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Abstract ZnO nanoparticles (ZnO-NPs) are widely used
in the engineering and cosmetic industries, and inhaled
airborne particles pose a known hazard to human health;
their translocation into humans is a recognized public
health concern. The pulmonary–blood pathway for ZnO-

NP toxicity is well documented, but whether transloca-
tion of these particles can also occur via an olfactory
bulb–brain route remains unclear. The potential toxicity
of ZnO-NPs for the human central nervous system
(CNS) is predicated on the possibility of their translo-
cation. Our study investigated translocation of ZnO-NPs
both in vitro using the neuronal cell line PC12 and in
vivo in a Sprague–Dawley rat model. Our findings
indicate that the zinc-binding dye, Newport-Green
DCF, binds ZnO stoichiometrically and that ZnO-NP
concentration can therefore be measured by the fluores-
cence intensity of the bound dye in confocal fluores-
cence microscopy. Confocal data obtained using
Newport-Green DCF-2 K+-conjugated ZnO-NPs along
with the membrane probe FM1-43 demonstrated endo-
cytosis of ZnO-NPs by PC12 cells. In addition, Fluozin-
3 measurement showed elevation of cytosolic Zn2+ con-
centration in these cells. Following in vivo nasal expo-
sure of rats to airborne ZnO-NPs, olfactory bulbs and
brains that were examined by Newport-Green fluores-
cence and TEM particle measurement clearly showed
the presence of ZnO-NPs in brain. We conclude that
an olfactory bulb–brain translocation pathway for air-
borne ZnO-NPs exists in rats, and that endocytosis is
required for interneuron translocation of these particles.
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Abbreviation
ZnO-NPs Zinc oxide nanoparticles
[Zn2+]c Cytosolic Zn2+ concentration
NPG Newport-Green
(NPGs) NPG salt form
CNS Central nervous system
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Introduction

The increasing use of zinc oxide nanoparticles (ZnO-NPs) in
a number of important industries, such as semiconductor
production and the manufacture of sunscreens (Greene et
al. 2006), has brought attention to their potential health
risks. Ailments caused by ZnO exposure have been exten-
sively documented. In addition to pulmonary impairment
and metal fume fever (Beckett et al. 2005), ZnO-NPs have
been reported to cause apoptosis in neural stem cells (Deng
et al. 2009), to interfere with ion channel currents in primary
rat hippocampal neurons (Zhao et al. 2009), to induce mor-
phological changes in rat brain tissue (Kozik et al. 1980),
and to be involved in the pathogenesis of neuronal diseases
(Frederickson et al. 2005). In an animal study, a Zn chelator
was shown to reduce neuronal lesions, suggesting that high
Zn levels were responsible for the central nervous system
(CNS) damage (Cherny et al. 2001). A similar finding by
Capasso et al. (2005) showed that high Zn levels could
cause neuronal death. Because the concentration of airborne
ZnO-NPs can be extremely high in welding factories and
certain other industry workplaces, there is a potentially
serious threat to CNS health if airborne ZnO-NPs can gain
entry to the brain via an olfactory bulb–brain translocation
pathway.

In contrast to problems posed by elevated Zn levels, Zn
deficits in human patients and in mice have been implicated
neurodegenerative disease, such as Parkinson’s disease and
Alzheimer’s disease (AD) (Brewer et al. 2010). Serum zinc
levels in AD patients were found to be significantly lower
than controls (Baum et al. 2010), and in AD mice, zinc
supplementation delayed hippocampus–dependent memory
deficits and reduced β-amyloid accumulation (Corona et al.
2010). Thus, it appears that Zn homeostasis is critical for
brain function and that either excessively high or low levels
of Zn can interfere with normal neuronal function.

In an earlier study (Kao et al. 2012), we reported that ZnO-
NP exposure elevated both cytosolic Zn2+ concentration
([Zn2+]c) and mitochondrial Zn2+ concentration ([Zn2+]m) in
cultured cells as well as in rat white blood cells, via dissolution
of ZnO in endosomes. The conversion of ZnO to ions after
entry into cells has also been suggested by the study of Xia et
al. (2008), which traced labeled ZnO, and showed that it
disappeared in the lysosomes of BEAS-2B cells. Muller et
al. (2010) showed that ZnO dissolved rapidly in a simulated
body fluid having a lysosomal pH of 5.2, but that it is com-
paratively stable at the normal extracellular pH of 7.4. Thus,
the existence of an olfactory bulb–brain entry pathway and
potential for dissolution in endosomes would set the stage for
ZnO-NPs to exert a profound effect upon zinc homeostasis,
which plays a critical role in maintaining brain function.

