the specificities of brain composition and function, it is clear that very careful
attention must be paid to the diverse experimental designs used when studying the effects
of nanoparticle exposure on brain health. Nano-brain studies must indeed follow specific
strategies and require a minimum of knowledge in neuropathology. Unfortunately, several
published studies do not meet such requirements. Despite an attempt to alert the scientific
community on the limitations of these studies (Bencsik and Lestaevel, 2015; Bencsik et al.,
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2013; Jonaitis et al., 2010), some of the results are still quoted as proven observations,
needlessly fueling controversy that may lead to incorrect scientific conclusions and
inappropriate regulatory responses. Any over-interpretation of data collected on one type of
cell, on stressed or anesthetized animals, using unrealistic amounts of nanoparticles, or
unrealistic routes of exposure, should be carefully avoided. With respect to in vivo access of
nanoparticle within nervous cells of the brain, attention must be paid on how the data were
collected notably to differentiate between nanoparticles within the brain proper (brain cells
and brain extracellular space) versus nanoparticles in brain that also contains the vascular
compartment. This is important to avoid a false conclusion, often drawn, that a nanoparticle
entered the brain, when it might be on the blood side of the BBB or within the BBB
components, but not the brain. The in vivo studies are more illustrative of the situation in
living beings. However, experiments in animals are challenging to control and could be
affected by several random issues. Additionally, other parameters, such as the biodistribution of nanoparticles, could possibly lead to inaccurate results.
The in vitro models could help to assess the neurotoxicity of nanoparticles. These models
reflect our current mechanistic understanding of different cerebral effects. Protocols and
methods are broadly well-known. In vitro models involve low costs, and provide high
numbers of replicates. They raise few ethical difficulties, with the prominent exceptions of
human tissue gift and embryonic stem cells. Cell models for practically all neuro-cellular
types are available. For TiO2 nanoparticles for example, PC12, primary microglia, primary
hippocampal neurons, human SH-SY5Y neuronal cells, human cerebral endothelial cells
(HCECs), and human stem cell lines have previously been used (Coccini et al., 2015; HuertaGarcia et al., 2014; Rihane et al., 2016). Although the above-mentioned models were all
dedicated on the harmful effects of TiO2 nanoparticles on the central nervous system,
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different conclusions were found. Several factors, such as crystal type or size of
nanoparticles, might influence the neurotoxicity of TiO2 nanoparticles examined in these in
vitro models. Moreover, the wide relations among cells and/or tissues cannot be totally
reproduced in these models.
Current in vitro approaches for assessment of nano-neurotoxicity have important limits. In
vitro tests are poorly interpretable in vivo, since the genotoxicity of nanoparticles in cultures
are not found in animal tests (Hartung, 2010). This divergence may be produced by limited
nanoparticle bio-distribution within a cell compared with an entire organism, resulting in fast
nanoparticle overload. A possible explanation of these limitations may result directly from
the biological coating of the nanoparticles. Although the phenomenon is far from being
understood, it is recognized that the protein corona probably plays a crucial role in
nanoparticle behavior in living beings once in contact with the complex biological milieu. The
nature of the proteins that would bind to the surface of nanoparticles will affect the
properties of the nanoparticles, guiding their interactions with cells (allowing endocytosis or
not), and participating in the translocation process from one biological compartment to the
other. Thus, protein coronas on nanoparticles may act not only on bio-distribution, but may
also play an important role for the functional properties of coated nanoparticles, which can
be beneficial as well as toxic for the body. As an example, the composition of the protein
corona was studied for four different nanoparticles of SiO2 (combining 20 and 100 nm, with
positive and negative charges), taking into account the composition in proteins specific to
blood compared to brain homogenates. In plasma, the corona is mainly made of albumin,
lipoprotein and proteins related to coagulation, while in the brain, it is mainly composed of
tubulin, suggesting completely different interactions and functions of these nanoparticles in
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brain tissue (Shim et al., 2014). These major obstacles to assessing the neurotoxicity of
nanoparticles are summarized in Figure 4.
Besides, the knowledge in nanotoxicity and CNS in the biomedical field is deeply lacunar.
Even if by definition brain nanomedicines will be optimized, today biocompatibility and
biodegradability of nano-drugs are far to be understood. To our knowledge, there is no
specific method to identify targeted drug release or the toxicity level in the brain. It appears
that to improve safe nanotechnology–based drug for CNS disorders, specific guidelines
should be also advanced and followed.

8. Research avenues to gain insight in the raised questions
Over the past few years, there has been a continual debate on the most appropriate
strategies to use for evaluating the human health risks of nanoparticles on the brain. One of
the utmost defies facing the neurotoxicology community is the prioritization of
nanoparticles to estimate and the complexity of toxicological evaluation that should be
directed. However, to date, the understanding of nanoparticle neurotoxicology has been
particularly incomplete. The conclusions from classic in vitro and in vivo studies are not
always comparable and are sometimes contradictory. Hence, it is crucial to normalize
experiments that assess the neurotoxicity of nanoparticles. This appears to be a key aspect
in the biomedical context and probably some important advanced should come from
nanomedicine studies. As an example, Kaushik et al. developed a promising biocompatible
nanocarrier that could be helpful to follow brain delivery of nanoparticle and to evaluate
their toxicity (Kaushik et al., 2016). Relaying on the first step, in vitro cytotoxicity tests
applied on primary human astrocytes and SKNMC neuroblastoma cell line, the authors
completed their study by in vivo cytotoxicity tests in a mouse model (intra venous delivery at
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a dose transposable to humans). Toxicity was assessed by histopathology, blood toxicity
profile completed with neurobehavioral evaluation (grip test, horizontal bar test, rotarod
test). The transmigration of the nanocarrier within the brain tissue, the particles size
distribution as well as uptake in brains were analyzed using in situ transmission electron
microscope (TEM) experiments. Brain tissues were also subjected to various analyses to
evaluate elemental and structural analysis of the nanocarrier (scanning transmission
electron microscopy (STEM), convergent beam electron diffraction (CBED), energy dispersive
spectroscopy (EDS). A quantitative estimation of the nanocarrier concentration within the
brain was performed using inductively coupled plasma mass spectroscopy (ICP-MS),
validated by the previous establishment of calibration curves and appropriate control (of
which control injected mice). Still this study does not evaluate the efficacy of the drug itself,
neither the biodegradability of the nano-delivered medicine that would need long-term
studies, in animal models but also in humans. For example, there is no long-term human
safety information available for Nanotherm a magnetofluid consisting of superparamagnetic
iron oxide nanoparticles (SPIONs), currently used for treating brain tumors (Gobbo et al.,
2015). The main hypothesis is based on the dissolution of the nanoparticle into ions that
would be then recycled into the iron pool of the body in a homeostatic fashion.
Moreover, because nanoparticles could disturb brain homeostasis, the possible relationship
between exposure to manufactured nanoparticle and neurodegenerative disorders needs
further investigation. To do this, there are animal models for the common of nanoparticleinduced neurodegenerative diseases, showing that the animal models have the same
molecular targets or paths as humans. These animal models can be used for both sexes and
at different life stages. Concerning animal studies, the importance of the life stage should be
examined. First, fetal life and early childhood are critical stages and specific attention should
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be focused on determining the effect of exposure to nanoparticle exposure at these
developmental periods. Aging may also act as a significant feature in susceptibility to
nanoparticle-induced neurotoxicity. The exposure scenarios should be realistic (exposure
route, dose rate, exposure regimen, etc.), but conventional in vivo drug neurotoxicity testing
methodologies are unfeasible, costly and time-consuming, even for nanoparticles that have
already been developed.
Alternative neurotoxicity testing methods could help us to carefully study nanoparticle-brain
interactions, such as innovative technologies that are rapidly developing and that contain
imaging technologies as well as the different ‘‘omic’’ technologies. Because neurotoxicity
investigations require extensive testing, the development of an intermediate in vivo
screening platform would be most appropriate. Ideally this neuro-screening platform would
rely on the mechanistic knowledge acquired in vitro and would provide relevant in vivo
nano-neuro-interfaces, perfectly controlled in a spatiotemporal point of view. This platform
must be in the same place and performs significant in vitro and in vivo studies on
nanoparticles in the same time. It is also central to acquire information on how and where
nanoparticles can accumulate in the brain, as well as nanoparticle elimination paths. It is
possible that the cerebrospinal fluid could be an excretory path used by the central nervous
system, and this subject should be studied as soon as possible.
Most neurotoxic data on nanoparticles gathered from experimental studies are based on
rodents or their cells, and might be inappropriate to determine neurotoxicity in humans.
Thus, studies on cells derived from humans would enhance our understanding of
nanoparticle effects on the human nervous system, along with epidemiological and human
controlled exposure studies. In conclusion, while the effect of nanoparticles on the brain has
recently received substantial attention, the data obtained from in vivo and in vitro studies
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are nonetheless incomplete. In light of the most recent evidence of the presence of
magnetite pollutant nanoparticles detected in the brains of people living in contaminated
cities, such as Mexico City or Manchester (Maher et al., 2016), better evaluation systems are
urgently needed.

9. Conclusion
Scientific articles dealing with neuro-nanotoxicology are received with particular interest,
because in the field of nanotechnology, they will most likely have a significant impact not
only on our perception of hazards potentially associated with nanomaterials, but also on
regulatory decisions regarding their use in consumer products. Since the nervous system has
many specificities in terms of vulnerability and protection systems, it needs particular
attention and specific experimental and epidemiological studies relying on suitable
approaches. Unfortunately, among the articles dealing with the specific question of brain–
nanoparticle interactions, only a few follow a suitable design and allow accurate conclusions
that might be transposed to humans. In this context, particular attention must be paid to
these studies.
Thus, at a time when the use of the nanoparticles is becoming increasingly widespread
across different application areas, workers and consumers are exposed more and more, and
by multiple pathways. This context of chronic exposure favors a potential impact on the
vulnerable brain, in particular in susceptible periods of life (at the fetal age, and in young and
elderly populations), as suggested by the most recent epidemiological studies. All the
evidence already available fully justifies the need to evaluate the interactions between
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nanoparticles and the nervous system specifically, and must lead to heightened awareness
of the possible impact of nanoparticles on brain function.

References

Consumer Products Inventory, PEN. http://www.nanotechproject.org/cpi
Abbott, N. J., Ronnback, L., Hansson, E., 2006. Astrocyte-endothelial interactions at the blood-brain
barrier. Nat Rev Neurosci 7, 41-53, doi:10.1038/nrn1824.
Alvarez, Y. D., Fauerbach, J. A., Pellegrotti, J. V., Jovin, T. M., Jares-Erijman, E. A., Stefani, F. D., 2013.
Influence of gold nanoparticles on the kinetics of alpha-synuclein aggregation. Nano Lett 13,
6156-63, doi:10.1021/nl403490e.
Andujar, P., Simon-Deckers, A., Galateau-Salle, F., Fayard, B., Beaune, G., Clin, B., Billon-Galland, M.
A., Durupthy, O., Pairon, J. C., Doucet, J., Boczkowski, J., Lanone, S., 2014. Role of metal oxide
nanoparticles in histopathological changes observed in the lung of welders. Part Fibre Toxicol
11, 23, doi:10.1186/1743-8977-11-23.
Appel, S. H., Beers, D. R., Henkel, J. S., 2010. T cell-microglial dialogue in Parkinson's disease and
amyotrophic

lateral

sclerosis:

are

we

listening?

