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There is no doubt that various nanoparticles (NPs) can enter the brain from the nasal cavity. It is assumed that
NPs can penetrate from blood into the central nervous system (CNS) only by breaking the blood-brain barrier
(BBB). The accumulation of NPs in CNS can provoke many neurological diseases; therefore, the understanding
of its mechanisms is of both academic and practical interest. Although hitting from the surface of the lungs
into the bloodstream, NPs can accumulate in various mucous membranes, including the nasal mucosa.
Thus, we cannot rule out the ability of NPs to be transported from the bloodstream to the brain through the
olfactory uptake. To test this hypothesis, we used paramagnetic NPs of manganese oxide (Mn;0,-NPs), whose
accumulation patterns in the mouse brain were recorded using T1-weighted magnetic resonance imaging.
The effect of intranasal application of endocytosis and axonal transport inhibitors on the brain accumulation
patterns of intranasally or intravenously injected Mn3;0,-NPs was evaluated. A comparative analysis of the
results showed that the transport of Mn;0,-NPs from the nasal cavity to the brain is more efficient than their
local permeation through BBB into CNS from the bloodstream, for example with the accumulation of Mn;0,-
NPs in the dentate gyrus of the hippocampus, and through the capture and transport of NPs from the blood by
olfactory epithelium cells. Also, experiments with the administration of chlorpromazine, a specific inhibitor of
clathrin-dependent endocytosis, and methyl-3-cyclodextrin, inhibitor of the lipid rafts involved in the capture of
substances by endothelium cells, showed differences in the mechanisms of NP uptake from the nasal cavity and
from the bloodstream. In this study, we show a significant contribution of axonal transport to NP accumulation
patterns in the brain, both from the nasal cavity and from the vascular bed. This explains the accumulation of
different sorts of submicron particles (neurotropic viruses, insoluble xenobiotics, etc.), unable to pass BBB, in
the brain. The results will add to the understanding of the pathogenesis of various neurodegenerative diseases
and help studying the side effects of therapeutics administered intravenously.

Key words: nanoparticles; olfactory transport; magnetic resonance imaging; intravenous injection.

For citation: Romashchenko A.V,, Sharapova M.B., Morozova K.N., Kiseleva E.V., Kuper K.E., Petrovskii D.V.The role
of olfactory transport in the penetration of manganese oxide nanoparticles from blood into the brain. Vavilovskii
Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2019;23(4):482-488. DOI 10.18699/VJ19.517

Posib 0/Ib(paKTOPHOTO TPAHCIIOPTa B IIPOHMKHOBEHIU
HaHOYaCTUL] OKCHa MapraHiia 13 KpOBEHOCHOTO pycjia B MO3T

A.B. POMaLueHKol' 3@, MLB. H_[apan()Bal, K.H. MoposoBal, E.B. Kuceaesal, K.2. Kyr[epz, A.B. l'[eTpOBCKI/U?[1

1 DepepanbHblii NCCNEROBATENbCKUI LeHTP VHCTUTYT umtonoruv n reHetrkn Cbrpckoro otaeneHns POCCMInCKO akaAeMum Hayk,
HoBocnburpck, Poccus