Based on the finding that carbonaceous nanoparticles
were detectable in the brain following nasal exposure

(Oberdorster et al. 2004), it has been proposed that airborne
particles deposited on the nasal olfactory epithelium may
reach the brain by translocation along the olfactory nerve
(Oberdorster et al. 2005). A number of studies have dem-
onstrated that MnO2 can make its way into brain via olfac-
tory bulbs (Henriksson et al. 1999; Elder et al. 2006).
Nevertheless, an olfactory bulb–brain pathway for ZnO-
NP entry into the brain has not been established until now.
In the brain, zinc levels are higher than those for manganese
or other metals (Andrasi et al. 1995), which makes it diffi-
cult to detect an increase in Zn after ZnO-NP exposure, and
it is also difficult to distinguish endogenous Zn from exog-
enous Zn coming from dissolution of ZnO. In the current
study we describe a sensitive assay for ZnO-NPs in brain
tissue and present evidence proving that the cellular process
of endocytosis provides the link to translocate ZnO-NPs
particles into neuron via an olfactory bulb–brain pathway.

Material and Methods

Materials

Sprague–Dawley (SD) rats were purchased from BioL-
ASCO (Taipei, Taiwan). PC12cells were purchased from
the research center BCRC 60048 (Hsinchu, Taiwan). SH-
SY5Y cells were purchased from American Type Culture
Collection. ZnO-NPs (<50 nm) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Fluozin-3-AM,
Newport-Green DCF-2 K+, and FM 1-43 were purchased
from Invitrogen (Grand Island, NY, USA). KCl, NaCl, and
other salts were obtained from Merck KGaA (Darmstadt,
German).

Cell Culture

PC12 cells were cultured in DMEM containing 5 % horse
serum and 10 % fetal bovine serum on poly-L-lysine coated
dishes or slides in 10 % CO2, 37 °C (Liu and Chen 2010).
SH-SY5Y cells were cultured in MEM medium containing
10 % FBS (Chiung et al. 2010).

ZnO-NP Preparation

ZnO-NPs (<50 nm) were freshly prepared by suspension
and sonication in ultrapure water for 30 min (Branson
5510).

Scanning Electron Microscope (SEM)

ZnO-NP suspensions (0.8 mg/ml) were deposited and dried
at room temperature. After sputter coating with platinum,
samples were visualized by SEM (Nova™ NanoSEM 230).
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Confocal Microscope Measurements

ZnO-NPs were labeled with Newport-Green DCF-2 K+ (NPGs,
10 μM) in ddH2O with sonication. After 2 h incubation (with
sonication), NPGs-ZnO was collected by centrifugation at
10,000 rpm for 5 min. NPGs-ZnO was freshly prepared before
each experiment. PC12 cells were cultured on poly-L-lysine-
coated glass slides and incubated with NPGs-ZnO in the pres-
ence or absence of stimulants for 10 min in loading buffer. After
incubation, slides were washed ten times in fresh loading buffer.
Formembrane visualization, cells were incubated simultaneous-
ly with 10μMFM1-43 for 10min. Images were obtained with
a confocal laser scanning microscope (CLSM; LSM 5 Pascal;
Zeiss, Germany) with oil objectives (63×, NA 1.4; Zeiss,
Germany). An argon 488 nm laser was used to excite NPGs-
ZnO. A He–Ne 543 nm laser was used to excite FM 1-43.

Cytosolic Free Zinc Concentration ([Zn2+]c) Measurements

Fluozin-3-AM was used to detect [Zn2+]c. Cells were loaded
with 10 μM Fluozin-3-AM at 37 °C for 40 min and then
washed three times for 30 min in loading buffer (150 mM
NaCl, 5 mM KCl, 2.2 mM CaCl2, 1 mM MgCl2, 5 mM
glucose, and 10 mM Hepes; pH 7.4). Fluorescence intensi-
ties were measured at an excitation wavelength of 494 nm
and emission wavelength of 515 nm. Rmax was achieved by
adding excess zinc ion and digitonin to the cuvette at the end
of the experiments; excess EGTAwas subsequently added to
obtain Rmin. The relative [Zn2+]c was normalized by divid-
ing the net increase between Rmin and Rmax. For normaliza-
tion, control cells were considered to be 100 %.