Trends

Immunol

31,

7-17,

doi:10.1016/j.it.2009.09.003.
Asharani, P. V., Hande, M. P., Valiyaveettil, S., 2009. Anti-proliferative activity of silver nanoparticles.
BMC Cell Biol 10, 65, doi:10.1186/1471-2121-10-65.
Bakian, A. V., Huber, R. S., Coon, H., Gray, D., Wilson, P., McMahon, W. M., Renshaw, P. F., 2015a.
Acute air pollution exposure and risk of suicide completion. Am J Epidemiol 181, 295-303,
doi:10.1093/aje/kwu341.

41

Bakian, A. V., Huber, R. S., Coon, H., Gray, D., Wilson, P., McMahon, W. M., Renshaw, P. F., 2015b.
Bakian et al. respond to "Assessing air pollution and suicide risk". Am J Epidemiol 181, 30910, doi:10.1093/aje/kwu343.
Ballabh, P., Braun, A., Nedergaard, M., 2004. The blood-brain barrier: an overview: structure,
regulation, and clinical implications. Neurobiol Dis 16, 1-13, doi:10.1016/j.nbd.2003.12.016.
Balvay, A., Thieriet, N., Lakhdar, L., Bencsik, A., 2013. Comparative study of neurologic effects of
nano-TiO2 versus SiO2 after direct intracerebral exposure in mice. J Physics Conf Series 429,
doi:10.1088/1742-6596/429/1/012027.
Bechet, D., Couleaud, P., Frochot, C., Viriot, M. L., Guillemin, F., Barberi-Heyob, M., 2008.
Nanoparticles as vehicles for delivery of photodynamic therapy agents. Trends Biotechnol 26,
612-21, doi:10.1016/j.tibtech.2008.07.007.
Benachour, H., Seve, A., Bastogne, T., Frochot, C., Vanderesse, R., Jasniewski, J., Miladi, I., Billotey, C.,
Tillement, O., Lux, F., Barberi-Heyob, M., 2012. Multifunctional Peptide-conjugated hybrid
silica nanoparticles for photodynamic therapy and MRI. Theranostics 2, 889-904,
doi:10.7150/thno.4754.
Bencsik, A., Lestaevel, P., 2015. Concerns regarding nanosized titanium dioxide nasal exposure and
neurotoxicity

study

by

Ze

et

al.

J

Biomed

Mater

Res

A

103,

2198-200,

doi:10.1002/jbm.a.35336.
Bencsik, A., Lestaevel, P., Experts of the "nanoparticles, n. i. o. h., environment" working, g., 2013.
About the article entitled "Molecular mechanism of titanium dioxide nanoparticles-induced
oxidative injury in the brain of mice. by Ze Y et al., Chemosphere. 2013 Feb 25. doi:pii: S00456535(13)00223-3.

10.1016/j.chemosphere.2013.01.094.

Chemosphere,

doi:10.1016/j.chemosphere.2013.06.044.
Block, M. L., Calderon-Garciduenas, L., 2009. Air pollution: mechanisms of neuroinflammation and
CNS disease. Trends Neurosci 32, 506-16, doi:10.1016/j.tins.2009.05.009.

42

Block, M. L., Elder, A., Auten, R. L., Bilbo, S. D., Chen, H., Chen, J. C., Cory-Slechta, D. A., Costa, D.,
Diaz-Sanchez, D., Dorman, D. C., Gold, D. R., Gray, K., Jeng, H. A., Kaufman, J. D., Kleinman,
M. T., Kirshner, A., Lawler, C., Miller, D. S., Nadadur, S. S., Ritz, B., Semmens, E. O., Tonelli, L.
H., Veronesi, B., Wright, R. O., Wright, R. J., 2012. The outdoor air pollution and brain health
workshop. Neurotoxicology 33, 972-84, doi:10.1016/j.neuro.2012.08.014.
Braak, H., de Vos, R. A., Bohl, J., Del Tredici, K., 2006. Gastric alpha-synuclein immunoreactive
inclusions in Meissner's and Auerbach's plexuses in cases staged for Parkinson's diseaserelated brain pathology. Neurosci Lett 396, 67-72, doi:S0304-3940(05)01281-4 [pii]
10.1016/j.neulet.2005.11.012.
Brand, P., Bauer, M., Gube, M., Lenz, K., Reisgen, U., Spiegel-Ciobanu, V. E., Kraus, T., 2014.
Relationship between welding fume concentration and systemic inflammation after
controlled exposure of human subjects with welding fumes from metal inert gas brazing of
zinc-coated materials. J Occup Environ Med 56, 1-5, doi:10.1097/JOM.0000000000000061.
Brochard, V., Combadiere, B., Prigent, A., Laouar, Y., Perrin, A., Beray-Berthat, V., Bonduelle, O.,
Alvarez-Fischer, D., Callebert, J., Launay, J. M., Duyckaerts, C., Flavell, R. A., Hirsch, E. C.,
Hunot, S., 2009. Infiltration of CD4+ lymphocytes into the brain contributes to
neurodegeneration in a mouse model of Parkinson disease. J Clin Invest 119, 182-92,
doi:10.1172/JCI36470.
Brun, E., Carriere, M., Mabondzo, A., 2012. In vitro evidence of dysregulation of blood-brain barrier
function after acute and repeated/long-term exposure to TiO(2) nanoparticles. Biomaterials
33, 886-96, doi:S0142-9612(11)01228-2 [pii]
10.1016/j.biomaterials.2011.10.025.
Buonanno, G., Morawska, L., Stabile, L., 2011. Exposure to welding particles in automotive plants. . J
Aerosol Science 42, 295-304.
Buzea, C., Pacheco, II, Robbie, K., 2007. Nanomaterials and nanoparticles: sources and toxicity.
Biointerphases 2, MR17-71.
43

Calderon-Garciduenas, L., Kulesza, R. J., Doty, R. L., D'Angiulli, A., Torres-Jardon, R., 2015. Megacities
air pollution problems: Mexico City Metropolitan Area critical issues on the central nervous
system pediatric impact. Environ Res 137, 157-69, doi:10.1016/j.envres.2014.12.012.
Calderon-Garciduenas, L., Reed, W., Maronpot, R. R., Henriquez-Roldan, C., Delgado-Chavez, R.,
Calderon-Garciduenas, A., Dragustinovis, I., Franco-Lira, M., Aragon-Flores, M., Solt, A. C.,
Altenburg, M., Torres-Jardon, R., Swenberg, J. A., 2004. Brain inflammation and Alzheimer'slike pathology in individuals exposed to severe air pollution. Toxicol Pathol 32, 650-8,
doi:10.1080/01926230490520232.
Calderon-Garciduenas, L., Franco-Lira, M., Henriquez-Roldan, C., Osnaya, N., Gonzalez-Maciel, A.,
Reynoso-Robles, R., Villarreal-Calderon, R., Herritt, L., Brooks, D., Keefe, S., Palacios-Moreno,
J., Villarreal-Calderon, R., Torres-Jardon, R., Medina-Cortina, H., Delgado-Chavez, R., AielloMora, M., Maronpot, R. R., Doty, R. L., 2010. Urban air pollution: influences on olfactory
function and pathology in exposed children and young adults. Exp Toxicol Pathol 62, 91-102,
doi:10.1016/j.etp.2009.02.117.
Carozza, S. E., Wrensch, M., Miike, R., Newman, B., Olshan, A. F., Savitz, D. A., Yost, M., Lee, M., 2000.
Occupation and adult gliomas. Am J Epidemiol 152, 838-46.
Cassee, F. R., Mills, N. L., Newby, D. E., 2011. Cardiovascular effects of inhaled ultrafine and
nanosized particles.
Chaudhry, Q., Scotter, M., Blackburn, J., Ross, B., Boxall, A., Castle, L., Aitken, R., Watkins, R., 2008.
Applications and implications of nanotechnologies for the food sector. Food Addit Contam
Part A Chem Anal Control Expo Risk Assess 25, 241-58, doi:10.1080/02652030701744538.
Chen, J. C., Schwartz, J., 2009. Neurobehavioral effects of ambient air pollution on cognitive
performance in US adults. Neurotoxicology 30, 231-9, doi:10.1016/j.neuro.2008.12.011.
Chouikrat, R., Seve, A., Vanderesse, R., Benachour, H., Barberi-Heyob, M., Richeter, S., Raehm, L.,
Durand, J. O., Verelst, M., Frochot, C., 2012. Non polymeric nanoparticles for photodynamic
therapy applications: recent developments. Curr Med Chem 19, 781-92.
44

Coccini, T., Grandi, S., Lonati, D., Locatelli, C., De Simone, U., 2015. Comparative cellular toxicity of
titanium dioxide nanoparticles on human astrocyte and neuronal cells after acute and
prolonged exposure. Neurotoxicology 48, 77-89, doi:10.1016/j.neuro.2015.03.006.
Cocco, P., Dosemeci, M., Heineman, E. F., 1998. Occupational risk factors for cancer of the central
nervous system: a case-control study on death certificates from 24 U.S. states. Am J Ind Med
33, 247-55.
Cooper, R. J., Spitzer, N., 2015. Silver nanoparticles at sublethal concentrations disrupt cytoskeleton
and neurite dynamics in cultured adult neural stem cells. Neurotoxicology 48, 231-8,
doi:10.1016/j.neuro.2015.04.008.
Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel, D. E., Gaskell, P. C., Small, G. W., Roses,
A. D., Haines, J. L., Pericak-Vance, M. A., 1993. Gene dose of apolipoprotein E type 4 allele
and the risk of Alzheimer's disease in late onset families. Science 261, 921-3.
Coureau, G., Bouvier, G., Lebailly, P., Fabbro-Peray, P., Gruber, A., Leffondre, K., Guillamo, J. S.,
Loiseau, H., Mathoulin-Pelissier, S., Salamon, R., Baldi, I., 2014. Mobile phone use and brain
tumours in the CERENAT case-control study. Occup Environ Med 71, 514-22,
doi:10.1136/oemed-2013-101754.
Cui, B., Wu, C., Chen, L., Ramirez, A., Bearer, E. L., Li, W. P., Mobley, W. C., Chu, S., 2007. One at a
time, live tracking of NGF axonal transport using quantum dots. Proc Natl Acad Sci U S A 104,
13666-71, doi:10.1073/pnas.0706192104.
Cupaioli, F. A., Zucca, F. A., Boraschi, D., Zecca, L., 2014. Engineered nanoparticles. How brain friendly
is this new guest? Prog Neurobiol 119-120, 20-38, doi:10.1016/j.pneurobio.2014.05.002.
Davies, K. M., Bohic, S., Carmona, A., Ortega, R., Cottam, V., Hare, D. J., Finberg, J. P., Reyes, S.,
Halliday, G. M., Mercer, J. F., Double, K. L., 2014. Copper pathology in vulnerable brain
regions

in

Parkinson's

disease.

Neurobiol

Aging

35,

858-66,

doi:10.1016/j.neurobiolaging.2013.09.034.

45

De Lorenzo, A. J., 1970. The Olfactory Neuron and the Blood-Brain Barrier. In: Wolstenholme, G. E.
W., Knight, J., Eds.), Taste and Smell in Vertebrates. Ciba Foundation Symposium pp. 151172.
Dhuria, S. V., Hanson, L. R., Frey, W. H., 2nd, 2010. Intranasal delivery to the central nervous system:
mechanisms

and

experimental

considerations.

J

Pharm

Sci

99,

1654-73,

doi:10.1002/jps.21924.
Dockery, D. W., Pope, C. A., 3rd, Xu, X., Spengler, J. D., Ware, J. H., Fay, M. E., Ferris, B. G., Jr., Speizer,
F. E., 1993. An association between air pollution and mortality in six U.S. cities. N Engl J Med
329, 1753-9, doi:10.1056/NEJM199312093292401.
Ducray, A. D., Stojiljkovic, A., Moller, A., Stoffel, M. H., Widmer, H. R., Frenz, M., Mevissen, M., 2017.
Uptake of silica nanoparticles in the brain and effects on neuronal differentiation using
different in vitro models. Nanomedicine 13, 1195-1204, doi:10.1016/j.nano.2016.11.001.
Eidi, H., Joubert, O., Nemos, C., Grandemange, S., Mograbi, B., Foliguet, B., Tournebize, J., Maincent,
P., Le Faou, A., Aboukhamis, I., Rihn, B. H., 2012. Drug delivery by polymeric nanoparticles
induces

autophagy

in

macrophages.

Int

J

Pharm

422,

495-503,

doi:10.1016/j.ijpharm.2011.11.020.
Elder, A., Gelein, R., Silva, V., Feikert, T., Opanashuk, L., Carter, J., Potter, R., Maynard, A., Ito, Y.,
Finkelstein, J., Oberdorster, G., 2006. Translocation of inhaled ultrafine manganese oxide
particles to the central nervous system. Environ Health Perspect 114, 1172-8.
Erriquez, J., Bolis, V., Morel, S., Fenoglio, I., Fubini, B., Quagliotto, P., Distasi, C., 2015. Nanosized TiO2
is internalized by dorsal root ganglion cells and causes damage via apoptosis. Nanomedicine
11, 1309-19, doi:10.1016/j.nano.2015.04.003.
Finkelstein, M. M., Jerrett, M., 2007. A study of the relationships between Parkinson's disease and
markers of traffic-derived and environmental manganese air pollution in two Canadian cities.
Environ Res 104, 420-32, doi:10.1016/j.envres.2007.03.002.

46

Furness, J. B., Rivera, L. R., Cho, H. J., Bravo, D. M., Callaghan, B., 2013. The gut as a sensory organ.
Nat Rev Gastroenterol Hepatol 10, 729-40, doi:10.1038/nrgastro.2013.180.
Gallentoft, L., Pettersson, L. M., Danielsen, N., Schouenborg, J., Prinz, C. N., Linsmeier, C. E., 2015.
Size-dependent long-term tissue response to biostable nanowires in the brain. Biomaterials
42, 172-83, doi:10.1016/j.biomaterials.2014.11.051.
Gallentoft, L., Pettersson, L. M., Danielsen, N., Schouenborg, J., Prinz, C. N., Linsmeier, C. E., 2016.
Impact of degradable nanowires on long-term brain tissue responses. J Nanobiotechnology
14, 64, doi:10.1186/s12951-016-0216-7.
Gatto, N. M., Henderson, V. W., Hodis, H. N., St John, J. A., Lurmann, F., Chen, J. C., Mack, W. J., 2014.
Components of air pollution and cognitive function in middle-aged and older adults in Los
Angeles. Neurotoxicology 40, 1-7, doi:10.1016/j.neuro.2013.09.004.
Ghio, A. J., Smith, C. B., Madden, M. C., 2012. Diesel exhaust particles and airway inflammation. Curr
Opin Pulm Med 18, 144-50, doi:10.1097/MCP.0b013e32834f0e2a.
Gibbs, K. L., Kalmar, B., Sleigh, J. N., Greensmith, L., Schiavo, G., 2016. In vivo imaging of axonal
transport in murine motor and sensory neurons. J Neurosci Methods 257, 26-33,
doi:10.1016/j.jneumeth.2015.09.018.
Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C., Gage, F. H., 2010. Mechanisms underlying
inflammation in neurodegeneration. Cell 140, 918-34, doi:10.1016/j.cell.2010.02.016.
Gobbo, O. L., Sjaastad, K., Radomski, M. W., Volkov, Y., Prina-Mello, A., 2015. Magnetic Nanoparticles
in Cancer Theranostics. Theranostics 5, 1249-63, doi:10.7150/thno.11544.
Graczyk, H., Lewinski, N., Zhao, J., Concha-Lozano, N., Riediker, M., 2016a. Characterization of
Tungsten Inert Gas (TIG) Welding Fume Generated by Apprentice Welders. Ann Occup Hyg
60, 205-19, doi:10.1093/annhyg/mev074.
Graczyk, H., Lewinski, N., Zhao, J., Sauvain, J. J., Suarez, G., Wild, P., Danuser, B., Riediker, M., 2016b.
Increase in oxidative stress levels following welding fume inhalation: a controlled human
exposure study. Part Fibre Toxicol 13, 31, doi:10.1186/s12989-016-0143-7.
47

Gramowski, A., Flossdorf, J., Bhattacharya, K., Jonas, L., Lantow, M., Rahman, Q., Schiffmann, D.,
Weiss, D. G., Dopp, E., 2010. Nanoparticles induce changes of the electrical activity of
neuronal networks on microelectrode array neurochips. Environ Health Perspect 118, 13639, doi:10.1289/ehp.0901661.
Guo, D., Bi, H., Liu, B., Wu, Q., Wang, D., Cui, Y., 2013. Reactive oxygen species-induced cytotoxic
effects of zinc oxide nanoparticles in rat retinal ganglion cells. Toxicol In Vitro 27, 731-8,
doi:10.1016/j.tiv.2012.12.001.
Haase, A., Rott, S., Mantion, A., Graf, P., Plendl, J., Thunemann, A. F., Meier, W. P., Taubert, A., Luch,
A., Reiser, G., 2012. Effects of silver nanoparticles on primary mixed neural cell cultures:
uptake, oxidative stress and acute calcium responses. Toxicol Sci 126, 457-68,
doi:10.1093/toxsci/kfs003.
Hartmann, L., Bauer, M., Bertram, J., Gube, M., Lenz, K., Reisgen, U., Schettgen, T., Kraus, T., Brand,
P., 2014. Assessment of the biological effects of welding fumes emitted from metal inert gas
welding processes of aluminium and zinc-plated materials in humans. Int J Hyg Environ
Health 217, 160-8, doi:10.1016/j.ijheh.2013.04.008.
Hartung, T., 2010. Food for thought ... on alternative methods for nanoparticle safety testing. ALTEX
27, 87-95.
Hawkes, C. H., Del Tredici, K., Braak, H., 2007. Parkinson's disease: a dual-hit hypothesis. Neuropathol
Appl Neurobiol 33, 599-614, doi:10.1111/j.1365-2990.2007.00874.x.
Hellack, B., Nickel, C., Albrecht, C., Kuhlbusch, T. A. J., Boland, S., Baeza-Squiban, A., Wohllebenf, W.,
Schinsb, R. P. F., 2017. Analytical methods to assess the oxidative potential of nanoparticles:
a review Environ. Sci.: Nano, doi:10.1039/C7EN00346C.
Heusinkveld, H. J., Wahle, T., Campbell, A., Westerink, R. H., Tran, L., Johnston, H., Stone, V., Cassee,
F. R., Schins, R. P., 2016. Neurodegenerative and neurological disorders by small inhaled
particles. Neurotoxicology 56, 94-106, doi:10.1016/j.neuro.2016.07.007.

48

Hill, D. B., Plaza, M. J., Bonin, K., Holzwarth, G., 2004. Fast vesicle transport in PC12 neurites:
velocities and forces. Eur Biophys J 33, 623-32, doi:10.1007/s00249-004-0403-6.
Hillyer, J. F., Albrecht, R. M., 2001. Gastrointestinal persorption and tissue distribution of differently
sized colloidal gold nanoparticles. J Pharm Sci 90, 1927-36.
Hirase, T., Staddon, J. M., Saitou, M., Ando-Akatsuka, Y., Itoh, M., Furuse, M., Fujimoto, K., Tsukita, S.,
Rubin, L. L., 1997. Occludin as a possible determinant of tight junction permeability in
endothelial cells. J Cell Sci 110 ( Pt 14), 1603-13.
Hopkins, L. E., Patchin, E. S., Chiu, P. L., Brandenberger, C., Smiley-Jewell, S., Pinkerton, K. E., 2014.
Nose-to-brain transport of aerosolised quantum dots following acute exposure.
Nanotoxicology 8, 885-93, doi:10.3109/17435390.2013.842267.
Howe, H. A., Bodian, D., 1941. Second Attacks of Poliomyelitis : An Experimental Study. J Exp Med 74,
145-66.
Hu, R., Gong, X., Duan, Y., Li, N., Che, Y., Cui, Y., Zhou, M., Liu, C., Wang, H., Hong, F., 2010.
Neurotoxicological effects and the impairment of spatial recognition memory in mice caused
by

exposure

to

TiO2

nanoparticles.

Biomaterials

31,

8043-50,

doi:10.1016/j.biomaterials.2010.07.011.
Huerta-Garcia, E., Perez-Arizti, J. A., Marquez-Ramirez, S. G., Delgado-Buenrostro, N. L., Chirino, Y. I.,
Iglesias, G. G., Lopez-Marure, R., 2014. Titanium dioxide nanoparticles induce strong
oxidative stress and mitochondrial damage in glial cells. Free Radic Biol Med 73, 84-94,
doi:10.1016/j.freeradbiomed.2014.04.026.
Hussain, S. M., Javorina, A. K., Schrand, A. M., Duhart, H. M., Ali, S. F., Schlager, J. J., 2006. The
interaction of manganese nanoparticles with PC-12 cells induces dopamine depletion. Toxicol
Sci 92, 456-63, doi:kfl020 [pii]
10.1093/toxsci/kfl020.