MTT Assay

Cells were seeded at 96 wells plates coated with poly-L-
lysine. ZnO-NPs and ZnCl2 were added 24 h after seeding.
Cell viability was assessed using the colorimetric reagent, 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide (MTT) (Liu et al. 2011).

Trypan Blue

Cells were seeded in 6-well plates and treated with ZnO-
NPs and ZnCl2 for 24 h. The cells were harvested by
trypsinization and counted in a hemocytometer after staining
with Trypan blue (Park et al. 2006). The percentage cell
death was expressed as the ratio of the number of Trypan
blue-permeable cells to the total cell count.

ZnO-NP Generation and Rat Exposure

ZnO-NPs were generated by heating zinc powder to 570–
600 °C in a ceramic crucible furnace. ZnO vapor was

produced by reacting zinc vapor with oxygen in high-
purity nitrogen gas. Before entering the major exposure
chamber, ZnO vapors were mixed with filtered air in a series
of cooling, humidifying, and diluting zones. The particle
number, distribution and concentration were monitored by
Scanning Mobility Particle Sizer and Condensation Particle
Counter in the major exposure chamber. Eight-week-old
male SD rats were used, following 1 week acclimatization
to a 12-h light/dark cycle, 23±1 °C and 55±10 % humidity,
and were randomly separated into two groups (consisting of
six each), the HEPA control and ZnO-NP exposure group.
Rats were housed in cages having a front tube connected to
the major exposure chamber, either with (control group) or
without (exposed group) HEPA air filters. Rats were sacri-
ficed by barbital injection. Brains and olfactory bulbs were
collected for measurements of ZnO-NPs. Our study was
approved by the Institutional Animal Care and Use Com-
mittee at National Taiwan University.

Rat Olfactory Bulb Synaptosomes Preparation

Olfactory bulbs were collected from ZnO-NP-exposed and
control SD rats (exposure conditions were 6 h for 1 day:
2.1×106 particles/cm3; 38 nm particle size). Crude synapto-
somes of each rat were prepared within 2 h at 2–4 °C
following the method of Marcoli et al. (1999). Fluorescence
intensities were measured at an excitation wavelength of
505 nm and emission wavelength of 535 nm.

Transmission Electron Microscope (TEM)

SD rats were exposed to ZnO-NPs (4 h on 3 consecutive
days: 2.0×106, 3.4×106, and 6.6×106 particles/cm3; 12–
14 nm particle size). TEM samples were thin section cut
through the rat left cerebrum which were fixed with 2.5 %
glutaraldehyde, then 1 % osmium tetroxide in PBS (Maneta-
Peyret et al. 1999). Sections were viewed by TEM (JEM
2000 EX-II) after staining with uranyl acetate and lead
citrate.

Results

Newport-GreenDCF-2 K+-Stained ZnO-NPs Reflects
Fluorescence

NPG-DCF, a Zn2+-sensitive dye (Kd01 μM), has two forms,
a cell-permeable ester (AM), and a membrane-impermeable
water-soluble salt (2 K+). We refer to the NPG-DCF-2 K+

salt as NPGs. We took advantage of our finding that ZnO-
NPs can be labeled by NPG, but are not bound by Fluozin-3.
The fluorescence image shows that NPGs-ZnO-NPs are
observable at 488 nm excitation; green laser (Fig. 1). No
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fluorescence is seen following Fluozin-3 treatment of ZnO-
NPs. SEM measurement was used to verify the size of
NPGs-ZnO-NPs. The average particle diameter was 40.4±
14.6 nm (Fig. 1d, n030). We used the fluorescent and cell-
impermeable character of NPGs-ZnO-NPs in order to study
their path of entry into cells. Instead of the membrane-
permeable ester, the water-soluble NPGs form of the dye
was used to label the ZnO-NPs in order to prevent their
direct diffusion across the plasma membrane.