49

Ibanez, C., Suhard, D., Tessier, C., Delissen, O., Lestaevel, P., Dublineau, I., Gourmelon, P., 2014.
Intranasal exposure to uranium results in direct transfer to the brain along olfactory nerve
bundles. Neuropathol Appl Neurobiol 40, 477-88, doi:10.1111/nan.12061.
Illum, L., 2000. Transport of drugs from the nasal cavity to the central nervous system. Eur J Pharm
Sci 11, 1-18.
Jaiswal, A. R., Lu, S., Pfau, J., Wong, Y. Y. W., Bhushan, A., Leung, S. W., Daniels, C. K., Lai, J. C. K.,
2011. Effects of Silicon Dioxide Nanoparticles on Peripheral Nervous System Neural Cell
Models. Chapter 7: Environment, Health and Safety, Technical Proceedings of the 2011 NSTI
Nanotechnology Conference and Expo-Nanotech 2011, Vol. 3. Boston, MA: CRC Press, pp.
541-544.
Jarvela, M., Kauppi, P., Tuomi, T., Luukkonen, R., Lindholm, H., Nieminen, R., Moilanen, E., Hannu, T.,
2013. Inflammatory response to acute exposure to welding fumes during the working day.
Int J Occup Med Environ Health 26, 220-9, doi:10.2478/s13382-013-0097-z.
Johnson, N. J., Hanson, L. R., Frey, W. H., 2010. Trigeminal pathways deliver a low molecular weight
drug from the nose to the brain and orofacial structures. Mol Pharm 7, 884-93,
doi:10.1021/mp100029t.
Jonaitis, T. S., Card, J. W., Magnuson, B., 2010. Concerns regarding nano-sized titanium dioxide
dermal

penetration

and

toxicity

study.

Toxicol

Lett

192,

268-9,

doi:10.1016/j.toxlet.2009.10.007.
JRC, R. a., 2014. Inventory of Nanotechnology applications in the agricultural, feed and food
sector., EFSA supporting publication, pp. EN-621, 125 pp. .
Kao, Y. Y., Cheng, T. J., Yang, D. M., Wang, C. T., Chiung, Y. M., Liu, P. S., 2012. Demonstration of an
olfactory bulb-brain translocation pathway for ZnO nanoparticles in rodent cells in vitro and
in vivo. J Mol Neurosci 48, 464-71, doi:10.1007/s12031-012-9756-y.
Kastrinaki, G., Samsouris, C., Kosmidis, E. K., Papaioannou, E., Konstandopoulos, A. G., Theophilidis,
G., 2015. Assessing the axonal translocation of CeO2 and SiO2 nanoparticles in the sciatic
50

nerve fibers of the frog: an ex vivo electrophysiological study. Int J Nanomedicine 10, 708996, doi:10.2147/IJN.S93663.
Kauppi, P., Jarvela, M., Tuomi, T., Luukkonen, R., Lindholm, H., Nieminen, R., Moilanen, E., Hannu, T.,
2015. Systemic inflammatory responses following welding inhalation challenge test.
Toxicology Reports 2, 357-364.
Kaushik, A., Jayant, R. D., Nikkhah-Moshaie, R., Bhardwaj, V., Roy, U., Huang, Z., Ruiz, A., Yndart, A.,
Atluri, V., El-Hage, N., Khalili, K., Nair, M., 2016. Magnetically guided central nervous system
delivery and toxicity evaluation of magneto-electric nanocarriers. Sci Rep 6, 25309,
doi:10.1038/srep25309.
Kim, J. Y., Chen, J. C., Boyce, P. D., Christiani, D. C., 2005. Exposure to welding fumes is associated
with acute systemic inflammatory responses. Occup Environ Med 62, 157-63,
doi:10.1136/oem.2004.014795.
Kioumourtzoglou, M. A., Schwartz, J. D., Weisskopf, M. G., Melly, S. J., Wang, Y., Dominici, F.,
Zanobetti, A., 2016. Long-term PM2.5 Exposure and Neurological Hospital Admissions in the
Northeastern United States. Environ Health Perspect 124, 23-9, doi:10.1289/ehp.1408973.
Koffie, R. M., Farrar, C. T., Saidi, L. J., William, C. M., Hyman, B. T., Spires-Jones, T. L., 2011.
Nanoparticles enhance brain delivery of blood-brain barrier-impermeable probes for in vivo
optical and magnetic resonance imaging. Proc Natl Acad Sci U S A 108, 18837-42,
doi:10.1073/pnas.1111405108.
Kreuter, J., Shamenkov, D., Petrov, V., Ramge, P., Cychutek, K., Koch-Brandt, C., Alyautdin, R., 2002.
Apolipoprotein-mediated transport of nanoparticle-bound drugs across the blood-brain
barrier. J Drug Target 10, 317-25, doi:10.1080/10611860290031877.
Kreyling, W. G., Semmler-Behnke, M., Seitz, J., Scymczak, W., Wenk, A., Mayer, P., Takenaka, S.,
Oberdorster, G., 2009. Size dependence of the translocation of inhaled iridium and carbon
nanoparticle aggregates from the lung of rats to the blood and secondary target organs. Inhal
Toxicol 21 Suppl 1, 55-60, doi:10.1080/08958370902942517.
51

Kreyling, W. G., Holzwarth, U., Schleh, C., Kozempel, J., Wenk, A., Haberl, N., Hirn, S., Schaffler, M.,
Lipka, J., Semmler-Behnke, M., Gibson, N., 2017. Quantitative biokinetics of titanium dioxide
nanoparticles after oral application in rats: Part 2. Nanotoxicology 11, 443-453,
doi:10.1080/17435390.2017.1306893.
Krishnan, G., Felini, M., Carozza, S. E., Miike, R., Chew, T., Wrensch, M., 2003. Occupation and adult
gliomas in the San Francisco Bay Area. J Occup Environ Med 45, 639-47,
doi:10.1097/01.jom.0000069245.06498.48.
Kristiansson, M., Sorman, K., Tekwe, C., Calderon-Garciduenas, L., 2015. Urban air pollution, poverty,
violence and health--Neurological and immunological aspects as mediating factors. Environ
Res 140, 511-3, doi:10.1016/j.envres.2015.05.013.
Kural, C., Kim, H., Syed, S., Goshima, G., Gelfand, V. I., Selvin, P. R., 2005. Kinesin and dynein move a
peroxisome in vivo: a tug-of-war or coordinated movement? Science 308, 1469-72,
doi:10.1126/science.1108408.
Kuznetsov, A. V., 2012. Modelling transport of layered double hydroxide nanoparticles in axons and
dendrites of cortical neurons. Comput Methods Biomech Biomed Engin 15, 1263-71,
doi:10.1080/10255842.2011.585977.
Lacourt, A., Gramond, C., Audignon, S., Brochard, P., Baldi, I., 2016. Association entre exposition
professionnelle aux particules nanométriques et survenue de tumeurs du système nerveux
central. In: Environ, A. M. P., (Ed.), 34e congrès national de médecine et santé au travail, Vol.
77. Arch Maladies Prof Environ, Paris, pp. 497.
Lacourt, A., Cardis, E., Pintos, J., Richardson, L., Kincl, L., Benke, G., Fleming, S., Hours, M., Krewski, D.,
McLean, D., Parent, M. E., Sadetzki, S., Schlaefer, K., Schlehofer, B., Lavoue, J., van Tongeren,
M., Siemiatycki, J., 2013. INTEROCC case-control study: lack of association between glioma
tumors and occupational exposure to selected combustion products, dusts and other
chemical agents. BMC Public Health 13, 340, doi:10.1186/1471-2458-13-340.

52

Lewis, J., Bench, G., Myers, O., Tinner, B., Staines, W., Barr, E., Divine, K. K., Barrington, W., Karlsson,
J., 2005. Trigeminal uptake and clearance of inhaled manganese chloride in rats and mice.
Neurotoxicology 26, 113-23, doi:10.1016/j.neuro.2004.06.005.
Liao, H. Y., Chung, Y. T., Lai, C. H., Wang, S. L., Chiang, H. C., Li, L. A., Tsou, T. C., Li, W. F., Lee, H. L.,
Wu, W. T., Lin, M. H., Hsu, J. H., Ho, J. J., Chen, C. J., Shih, T. S., Lin, C. C., Liou, S. H., 2014. Sixmonth follow-up study of health markers of nanomaterials among workers handling
engineered

nanomaterials.

Nanotoxicology

8

Suppl

1,

100-10,

doi:10.3109/17435390.2013.858793.
Lim, Y. H., Kim, H., Kim, J. H., Bae, S., Park, H. Y., Hong, Y. C., 2012. Air pollution and symptoms of
depression in elderly adults. Environ Health Perspect 120, 1023-8, doi:10.1289/ehp.1104100.
Linse, S., Cabaleiro-Lago, C., Xue, W. F., Lynch, I., Lindman, S., Thulin, E., Radford, S. E., Dawson, K. A.,
2007. Nucleation of protein fibrillation by nanoparticles. Proc Natl Acad Sci U S A 104, 86916, doi:10.1073/pnas.0701250104.
Liu, Y., Guan, W., Ren, G., Yang, Z., 2012a. The possible mechanism of silver nanoparticle impact on
hippocampal synaptic plasticity and spatial cognition in rats. Toxicol Lett 209, 227-31,
doi:10.1016/j.toxlet.2012.01.001.
Liu, Z., Zhang, T., Ren, G., Yang, Z., 2012b. Nano-Ag inhibiting action potential independent
glutamatergic synaptic transmission but increasing excitability in rat CA1 pyramidal neurons.
Nanotoxicology 6, 414-23, doi:10.3109/17435390.2011.583996.
Lledo, P. M., Gheusi, G., Vincent, J. D., 2005. Information processing in the mammalian olfactory
system. Physiol Rev 85, 281-317, doi:10.1152/physrev.00008.2004.
Locht, L. J., Pedersen, M. O., Markholt, S., Bibby, B. M., Larsen, A., Penkowa, M., Stoltenberg, M.,
Rungby, J., 2011. Metallic silver fragments cause massive tissue loss in the mouse brain. Basic
Clin Pharmacol Toxicol 109, 1-10, doi:10.1111/j.1742-7843.2010.00668.x.

53

Long, T. C., Saleh, N., Tilton, R. D., Lowry, G. V., Veronesi, B., 2006. Titanium dioxide (P25) produces
reactive oxygen species in immortalized brain microglia (BV2): implications for nanoparticle
neurotoxicity. Environ Sci Technol 40, 4346-52.
Loop, M. S., Kent, S. T., Al-Hamdan, M. Z., Crosson, W. L., Estes, S. M., Estes, M. G., Jr., Quattrochi, D.
A., Hemmings, S. N., Wadley, V. G., McClure, L. A., 2013. Fine particulate matter and incident
cognitive impairment in the REasons for Geographic and Racial Differences in Stroke
(REGARDS) cohort. PLoS One 8, e75001, doi:10.1371/journal.pone.0075001.
Lovric, J., Bazzi, H. S., Cuie, Y., Fortin, G. R., Winnik, F. M., Maysinger, D., 2005. Differences in
subcellular distribution and toxicity of green and red emitting CdTe quantum dots. J Mol Med
(Berl) 83, 377-85, doi:10.1007/s00109-004-0629-x.
Lung, S., Cassee, F. R., Gosens, I., Campbell, A., 2014. Brain suppression of AP-1 by inhaled diesel
exhaust and reversal by cerium oxide nanoparticles. Inhal Toxicol 26, 636-41,
doi:10.3109/08958378.2014.948651.
Ma, L., Liu, J., Li, N., Wang, J., Duan, Y., Yan, J., Liu, H., Wang, H., Hong, F., 2010. Oxidative stress in
the brain of mice caused by translocated nanoparticulate TiO2 delivered to the abdominal
cavity. Biomaterials 31, 99-105, doi:10.1016/j.biomaterials.2009.09.028.
Maher, B. A., Ahmed, I. A., Karloukovski, V., MacLaren, D. A., Foulds, P. G., Allsop, D., Mann, D. M.,
Torres-Jardon, R., Calderon-Garciduenas, L., 2016. Magnetite pollution nanoparticles in the
human brain. Proc Natl Acad Sci U S A 113, 10797-801, doi:10.1073/pnas.1605941113.
McCreanor, J., Cullinan, P., Nieuwenhuijsen, M. J., Stewart-Evans, J., Malliarou, E., Jarup, L.,
Harrington, R., Svartengren, M., Han, I. K., Ohman-Strickland, P., Chung, K. F., Zhang, J., 2007.
Respiratory effects of exposure to diesel traffic in persons with asthma. N Engl J Med 357,
2348-58, doi:10.1056/NEJMoa071535.
McGovern, A. E., Driessen, A. K., Simmons, D. G., Powell, J., Davis-Poynter, N., Farrell, M. J., Mazzone,
S. B., 2015. Distinct brainstem and forebrain circuits receiving tracheal sensory neuron inputs

54

revealed using a novel conditional anterograde transsynaptic viral tracing system. J Neurosci
35, 7041-55, doi:10.1523/JNEUROSCI.5128-14.2015.
Mercer, R. R., Scabilloni, J. F., Hubbs, A. F., Battelli, L. A., McKinney, W., Friend, S., Wolfarth, M. G.,
Andrew, M., Castranova, V., Porter, D. W., 2013. Distribution and fibrotic response following
inhalation exposure to multi-walled carbon nanotubes. Part Fibre Toxicol 10, 33,
doi:10.1186/1743-8977-10-33.
Miettinen, M., Torvela, T., Leskinen, J. T., 2016. Physicochemical Characterization of Aerosol
Generated in the Gas Tungsten Arc Welding of Stainless Steel. Ann Occup Hyg,
doi:10.1093/annhyg/mew039.
Miller, M. R., McLean, S. G., Duffin, R., Lawal, A. O., Araujo, J. A., Shaw, C. A., Mills, N. L., Donaldson,
K., Newby, D. E., Hadoke, P. W., 2013. Diesel exhaust particulate increases the size and
complexity of lesions in atherosclerotic mice. Part Fibre Toxicol 10, 61, doi:10.1186/17438977-10-61.
Mistry, A., Stolnik, S., Illum, L., 2009. Nanoparticles for direct nose-to-brain delivery of drugs. Int J
Pharm 379, 146-57, doi:10.1016/j.ijpharm.2009.06.019.
Morishita, Y., Yoshioka, Y., Takimura, Y., Shimizu, Y., Namba, Y., Nojiri, N., Ishizaka, T., Takao, K.,
Yamashita, F., Takuma, K., Ago, Y., Nagano, K., Mukai, Y., Kamada, H., Tsunoda, S. I., Saito, S.,
Matsuda, T., Hashida, M., Miyakawa, T., Higashisaka, K., Tsutsumi, Y., 2016. Distribution of
Silver Nanoparticles to Breast Milk and Their Biological Effects on Breast-Fed Offspring Mice.
ACS Nano, doi:10.1021/acsnano.6b01782.
Murta, V., Farias, M. I., Pitossi, F. J., Ferrari, C. C., 2015. Chronic systemic IL-1beta exacerbates central
neuroinflammation independently of the blood-brain barrier integrity. J Neuroimmunol 278,
30-43, doi:10.1016/j.jneuroim.2014.11.023.
Oberdorster, E., 2004. Manufactured nanomaterials (fullerenes, C60) induce oxidative stress in the
brain of juvenile largemouth bass. Environ Health Perspect 112, 1058-62.

55

Oberdorster, G., Oberdorster, E., Oberdorster, J., 2005. Nanotoxicology: an emerging discipline
evolving from studies of ultrafine particles. Environ Health Perspect 113, 823-39.
Oberdorster, G., Sharp, Z., Atudorei, V., Elder, A., Gelein, R., Kreyling, W., Cox, C., 2004. Translocation
of

inhaled

ultrafine

particles

to

the

brain.

Inhal

Toxicol

16,

437-45,

doi:10.1080/08958370490439597.
Oprya, M., Kiro, S., Worobic, A., Horemans, B., Darchuk, L., Novakovic, V., Ennan, A., Van Grieken, R.,
2012. Size distribution and chemical properties of welding fumes of inhalable particles. J
Aerosol Science 45, 50-57.
Ori-McKenney, K. M., Xu, J., Gross, S. P., Vallee, R. B., 2010. A cytoplasmic dynein tail mutation
impairs motor processivity. Nat Cell Biol 12, 1228-34, doi:10.1038/ncb2127.
Oszlanczi, G., Papp, A., Szabo, A., Nagymajtenyi, L., Sapi, A., Konya, Z., Paulik, E., Vezer, T., 2011.
Nervous system effects in rats on subacute exposure by lead-containing nanoparticles via the
airways. Inhal Toxicol 23, 173-81, doi:10.3109/08958378.2011.553248.
Pan-Montojo, F., Schwarz, M., Winkler, C., Arnhold, M., O'Sullivan, G. A., Pal, A., Said, J., Marsico, G.,
Verbavatz, J. M., Rodrigo-Angulo, M., Gille, G., Funk, R. H., Reichmann, H., 2012.
Environmental toxins trigger PD-like progression via increased alpha-synuclein release from
enteric neurons in mice. Sci Rep 2, 898, doi:10.1038/srep00898.
Park, R. M., 2013. Neurobehavioral deficits and parkinsonism in occupations with manganese
exposure: a review of methodological issues in the epidemiological literature. Saf Health
Work 4, 123-35, doi:10.1016/j.shaw.2013.07.003.
Parton, R. G., Simons, K., Dotti, C. G., 1992. Axonal and dendritic endocytic pathways in cultured
neurons. J Cell Biol 119, 123-37.
Patchin, E. S., Anderson, D. S., Silva, R. M., Uyeminami, D. L., Scott, G. M., Guo, T., Van Winkle, L. S.,
Pinkerton, K. E., 2016. Size-Dependent Deposition, Translocation, and Microglial Activation of
Inhaled Silver Nanoparticles in the Rodent Nose and Brain. Environ Health Perspect 124,
1870-1875, doi:10.1289/EHP234.
56

Patel, M. M., Chillrud, S. N., Deepti, K. C., Ross, J. M., Kinney, P. L., 2013. Traffic-related air pollutants
and exhaled markers of airway inflammation and oxidative stress in New York City
adolescents. Environ Res 121, 71-8, doi:10.1016/j.envres.2012.10.012.
Perry, V. H., Cunningham, C., Holmes, C., 2007. Systemic infections and inflammation affect chronic
neurodegeneration. Nat Rev Immunol 7, 161-7, doi:10.1038/nri2015.
Persson, R., Bjork, J., Ardo, J., Albin, M., Jakobsson, K., 2007. Trait anxiety and modeled exposure as
determinants of self-reported annoyance to sound, air pollution and other environmental
factors in the home. Int Arch Occup Environ Health 81, 179-91, doi:10.1007/s00420-0070204-1.
Petitot, F., Lestaevel, P., Tourlonias, E., Mazzucco, C., Jacquinot, S., Dhieux, B., Delissen, O., Tournier,
B. B., Gensdarmes, F., Beaunier, P., Dublineau, I., 2013. Inhalation of uranium nanoparticles:
respiratory tract deposition and translocation to secondary target organs in rats. Toxicol Lett
217, 217-25, doi:10.1016/j.toxlet.2012.12.022.
Pieters, N., Plusquin, M., Cox, B., Kicinski, M., Vangronsveld, J., Nawrot, T. S., 2012. An
epidemiological appraisal of the association between heart rate variability and particulate air
pollution: a meta-analysis. Heart 98, 1127-35, doi:10.1136/heartjnl-2011-301505.
Piret, G., Prinz, C. N., 2016. Could the use of nanowire structures overcome some of the current
limitations

of

brain

electrode

implants?

Nanomedicine

(Lond)

11,

745-7,

doi:10.2217/nnm.16.23.
Piret, G., Perez, M. T., Prinz, C. N., 2013. Neurite outgrowth and synaptophysin expression of
postnatal CNS neurons on GaP nanowire arrays in long-term retinal cell culture. Biomaterials
34, 875-87, doi:10.1016/j.biomaterials.2012.10.042.
Piret, G., Perez, M. T., Prinz, C. N., 2015. Support of Neuronal Growth Over Glial Growth and
Guidance of Optic Nerve Axons by Vertical Nanowire Arrays. ACS Appl Mater Interfaces 7,
18944-8, doi:10.1021/acsami.5b03798.

57

Pope, C. A., 3rd, Renlund, D. G., Kfoury, A. G., May, H. T., Horne, B. D., 2008. Relation of heart failure
hospitalization to exposure to fine particulate air pollution. Am J Cardiol 102, 1230-4,
doi:10.1016/j.amjcard.2008.06.044.
Pope, C. A., 3rd, Muhlestein, J. B., May, H. T., Renlund, D. G., Anderson, J. L., Horne, B. D., 2006.
Ischemic heart disease events triggered by short-term exposure to fine particulate air
pollution. Circulation 114, 2443-8, doi:10.1161/CIRCULATIONAHA.106.636977.
Pott Godoy, M. C., Tarelli, R., Ferrari, C. C., Sarchi, M. I., Pitossi, F. J., 2008. Central and systemic IL-1
exacerbates neurodegeneration and motor symptoms in a model of Parkinson's disease.
Brain 131, 1880-94, doi:10.1093/brain/awn101.
Power, M. C., Weisskopf, M. G., Alexeeff, S. E., Coull, B. A., Spiro, A., 3rd, Schwartz, J., 2011. Trafficrelated air pollution and cognitive function in a cohort of older men. Environ Health Perspect
119, 682-7, doi:10.1289/ehp.1002767.
Power, M. C., Weisskopf, M. G., Alexeeff, S. E., Wright, R. O., Coull, B. A., Spiro, A., 3rd, Schwartz, J.,
2013. Modification by hemochromatosis gene polymorphisms of the association between
traffic-related air pollution and cognition in older men: a cohort study. Environ Health 12, 16,
doi:10.1186/1476-069X-12-16.
Prabhu, B. M., Ali, S. F., Murdock, R. C., Hussain, S. M., Srivatsan, M., 2010. Copper nanoparticles
exert size and concentration dependent toxicity on somatosensory neurons of rat.
Nanotoxicology 4, 150-160, doi:10.3109/17435390903337693.
Ragnaill, M. N., Brown, M., Ye, D., Bramini, M., Callanan, S., Lynch, I., Dawson, K. A., 2011. Internal
benchmarking of a human blood-brain barrier cell model for screening of nanoparticle
uptake and transcytosis. Eur J Pharm Biopharm 77, 360-7, doi:10.1016/j.ejpb.2010.12.024.
Rake, G., 1937. The Rapid Invasion of the Body through the Olfactory Mucosa. J Exp Med 65, 303-15.
Ranft, U., Schikowski, T., Sugiri, D., Krutmann, J., Kramer, U., 2009. Long-term exposure to trafficrelated particulate matter impairs cognitive function in the elderly. Environ Res 109, 1004-11,
doi:10.1016/j.envres.2009.08.003.
58