Uptake of ZnO-NPs in Rat Pheochromocytoma PC12 Cells
by Live Cell Confocal Imaging

NPGs-ZnO-NPs were used to explore the fate of ZnO-NPs
in PC12 cells. The PC12 cells were treated with 1 mM
(81.4 μg/ml) NPGs-ZnO-NPs in culture medium for
10 min. After ten washes in loading buffer, the NPGs-
ZnO-NP-treated PC12 cells were monitored at 488 nm ex-
citation. In optical section images, ZnO-NPs were found to
be intracellular (Fig. 2a). Some fluorescent spots appeared
in the deeper optical sections but not in those taken at the
cell surface, indicating an intracellular location. Since ATP
stimulates the purinoceptor, P2, and evokes endocytosis
following exocytosis in PC12 cells, we monitored cultured
cells under these conditions. When treated with ATP and
NPGs-ZnO-NPs, more NPGs-ZnO-NPs showed an intracel-
lular location (Fig. 2b). To study the mechanism of ZnO-NP
entry into the cells, we used NPG-ZnO together with FM1-
43 in live-cell imaging. FM1-43 is a membrane probe wide-
ly used for monitoring recycling of vesicles (Hansen et al.

2009). Figure 2c shows that NPGs-ZnO-NPs partially co-
localized with FM1-43. Figure 2d shows that more vesicles
appeared following ATP stimulation, and that NPGs-ZnO-
NPs co-localized with FM1-43, illustrating that most endo-
cytic vesicles enclosed NPGs-ZnO-NPs. We suggest that
ZnO-NPs can enter neurons via endocytosis, and that P2
receptor stimulation enhances this endocytosis.

ZnO-NPs Induced an Increase in Free Zinc Ion
Concentration ([Zn2+]c) in PC12 Cells

In addition, we investigated the conversion of ZnO-NPs to
Zn2+ at the cellular level in our PC12 model. [Zn2+]c was
monitored in fluozin-3 experiments. Fluozin-3-AM-loaded
PC12 cells were treated with ZnO-NPs and [Zn2+]c was
measured. Figure 3 shows that ZnO-NPs induced a rise in
[Zn2+]c in a dose- and time-dependent manner (within
60 min). [Zn2+]c returned to resting levels within 24 h of
exposure to ZnO-NPs at 8.1 and 81.4 μg/ml. However, cell
viability decreased to 46.9±2.1 % of controls in cells re-
ceiving the higher dose (81.4 μg/ml for 24 h).

Similar Neurotoxicity Between ZnO-NPs and Zinc Ion

Neurotoxicity of ZnO-NPs was examined in rat PC12 and
human SH-SY5Y cells. Figure 4 shows similar and signif-
icant neurotoxicity for both ZnO-NPs and Zn2 at a concen-
tration of 0.1 mM in PC12 cells and 1 mM in SH-SY5Y
cells.

ZnO-NPs Were Found in Rat Olfactory Bulbs Following
Exposure

An olfactory–brain translocation pathway has been proposed
as the main route for NPs entering the brain (Oberdorster et al.
2005). In order to test this hypothesis for ZnO-NPs, Newport-
Green DCF was used to measure total zinc concentration
([Zn]) in synaptosomes prepared from olfactory bulbs. Fol-
lowing exposure, synaptosome samples from exposed rats
showed significantly higher [Zn] than those from HEPA con-
trol rats (p<0.1, Fig. 5a). This result supports the existence of
olfactory–brain translocation as one probable route allowing
ZnO-NPs to enter the brain following inhalation.

Existence of ZnO-NPs in Rat Brain After Exposure

We used TEM to investigate whether ZnO-NPs had entered
the brains of exposed rats. Samples of ZnO-NP-exposed and
control brains were compared. Figure 5b shows that sections
from ZnO-NP-exposed rats exhibit numerous black spots
which are rarely found in sections from HEPA-control rat
brains. In endosomes, in particular, many small scars are
present.

Fig. 1 Fluorescence of ZnO-NPs (<50 nm) stained with Newport-
Green DCF-2 K+. Stained particles were collected by washing and
centrifugation. Confocal images of NPGs-ZnO-NPs: a DIC, b green
laser, and c merge, and d SEM image