Rihane, N., Nury, T., M'Rad, I., El Mir, L., Sakly, M., Amara, S., Lizard, G., 2016. Microglial cells (BV-2)
internalize titanium dioxide (TiO2) nanoparticles: toxicity and cellular responses. Environ Sci
Pollut Res Int 23, 9690-9, doi:10.1007/s11356-016-6190-7.
Riviere, J. E., 2009. Pharmacokinetics of nanomaterials: an overview of carbon nanotubes, fullerenes
and quantum dots. Wiley Interdiscip Rev Nanomed Nanobiotechnol 1, 26-34,
doi:10.1002/wnan.24.
Robertson, S., Gray, G. A., Duffin, R., McLean, S. G., Shaw, C. A., Hadoke, P. W., Newby, D. E., Miller,
M. R., 2012. Diesel exhaust particulate induces pulmonary and systemic inflammation in rats
without impairing endothelial function ex vivo or in vivo. Part Fibre Toxicol 9, 9,
doi:10.1186/1743-8977-9-9.
Robertson, S., Thomson, A. L., Carter, R., Stott, H. R., Shaw, C. A., Hadoke, P. W., Newby, D. E., Miller,
M. R., Gray, G. A., 2014. Pulmonary diesel particulate increases susceptibility to myocardial
ischemia/reperfusion injury via activation of sensory TRPV1 and beta1 adrenoreceptors. Part
Fibre Toxicol 11, 12, doi:10.1186/1743-8977-11-12.
Schaefer, M. L., Bottger, B., Silver, W. L., Finger, T. E., 2002. Trigeminal collaterals in the nasal
epithelium and olfactory bulb: a potential route for direct modulation of olfactory
information by trigeminal stimuli. J Comp Neurol 444, 221-6, doi:10.1002/cne.10143.
Scharrer, E., Hessel, H., Kronseder, A., Guth, W., Rolinski, B., Jorres, R. A., Radon, K., Schierl, R.,
Angerer, P., Nowak, D., 2007. Heart rate variability, hemostatic and acute inflammatory
blood parameters in healthy adults after short-term exposure to welding fume. Int Arch
Occup Environ Health 80, 265-72, doi:10.1007/s00420-006-0127-2.
Schikowski, T., Vossoughi, M., Vierkotter, A., Schulte, T., Teichert, T., Sugiri, D., Fehsel, K., Tzivian, L.,
Bae, I. S., Ranft, U., Hoffmann, B., Probst-Hensch, N., Herder, C., Kramer, U., Luckhaus, C.,
2015. Association of air pollution with cognitive functions and its modification by APOE gene
variants in elderly women. Environ Res 142, 10-6, doi:10.1016/j.envres.2015.06.009.

59

Schleh, C., Semmler-Behnke, M., Lipka, J., Wenk, A., Hirn, S., Schaffler, M., Schmid, G., Simon, U.,
Kreyling, W. G., 2012. Size and surface charge of gold nanoparticles determine absorption
across intestinal barriers and accumulation in secondary target organs after oral
administration. Nanotoxicology 6, 36-46, doi:10.3109/17435390.2011.552811.
Seaton, A., MacNee, W., Donaldson, K., Godden, D., 1995. Particulate air pollution and acute health
effects. Lancet 345, 176-8.
Sharma, H. S., Sharma, A., 2007. Nanoparticles aggravate heat stress induced cognitive deficits,
blood-brain barrier disruption, edema formation and brain pathology. Prog Brain Res 162,
245-73, doi:10.1016/S0079-6123(06)62013-X.
Shepherd, G. M., 1994. Neurobiology Oxford University Press, New York.
Shim, K. H., Hulme, J., Maeng, E. H., Kim, M. K., An, S. S., 2014. Analysis of SiO2 nanoparticles binding
proteins in rat blood and brain homogenate. Int J Nanomedicine 9 Suppl 2, 207-15,
doi:10.2147/IJN.S58203.
Shimada, A., Kawamura, N., Okajima, M., Kaewamatawong, T., Inoue, H., Morita, T., 2006.
Translocation pathway of the intratracheally instilled ultrafine particles from the lung into
the

blood

circulation

in

the

mouse.

Toxicol

Pathol

34,

949-57,

doi:10.1080/01926230601080502.
Shimizu, M., Tainaka, H., Oba, T., Mizuo, K., Umezawa, M., Takeda, K., 2009. Maternal exposure to
nanoparticulate titanium dioxide during the prenatal period alters gene expression related to
brain development in the mouse. Part Fibre Toxicol 6, 20, doi:10.1186/1743-8977-6-20.
Simko, M., Mattsson, M. O., 2010. Risks from accidental exposures to engineered nanoparticles and
neurological health effects: a critical review. Part Fibre Toxicol 7, 42, doi:10.1186/1743-89777-42.
Singh, S. P., Rahman, M. F., Murty, U. S., Mahboob, M., Grover, P., 2013. Comparative study of
genotoxicity and tissue distribution of nano and micron sized iron oxide in rats after acute
oral treatment. Toxicol Appl Pharmacol 266, 56-66, doi:10.1016/j.taap.2012.10.016.
60

Song, B., Zhang, Y., Liu, J., Feng, X., Zhou, T., Shao, L., 2016. Is Neurotoxicity of Metallic Nanoparticles
the Cascades of Oxidative Stress? Nanoscale Res Lett 11, 291, doi:10.1186/s11671-016-15084.
Stapleton, P. A., Abukabda, A. B., Hardy, S. L., Nurkiewicz, T. R., 2015. Xenobiotic pulmonary exposure
and systemic cardiovascular response via neurological links. Am J Physiol Heart Circ Physiol
309, H1609-20, doi:10.1152/ajpheart.00546.2015.
Strittmatter, W. J., Saunders, A. M., Schmechel, D., Pericak-Vance, M., Enghild, J., Salvesen, G. S.,
Roses, A. D., 1993. Apolipoprotein E: high-avidity binding to beta-amyloid and increased
frequency of type 4 allele in late-onset familial Alzheimer disease. Proc Natl Acad Sci U S A
90, 1977-81.
Suh, W. H., Suslick, K. S., Stucky, G. D., Suh, Y. H., 2009. Nanotechnology, nanotoxicology, and
neuroscience. Prog Neurobiol 87, 133-70, doi:10.1016/j.pneurobio.2008.09.009.
Sun, H., Ge, X., Lv, Y., Wang, A., 2012. Application of accelerated solvent extraction in the analysis of
organic contaminants, bioactive and nutritional compounds in food and feed. J Chromatogr A
1237, 1-23, doi:10.1016/j.chroma.2012.03.003.
Sun, R., Gu, D., 2008. Air pollution, economic development of communities, and health status among
the elderly in urban China. Am J Epidemiol 168, 1311-8, doi:10.1093/aje/kwn260.
Sunyer, J., Esnaola, M., Alvarez-Pedrerol, M., Forns, J., Rivas, I., Lopez-Vicente, M., Suades-Gonzalez,
E., Foraster, M., Garcia-Esteban, R., Basagana, X., Viana, M., Cirach, M., Moreno, T., Alastuey,
A., Sebastian-Galles, N., Nieuwenhuijsen, M., Querol, X., 2015. Association between trafficrelated air pollution in schools and cognitive development in primary school children: a
prospective cohort study. PLoS Med 12, e1001792, doi:10.1371/journal.pmed.1001792.
Tansey, M. G., Goldberg, M. S., 2010. Neuroinflammation in Parkinson's disease: its role in neuronal
death and implications for therapeutic intervention. Neurobiol Dis 37, 510-8,
doi:10.1016/j.nbd.2009.11.004.

61

Tarohda, T., Yamamoto, M., Amamo, R., 2004. Regional distribution of manganese, iron, copper, and
zinc in the rat brain during development. Anal Bioanal Chem 380, 240-6, doi:10.1007/s00216004-2697-8.
Teschke, K., Marion, S. A., Tsui, J. K., Shen, H., Rugbjerg, K., Harris, M. A., 2014. Parkinson's disease
and occupation: differences in associations by case identification method suggest referral
bias. Am J Ind Med 57, 163-71, doi:10.1002/ajim.22272.
Thurston, G. D., Burnett, R. T., Turner, M. C., Shi, Y., Krewski, D., Lall, R., Ito, K., Jerrett, M., Gapstur, S.
M., Diver, W. R., Pope, C. A., 2016. Ischemic Heart Disease Mortality and Long-Term Exposure
to Source-Related Components of U.S. Fine Particle Air Pollution. Environ Health Perspect
124, 785-94, doi:10.1289/ehp.1509777.
Tian, L., Lin, B., Wu, L., Li, K., Liu, H., Yan, J., Liu, X., Xi, Z., 2015. Neurotoxicity induced by zinc oxide
nanoparticles:

age-related

differences

and

interaction.

Sci

Rep

5,

16117,

doi:10.1038/srep16117.
Tjalve, H., Henriksson, J., Tallkvist, J., Larsson, B. S., Lindquist, N. G., 1996. Uptake of manganese and
cadmium from the nasal mucosa into the central nervous system via olfactory pathways in
rats. Pharmacol Toxicol 79, 347-56.
Tulve, N. S., Stefaniak, A. B., Vance, M. E., Rogers, K., Mwilu, S., LeBouf, R. F., Schwegler-Berry, D.,
Willis, R., Thomas, T. A., Marr, L. C., 2015. Characterization of silver nanoparticles in selected
consumer products and its relevance for predicting children's potential exposures. Int J Hyg
Environ Health 218, 345-57, doi:10.1016/j.ijheh.2015.02.002.
Tzivian, L., Winkler, A., Dlugaj, M., Schikowski, T., Vossoughi, M., Fuks, K., Weinmayr, G., Hoffmann,
B., 2015. Effect of long-term outdoor air pollution and noise on cognitive and psychological
functions in adults. Int J Hyg Environ Health 218, 1-11, doi:10.1016/j.ijheh.2014.08.002.
van Berlo, D., Hullmann, M., Wessels, A., Scherbart, A. M., Cassee, F. R., Gerlofs-Nijland, M. E.,
Albrecht, C., Schins, R. P., 2014. Investigation of the effects of short-term inhalation of

62

carbon nanoparticles on brains and lungs of c57bl/6j and p47(phox-/-) mice. Neurotoxicology
43, 65-72, doi:10.1016/j.neuro.2014.04.008.
van der Mark, M., Vermeulen, R., Nijssen, P. C., Mulleners, W. M., Sas, A. M., van Laar, T., Huss, A.,
Kromhout, H., 2015. Occupational exposure to solvents, metals and welding fumes and risk
of

Parkinson's

disease.

Parkinsonism

Relat

Disord

21,

635-9,

doi:10.1016/j.parkreldis.2015.03.025.
Vance, M. E., Kuiken, T., Vejerano, E. P., McGinnis, S. P., Hochella, M. F., Jr., Rejeski, D., Hull, M. S.,
2015. Nanotechnology in the real world: Redeveloping the nanomaterial consumer products
inventory. Beilstein J Nanotechnol 6, 1769-80, doi:10.3762/bjnano.6.181.
Viana, M., Rivas, I., Querol, X., Alastuey, A., Sunyer, J., Álvarez-Pedrerol, M., Bouso, L., Sioutas, C.,
2014. Indoor/outdoor relationships of quasi-ultrafine, accumulation and coarse mode
particles in school environments: chemical composition and sources. Atmos Chem Phys
Discuss 14, 4459–4472.
von Bartheld, C. S., 2004. Axonal transport and neuronal transcytosis of trophic factors, tracers, and
pathogens. J Neurobiol 58, 295-314, doi:10.1002/neu.10315.
Wadghiri, Y. Z., Li, J., Wang, J., Hoang, D. M., Sun, Y., Xu, H., Tsui, W., Li, Y., Boutajangout, A., Wang,
A., de Leon, M., Wisniewski, T., 2013. Detection of amyloid plaques targeted by bifunctional
USPIO in Alzheimer's disease transgenic mice using magnetic resonance microimaging. PLoS
One 8, e57097, doi:10.1371/journal.pone.0057097.
Wang, B., Wang, Q., Chen, H., Zhou, X., Wang, H., Wang, H., Zhang, J., Feng, W., 2016. SizeDependent Translocation Pattern, Chemical and Biological Transformation of Nano- and
Submicron-Sized Ferric Oxide Particles in the Central Nervous System. J Nanosci Nanotechnol
16, 5553-61.
Wang, B., Feng, W. Y., Wang, M., Shi, J. W., Zhang, F., Ouyang, H., Zhao, Y. L., Chai, Z. F., Huang, Y. Y.,
Xie, Y. N., Wang, H. F., Wang, J., 2007a. Transport of intranasally instilled fine Fe2O3 particles

63

into the brain: micro-distribution, chemical states, and histopathological observation. Biol
Trace Elem Res 118, 233-43, doi:10.1007/s12011-007-0028-6.
Wang, J., Deng, X., Zhang, F., Chen, D., Ding, W., 2014. ZnO nanoparticle-induced oxidative stress
triggers apoptosis by activating JNK signaling pathway in cultured primary astrocytes.
Nanoscale Res Lett 9, 117, doi:10.1186/1556-276X-9-117.
Wang, J., Rahman, M. F., Duhart, H. M., Newport, G. D., Patterson, T. A., Murdock, R. C., Hussain, S.
M., Schlager, J. J., Ali, S. F., 2009. Expression changes of dopaminergic system-related genes
in PC12 cells induced by manganese, silver, or copper nanoparticles. Neurotoxicology 30,
926-33, doi:S0161-813X(09)00190-9 [pii]
10.1016/j.neuro.2009.09.005.
Wang, J., Chen, C., Liu, Y., Jiao, F., Li, W., Lao, F., Li, Y., Li, B., Ge, C., Zhou, G., Gao, Y., Zhao, Y., Chai,
Z., 2008a. Potential neurological lesion after nasal instillation of TiO(2) nanoparticles in the
anatase and rutile crystal phases. Toxicol Lett 183, 72-80, doi:10.1016/j.toxlet.2008.10.001.
Wang, J., Liu, Y., Jiao, F., Lao, F., Li, W., Gu, Y., Li, Y., Ge, C., Zhou, G., Li, B., Zhao, Y., Chai, Z., Chen, C.,
2008b. Time-dependent translocation and potential impairment on central nervous system
by

intranasally

instilled

TiO(2)

nanoparticles.

Toxicology

254,

82-90,

doi:10.1016/j.tox.2008.09.014.
Wang, J., Zhou, G., Chen, C., Yu, H., Wang, T., Ma, Y., Jia, G., Gao, Y., Li, B., Sun, J., Li, Y., Jiao, F., Zhao,
Y., Chai, Z., 2007b. Acute toxicity and biodistribution of different sized titanium dioxide
particles

in

mice

after

oral

administration.

Toxicol

Lett

168,

176-85,

doi:10.1016/j.toxlet.2006.12.001.
Wang, Y., Chen, Z., Ba, T., Pu, J., Chen, T., Song, Y., Gu, Y., Qian, Q., Xu, Y., Xiang, K., Wang, H., Jia, G.,
2013. Susceptibility of young and adult rats to the oral toxicity of titanium dioxide
nanoparticles. Small 9, 1742-52, doi:10.1002/smll.201201185.

64

Weir, A., Westerhoff, P., Fabricius, L., Hristovski, K., von Goetz, N., 2012. Titanium dioxide
nanoparticles in food and personal care products. Environ Sci Technol 46, 2242-50,
doi:10.1021/es204168d.
Wellenius, G. A., Boyle, L. D., Coull, B. A., Milberg, W. P., Gryparis, A., Schwartz, J., Mittleman, M. A.,
Lipsitz, L. A., 2012. Residential proximity to nearest major roadway and cognitive function in
community-dwelling seniors: results from the MOBILIZE Boston Study. J Am Geriatr Soc 60,
2075-80, doi:10.1111/j.1532-5415.2012.04195.x.
Weuve, J., Puett, R. C., Schwartz, J., Yanosky, J. D., Laden, F., Grodstein, F., 2012. Exposure to
particulate air pollution and cognitive decline in older women. Arch Intern Med 172, 219-27,
doi:10.1001/archinternmed.2011.683.
Win-Shwe, T. T., Fujimaki, H., 2011. Nanoparticles and neurotoxicity. Int J Mol Sci 12, 6267-80,
doi:10.3390/ijms12096267.
Wu, D. C., Jackson-Lewis, V., Vila, M., Tieu, K., Teismann, P., Vadseth, C., Choi, D. K., Ischiropoulos, H.,
Przedborski, S., 2002. Blockade of microglial activation is neuroprotective in the 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson disease. J Neurosci 22, 176371.
Wu, J., Ding, T., Sun, J., 2013. Neurotoxic potential of iron oxide nanoparticles in the rat brain
striatum and hippocampus. Neurotoxicology 34, 243-53, doi:10.1016/j.neuro.2012.09.006.
Wu, Y. C., Lin, Y. C., Yu, H. L., Chen, J. H., Chen, T. F., Sun, Y., Wen, L. L., Yip, P. K., Chu, Y. M., Chen, Y.
C., 2015. Association between air pollutants and dementia risk in the elderly. Alzheimers
Dement (Amst) 1, 220-8, doi:10.1016/j.dadm.2014.11.015.
Xu, F., Piett, C., Farkas, S., Qazzaz, M., Syed, N. I., 2013a. Silver nanoparticles (AgNPs) cause
degeneration of cytoskeleton and disrupt synaptic machinery of cultured cortical neurons.
Mol Brain 6, 29, doi:10.1186/1756-6606-6-29.

65

Xu, L. J., Zhao, J. X., Zhang, T., Ren, G. G., Yang, Z., 2009. In vitro study on influence of nano particles
of CuO on CA1 pyramidal neurons of rat hippocampus potassium currents. Environ Toxicol
24, 211-7, doi:10.1002/tox.20418.
Xu, Y., Barregard, L., Nielsen, J., Gudmundsson, A., Wierzbicka, A., Axmon, A., Jonsson, B. A., Karedal,
M., Albin, M., 2013b. Effects of diesel exposure on lung function and inflammation
biomarkers from airway and peripheral blood of healthy volunteers in a chamber study. Part
Fibre Toxicol 10, 60, doi:10.1186/1743-8977-10-60.
Yamamoto, M., Singh, A., Sava, F., Pui, M., Tebbutt, S. J., Carlsten, C., 2013. MicroRNA expression in
response to controlled exposure to diesel exhaust: attenuation by the antioxidant Nacetylcysteine in a randomized crossover study. Environ Health Perspect 121, 670-5,
doi:10.1289/ehp.1205963.
Yokel, R., Grulke, E., MacPhail, R., 2013. Metal-based nanoparticle interactions with the nervous
system: the challenge of brain entry and the risk of retention in the organism. Wiley
Interdiscip Rev Nanomed Nanobiotechnol 5, 346-73, doi:10.1002/wnan.1202.
Yokel, R. A., 2016a. Physicochemical properties of engineered nanomaterials that influence their
nervous

system

distribution

and

effects.

Nanomedicine

12,

2081-2093,

doi:10.1016/j.nano.2016.05.007.
Yokel, R. A., 2016b. Physicochemical properties of engineered nanomaterials that influence their
nervous system distribution and effects. Nanomedicine, doi:10.1016/j.nano.2016.05.007.
Yokel, R. A., Macphail, R. C., 2011. Engineered nanomaterials: exposures, hazards, and risk
prevention. J Occup Med Toxicol 6, 7, doi:10.1186/1745-6673-6-7.
Yu, L. E., Lanry Yung, L. Y., Ong, C.-N., Tan, Y.-L., Kumar Suresh Balasubramaniam, K., Hartono, D.,
Shui, G., Wenk, M. R., Ong, W.-Y., 2007. Translocation and effects of gold nanoparticles after
inhalation exposure in rats. Nanotoxicology 1, 235-242.

66

Zeng, Y., Gu, D., Purser, J., Hoenig, H., Christakis, N., 2010. Associations of environmental factors with
elderly

health

and

mortality

in

China.

Am

J

Public

Health

100,

298-305,

doi:10.2105/AJPH.2008.154971.
Zensi, A., Begley, D., Pontikis, C., Legros, C., Mihoreanu, L., Wagner, S., Buchel, C., von Briesen, H.,
Kreuter, J., 2009. Albumin nanoparticles targeted with Apo E enter the CNS by transcytosis
and

are

delivered

to

neurones.

J

Control

Release

137,

78-86,

doi:10.1016/j.jconrel.2009.03.002.
Zhang, B., Sun, X., Mei, H., Wang, Y., Liao, Z., Chen, J., Zhang, Q., Hu, Y., Pang, Z., Jiang, X., 2013.
LDLR-mediated peptide-22-conjugated nanoparticles for dual-targeting therapy of brain
glioma. Biomaterials 34, 9171-82, doi:10.1016/j.biomaterials.2013.08.039.
Zhang, L., Bai, R., Liu, Y., Meng, L., Li, B., Wang, L., Xu, L., Le Guyader, L., Chen, C., 2012. The dosedependent toxicological effects and potential perturbation on the neurotransmitter secretion
in brain following intranasal instillation of copper nanoparticles
nanotoxicology 6, 562-575
Zhao, J., Xu, L., Zhang, T., Ren, G., Yang, Z., 2009. Influences of nanoparticle zinc oxide on acutely
isolated rat hippocampal CA3 pyramidal neurons. Neurotoxicology 30, 220-30,
doi:10.1016/j.neuro.2008.12.005.