J Mol Neurosci (2012) 48:464–471 467



Discussion

The existence of a potential route for the entry of airborne
ZnO-NPs into the CNS via an olfactory bulb–brain pathway
is strongly supported by this study. Based on both our in
vitro and in vivo data, we have outlined in detail some of the
steps necessary to support an olfactory bulb–brain pathway
for uptake of airborne ZnO-NPs: Step (1) involves translo-
cation of ZnO-NPs occurs at olfactory bulbs first by

endocytosis during inhalation. Data in Fig. 5a demonstrate
the presence of ZnO-NPs in olfactory bulbs of exposed rats
by Newport-Green Zn staining. In Fig. 2, endocytosis of
NPGs-ZnO-NPs by PC12 cells is shown in confocal fluo-
rescence images. In Step (2), ZnO-NPs may be converted to
Zn2+ in endosomes, and then be mobilized into the cyto-
plasm, leading to a rise in [Zn2+]c. An elevation in [Zn2+]c
following ZnO-NP exposure is measured in PC12 cells and
data is shown in Fig. 3. In Step (3), ZnO-NPs and Zn2+ are

Fig. 2 Confocal images of PC12 cells treated with ZnO-NPs
(<50 nm). Cells were treated with NPGs-ZnO-NPs for 10 min, in either
the absence (a) or presence (b) of 0.1 mM ATP. After washing, samples
were observed and images obtained by confocal microscopy with
cross-scan. Arrows indicate ZnO-NPs at sites within the cells that
appear with increasing cross scan depth, and are not present in images

taken at the cell surface. Cells treated with NPGs-ZnO-NPs were
stained with FM 1-43 for 10 min, in either the absence (c) or presence
(d) of 0.1 mM ATP. Scale bar010 μm. All observations were repeated
five times on samples from different batches of cells. Representative
images are shown
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translocated from the olfactory sensory neuron to the signal-
processing neuron through the gap junction or by exocytosis
in the presynaptic neuron followed by endocytosis in the
postsynaptic neuron, thus reaching the CNS. The presence
of ZnO-NPs in rat brain tissue is shown in our TEM images.
All steps documented here support the olfactory bulb–brain
translocation of ZnO-NPs.

The olfactory bulb–brain pathway is proposed as a portal
of entry to the CNS under conditions of exposure to small
sized particles. An olfactory translocation route was de-
scribed as early as the 1940s, for 30 nm polio virus that

had been introduced intranasally into chimpanzees and rhe-
sus monkeys (Howe and Bodian 1941). The olfactory bulb–
brain translocation pathway was proposed (Oberdorster et
al. 2005) and given support in the instance of MnO (Elder et
al. 2006); however, Ghio and Bennett (2007) presented data
disputing the likelihood of this route for entrance into CNS.
In addition to ZnO-NPs, silver-coated colloidal gold par-
ticles (50 nm), manganese, cadmium, nickel, and inorganic
mercury all have been reported to be transported via the

Fig. 3 The changes of [Zn2+]c in PC12 cells. The [Zn2+]c was mea-
sured in fluozin-3-AM-loaded PC12 cells pretreated with ZnO-NPs
(<50 nm) at various concentrations for times shown. Data are mean ±
SE from three separate batches of cells. The fluorescence intensity of
control PC12 cells (no ZnO-NP treatment) was set as 100 %, and used
to normalize experimental results

Fig. 4 Effects of Zinc ions and
ZnO-NPs on cytoviability in rat
pheochromocytoma PC12 cells
and human neuroblastoma SH-
SY5Y cells. Panel A, PC12
cells were treated with ZnO-
NPs and ZnCl solution at vari-
ous concentrations for 24 h, and
viability was determined by
MTT. Panel B, SH-SY5Y cells
were treated with various con-
centrations of ZnO-NPs or
ZnCl solution for 24 h, and vi-
ability determined by Trypan
blue staining. The data are
expressed as mean ± SD.
*p<0.05; **p<0.01

Fig. 5 The existence of ZnO-NPs in SD rat olfactory bulbs and brains.
a Olfactory bulb synaptosomes were isolated from ZnO-NP-exposed
rats and from HEPA control animals, and were loaded with 10 μM
Newport-Green DCF (AM form). Fluorescence measurements were
carried out at an excitation wavelength of 505 nm and emission
wavelength of 535 nm. Data represent mean ± SE from six rats. The
mean values of control samples were treated as 100 %. #p<0.1. b
Transmission electron micrograph images of rat brain slice after ZnO-
NP exposure. Magnifications are ×18,000 and ×50,000 for HEPA-
control and ZnO-NP-exposed brain images, respectively. White arrows
indicate ZnO-NPs (electron-dense black spots). All observations were
repeated three times using different batches of rats, six animals each for
the experimental (exposed) and control (non-exposed) groups, in each
batch
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olfactory bulb (De Lorenzo 1957; Tjalve et al. 1996;
Henriksson et al. 1997; Henriksson and Tjalve 1998). With
regard to the size of NPs, our study is the first to demon-
strate that airborne ZnO-NPs can enter the CNS of mammals
via an olfactory bulb–brain translocation pathway.