67

Figure Legends
Figure 1: In nanomedicine, nano-carriers help drug delivery to the brain by enabling passage
across the BBB. Because nanoparticles (NPs) may induce neurotoxic effects, their use in the
brain should be considered cautiously. Adapted from Nature Reviews, Drug discovery and
from Khanna et al Nanomaterials 2015.
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Figure 2: Schematic illustration of the nervous system’s main characteristics in terms of
organization, composition, and protection.
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Figure 3: Nanoparticle (NP) translocation to the nervous system: a summary of the main
routes to the brain at the fetal, juvenile and adult stages of life, considering various routes of
exposure, sites of uptake, and translocation pathways.
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Figure 4: A schematic summary of the major obstacles to assessing the neurotoxicity of
nanoparticles (NPs).
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Tables
Table 1: Results of studies on the effects of long-term air pollution on cognitive and psychological functions in adults.
(Chen and Schwartz, 2009)
Table 1. Results of studies on long-term air pollution effect on cognitive and psychological functions in adults.
Authors, year of
publication

Study design

Study
population N
(age)

Exposure

Covariates

Outcome

Obtained results

Sun and Gu, 2008

Cross-sectional

N = 7358 (83.6
± 11.4)

API

P, L, E

Cognitive
functions

1 unit air pollution index (API): For high gross domestic product (GDP): MMSE score
β=−2.67, p < 0.001. For medium GDP: MMSE score β=−1.84, p<0.001

Chen and Schwartz,
2009

Cross-sectional

N = 1764 (37.4
± 10.9)

PM, O3

P, L, H

Cognitive
functions

Increased PM10: SDLT β =0.48, 95% CI=0.27–0.68; SDST β = 0.10, 95% CI=0.05–
0.15. After adjustment for race and SES—non-significant effect. Increased O3: SDST
β=0.11, 95% CI=0.01–0.22; SDLT β=0.52, 95% CI 0.03–1.01

Ranft et al., 2009

Cross-sectional

N = 399 (74.1 ±
2.6)

PM10

P, L, H, E

Cognitive
functions

Traffic exposure: CERAD-plus battery β=−3.8, p < 0.1; Stroop test β= −5.1, p < 0.01;
Sniffing test β=−1.3, p < 0.05 (age ≤ 74). No independent effect of PM10

Zeng et al., 2010

Cohort followup 7 years

N = 15,873
(86.3)

API

P, L

Cognitive
functions

1 unit API: cognitive impairment OR = 1.009, p < 0.05

Power et al., 2011

Cross-sectional

N = 680 (71.0 ±
7.0)

BC

P, L, H

Cognitive
functions

BC (doubling concentration, µg/m3): MMSE OR=1.3, 95% CI 1.1–1.6 Wellenius et al.,
2012 100 m from major road: MMSE < 26 for at least college education OR= .54, 95%
CI 1.10–2.17; for ≤77 years OR=1.34, 95% CI 1.01–1.76. Not associated with HVLT-R
recognition, TMT Part A ad CIB. Interquartile increase in BC (0.11 _g/m3): MMSE <
26, OR=1.15, p = 0.06; worse performance of HVLT = R immediate recall, p=0.046

Wellenius et al.,
2012

Cohort followup (median),
16.8 years

N = 765 (78.1
± 5.4)

Proximity to nearest
road, BC

P, L, H

Cognitive
functions

BC (doubling concentration, µg/m3): MMSE OR=1.3, 95% CI=1.1–1.6; 100 m from
major road: MMSE < 26 for at least college education OR=1.54, 95% CI=1.10–2.17; for
≤77 years OR=1.34, 95% CI=1.01–1.76. Not associated with HVLT-R recognition,
TMT Part A ad CIB. Interquartile increase in BC (0.11 µg/m3): MMSE < 26, OR=1.15,
p=0.06; worse performance of HVLT= R immediate recall, p = 0.046
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Weuve et al., 2012

Cohort followup 4.3 years

N = 10,409
(74.0 ± 2.2)

PM10; PM2.5, Coarse
PM

P, L

Cognitive
functions

PM2.5–10: worse global cognitive score (p for trend 0.01); worse for highest vs. lowest
level (p = 0.003). Highest vs. lowest quintile of PM2.5: changes in global cognitive
score for women (p = 0.03). Global cognitive score (SD/2 years) per 10 µg/m3
increment: PM2.5–10 −0.020 (95% CI 0.32 to −0.008); PM2.5: −0.018 (95% CI −0.035
to 0.002)

Gatto et al., 2014

Cross-sectional

N = 1496 (60.5
± 8.1)

O3, NO2, PM2.5

P, L

Cognitive
functions

None association with global cognition. Per 10 µg/m3 PM2.5: lower verbal learning (β=
−0.32, p = 0.05). NO2 > 20 ppb: lower logical memory (β=−0.62, p = 0.095). O3 > 49
ppb: lower executive function (β= −0.66, p = 0.059). O3 range 34–49 ppb: higher logical
memory—women (β= 0.46, 95% CI 0.09–0.83), adults ≥ 60 y. o. (β= 0.51, 95% CI
0.11–0.91)

Loop et al., 2013

Cross-sectional

N = 20,150
(64.0 ± 9.2)

PM2.5

P, L, H, E

Cognitive
functions

Per 10 µg/m3 PM2.5: for urban area—incident cognitive impairment OR=1.40 (95% CI
1.06–1.85); for mixed areas—incident cognitive impairment (OR = 0.32, 95% CI 0.11–
0.98). No associations for rural area and total population

Power et al., 2013

Cross-sectional

N = 629 (70.0 ±
7.1)

BC

P, L, H

Cognitive
functions

BC (doubling concentration, µg/m3): for lacked an HFE C282Y low MMSE (OR=1.37,
95% CI=1.08–1.73); for at least one HFE H63D variant (OR=1.74, 95% CI=1.06, 2.87).
HFE C282 modifies the association between BC and global cognitive function

Schikowski et al.
2015

Cross-sectional

N=789 (73.4 ±
3.05)

NO2, NOx, PM2.5,
PM10

P, L, H,
APOE ε4
allele

Cognitive
functions

Negative association with cognitive function and cognitive performance in the subtests
for semantic memory and visuo-construction. Significant associations could be observed
for figure copying with an interquartile range increase of NO2 (β=–0.28 (95%CI:–0.44;–
0.12)), NOx (β=–0.25 (95%CI:–0.40;–0.09)), PM10 (β=–0.14 (95%CI:–0.26;–0.02)) and
PM2.5 (β=–0.19 (95%CI:–0.36;–0.02)).The association with traffic load was significant
in carriers of one or two ApoE ɛ4 risk alleles

CalderónGarciduenas et al.,
2004

Cross-sectional

N = 19 (51.2 ±
4.9)

PM, O3

none

Alzheimer’s
disease

Frontal cortex tissue: Elevation of COX2 mRNA in high-exposure group (p=0.009);
elevation of COX2 immunoreactivity (p=0.01). Hippocampus tissue: Elevation in COX2
mRNA in high-exposure group (p=0.045); no differences in COX2 immunoreactivity
between high and low-exposure groups (p=0.37)

CalderónGarciduenas et al.,
2010

Cross-sectional

N = 87 (21.0 ±
2.6)

PM2.5–10, PM2.5

none

Alzheimer’s
disease

Mean UPSIT scores lower for high-exposure group (p=0.03). No differences in UPSIT
scores in different APOE statuses (p=0.52)

Wu et al., 2015

Case–control

249 AD
patients, 125
VaD cases, and
497
controls

PM10, O3

P, L, H,
APOE ε4
allele

Alzheimer’s
disease (AD) &
vascular dementia
(VaD)

The highest tertile of PM10 (49.23 mg/m3) or ozone (21.56 ppb) exposure was
associated with increased AD risk (highest vs. lowest tertile of PM10: AOR 5 4.17;
highest vs. lowest tertile of ozone: AOR 5 2.00). Similar finding was observed for VaD.
The association with AD and VaD risk remained for the highest tertile PM10 exposure
after stratification by APOE 34 status and gender.
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Finkelstein and
Jerrett, 2007

Case–control

N = 1764 (37.4
± 10.9)

PM10, O3

P

Parkinson disease
(PD)

10 µg/m3 increases in Mn: PD or Dopa prescription for men OR=1.041, 95% CI 0.997–
1.09; for female: OR=1.035, 95% CI 0.97–1.10. With type of clinic as confounder
OR=1.044 (95% CI=1.00–1.09)

Kioumourtzoglou
eta l., 2016

Cohort, followup 10 years

N=9817806
(75.6± 7.6)

P, L, H,

Persson et al., 2007

Case–control

N = 22,693
(43.0 ± 13.0)

Annual 50 city-average
PM2.5 mass
concentrations for the
period of 1999–2010
NOx, Wood burning;
industrial smells

Dementia,
Alzheimer’s &
Parkinson’s
diseases
Anxiety

Significant associations of long-term PM2.5 city-wide exposure with all three outcomes:
HR=1.08 (95% CI: 1.05, 1.11) for dementia, an HR= 1.15 (95% CI: 1.11, 1.19) for AD,
and HR=1.08 (95% CI: 1.04, 1.12) for PD admissions per 1μg/m3 increase in annual
PM2.5 concentrations.
Exhaust form traffic: anxiety OR=1.66, p=0.001

Sun and Gu, 2008

Cross-sectional

N = 7358 (83.6
± 11.4)

API

P, K, E

Activity of daily
living (ADL)

1 unit API: For high GDP: difficulties in ADL (β=−1.41, p < 0.01); instrumental ADL
(β=−0.98, p < 0.001), self-related health (OR = 2.20, p < 0.001). For medium GDP
instrumental ADL β=−0.6, p < 0.001, self-related health, (OR = 1.87, p < 0.001), no
associations with ADL

Zeng et al., 2010

Cohort followup 7 years

N = 15,873
(86.3)

API

P, L

Activity of daily
living (ADL)

1 unit API: increased ADL disability (25%, p < 0.001); increased health deficits (8%, p
< 0.05)

Lim et al., 2012

Longitudinal
follow-up 3
years

N = 357 (71.0 ±
5.0)

PM10, CO, SO2, NO2,
O3

P, L, H

Depression

Interquartile increase of PM10: Increase in composite score of emotional symptoms:
38.2%, p < 0.01, NO2 118.2%, p < 0.05. Increase in somatic symptoms score 38.9%, p <
0.05. Increase in affective symptoms score 11.5%, p < 0.01. O3: Increase in composite
score of emotional symptoms 132.5%, p < 0.05

P, H

API-Air pollution index that includes SO2, NO2, PM10, CO, O3; BC-Black carbon; P—personal factors, including age, sex, socio-economic status (SES), occupation, marital status, ethnicity, childhood SES, education
level, marital status, number of surviving children, country of origin number of living children. L—lifestyle factors, including smoking, drinking, exercise, leisure activities, dark fish consumption, computer experience,
BMI. H—health-related factors, including number of consultations with general physician, asthma, diabetes, incident stroke, presence of depressive symptoms, dyslipidemia, hypertension, blood pressure, triglycerides,
HDL. E—environmental factors, including indoor air pollution, temperature, season. OR-odds ratio; 95% CI, 95% confidence interval; HR-Hazard ratio;* modal age class; the relationship with suicide risk was analyzed
based on the air pollutant concentration on the day of the suicide (lag day 0) and on each of the 3 days preceding the suicide (lag day 1, lag day 2, and lag day 3) for single and cumulative air pollutants.
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