A number of laboratories have shown that NPs can be
engulfed during endocytosis in both excitable and non-
excitable cells. In the rat model, stimulation by ozone,
hydrogen peroxide, or histamine increases the permeability
of lung epithelial and endothelial barriers to NPs (192Ir-
UFP aerosol) (Meiring et al. 2005). Magnetic nanoparticles
have been shown to be internalized into A549 lung epithe-
lial cells via an energy-dependent endosomal-lysosomal
mechanism (Kim et al. 2006), and transferrin-mediated up-
take of gold nanoparticles by human nasopharyngeal carci-
noma cells by human nasopharyngeal carcinoma cells has
been shown (Yang et al. 2005). Our data establish that
NPGs-ZnO-NPs are endocytosed by PC12 cells, and that
this endocytosis is enhanced by stimulation of the P2-
purinoceptor by ATP. Because the mean diameter of the
P2X7 channel is less than 0.85 nm (Riedel et al. 2007),
much smaller than the size of most ZnO-NPs, we rule out
the possibility that dye–ZnO-NPs complexes can influx into
cells via the P2 channel.

Zinc is critical for the growth and survival of neurons, yet
high levels of zinc are cytotoxic. Our study shows that both
zinc ions and ZnO-NPs above 0.1 mM are cytotoxic. An
elevation in [Zn2+]c could be caused by an increase as little
as 1 μg/ml (12 μM). Therefore, it is possible for [Zn2+]c to
be elevated by non-toxic ZnO concentrations. The olfactory
bulb–brain translocation route provides a pathway explain-
ing ZnO can enter the CNS and achieve an elevation [Zn2+]c
without causing cell damage.

Zinc homeostasis is critical to neuronal health. Zinc
modulates the structure of proteins at postsynaptic sites to
maintain neuronal functions (Gundelfinger et al. 2006). This
study shows that ZnO-NP exposure followed by endocyto-
sis can interfere with zinc homeostasis, a finding that is
supported by our previous work (Kao et al. 2012). In that
study, we demonstrated that dissolution of ZnO-NPs to zinc
ions could occur at the low pH of endosomes (pH 5.5),
allowing Zn2+ to then leak into the cytosol. Similar dissolu-
tion may occur in the endosome of PC12 cells following
engulfment of ZnO-NPs. We suggest that ZnO-NPs first
enter cells via endocytosis and are then converted to Zn2+

in endosomes, leading to an elevation of [Zn2+]c. Moreover,
our observation that [Zn2+]c in cells exposed to ZnO-NPs for
24 h returned to basal levels, and that nearly half of exposed
cells died following exposure to high concentration of ZnO-
NPs. We suggest that the surviving cells under these con-
ditions retained their capability for zinc homeostasis, as
evidenced by their return to basal [Zn2+]c levels, while death
of a subpopulation of cells was caused by extreme changes

in their [Zn2+]c, exceeding their capacity for maintaining
homeostasis. The fact that [Zn2+]c of surviving cells follow-
ing 24 h ZnO-NP exposure returned to basal levels, suggests
that homeostasis of [Zn2+]c is vital to cell survival.

In this study, exposure to ZnO-NPs significantly in-
creased zinc levels in the olfactory bulb (Fig. 5). In brain,
starting zinc levels are high, making it difficult to accurately
measure changes following ZnO-NP exposure. According
to a report by Andrasi et al. (1995), zinc levels in the normal
human brain were 15- to 73-fold higher than manganese,
and 24- to 51-fold higher than aluminum. Zinc concentra-
tions are also known to vary in different regions of the brain,
(47–102 μg/g, wt) and show a large variation among indi-
viduals (n020) in the same regions in normal human brain
(40 % variation in cortex centralis). Accordingly, our ICP-
MS measurements of total zinc in brain tissue were almost
identical for exposed and HEPA control rats (data not
shown). TEM images shown in Fig. 5 also demonstrate the
existence of ZnO-NPs in brain tissue following ZnO-NP
exposure. We conclude that this study showed both in vitro
and in vivo evidence of airborne ZnO-NPs entering the CNS
via an olfactory bulb–brain translocation pathway.
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