2 NHcTuTyT ApepHoit dpusunkm um. FU. Byakepa Cnbupckoro otaeneHms Poccuinickon akagemmm Hayk, HoBocmbupck, Poccus

3 VHCTUTYT BbluMCUTENbHBIX TexHOoNnorni Cbmpckoro otaeneHns Poccuiickoii akagemun Hayk, Hosocmbupck, Poccna

® e-mail: yuter2006@yandex.ru

BO3MOXHOCTb MOCTYNIeHNA 13 HOCOBOW NOMIOCTM B FOMOBHOM MO3r HaHovacTuy (HY) pasnuyHon nprpoabl
He BbI3blBaeT COMHeHMA. Kak yxke 6blfo NokasaHo paHee, HakoreHre HY B LeHTpanbHOW HepBHOW cucTeme
(UHC) moxeT cnpoBoumpoBaTh Lenblil pag HEBPOSIOTMYECKMX 3aboNieBaHni, NOSTOMY MOHUMaHNe MeXaHu3-
MOB [JaHHOTO npoLiecca NpeAcTaBAseT UHTEPeC Kak C HayYHOW, Tak 1 C MpaKTUyecKor Touek 3peHns. Mpeano-
naraetcs, yto 13 Kposu HY moryT npoHnkHyTb B LIHC, nckntoumtenbHo npeofones reMaTtosHUepannyeckui
6apbep (Mb). MonaB ¢ NOBEPXHOCTU NErkmnx B KPoBeHoCHoe pycno, HY MoryT HakanimBaTbCa B PasfivyHbIX
CNM3NCTbIX 060MI0YKAX, B TOM UMCIIE U B CIN3UCTON HOCOBOM NMONOCTU. TaKMM 06pa3om, Henb3A NCKYaTb BO3-
MOXHOCTb TpaHcrnopTa HY 13 KpOBOTOKa B MO3F 3a CYET MX 3axBaTa OKOHYaHMAMUN OOOHATENbHbIX HEPOHOB.
[lnAa npoBepKM 3TOW rMnoTesbl Mbl MCMOMb30BaAN NapamarHuTHble HY okcmaa mapradua (Mn;O,4-HY), nattep-
Hbl HAKOMIEHMA KOTOPbIX B CTPYKTYpaxX MO3ra MblLLV PErCTPUPOBay C MOMOLLbIo T1-B3BelleHHOW MarHUTHO-
pe3oHaHcHoW ToMmorpadun. B HacTosAwem nccnefoBaHuy 6biia NpoBefeHa OLeHKa BANAHWA MHTPaHa3albHOW
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Posnb onbdakTopHOro TpaHcnopTa B MPOHWKHOBEHUN

annanKaumMm MHrMGMTOPOB SHAOLMTO3a N akCOHaNbHOro TPaHCMopTa Ha HakorneHne Mn;0,-HY B cTpyKTypax
LHC npu nx BBeAeHMM B HOCOBYIO NMOMOCTb UM B KPOBOTOK. CpaBHUTENbHbBIN aHaM3 NOMYyYEHHbIX pe3ybTa-
TOB MokKasan, uto nepeHoc Mn;0,-HY 13 HocoBow nonocTn B Mo3r 3¢pdeKTrBHee nx NPpoHNKHoBeHNA B LIHC n3
KPOBEHOCHOIO PYyCa, KOTOPOE MOXET OCYLLEeCTBAATLCA KaK 3a CUET NIOKaNbHOro npeoaoneHusa 36, Hanpumep
npwu HakonneHnn Mn;0,-HY B 3y6uaTtoil M3BMAMHE runnokamna, Tak 1 yepes 3axsaT 1 TpaHcnopT HY 13 Kposu
KneTkamy onbGakTopHOro snutenus. MNpy 3TOM 3KCNeprMEHTbI C BBEAEHMEM XNOpPNpoMasrHa, cneunduye-
CKOTO MHrMbuTOpa KNaTpmnH-3aBMCIMOTO SHAOLUTO3a, U METUIT-B-LIKIOAEKCTPYHA, BeLeCTBa, pa3pyLualoLero
nunuaHble padTbl, yyacTBYIOLWME B 3aXBaTe BELECTB KNeTKamy SHLOTENVA, MPOAEMOHCTPUPOBANN Pasnmyms
B MeXaHu3Max 3axBaTa HY 13 HOCOBOI MONOCTU 1 KPOBEHOCHOTO pycna. B pesynbraTe npoBefjeHHOro ncce-
[0BaHNA HaM yAanocb NoKasaTb 3HAaYMMbIN BKNaL akCOHANbHOIO TPaHCMNopTa B MOCTYMIEHNE HaHOYacTML, B
FONOBHOM MO3T Kak U3 HOCOBOW MOMOCTY, Tak W U3 COCYANCTOro pycsia. OTo 0ObACHAET HaKoMIeHre B MO3-
re CyOMMKPOHHbIX YacCTUL, Pa3fMYHOW NPMPOabl (HENPOTPOrHbIE BUPYChI, HEPACTBOPMMbIE KCEHOOVOTUKN 1
Ap.), KoTopble He cnocobHbl NpeofoneBatb [Ib. MonyyeHHble pe3ynbTaTbl OyAyT NONe3Hbl Kak AnA NOHUMaHWA
naToreHesa pasfnyHbIX HelpopdereHepaTVBHbIX 3ab60NeBaHnn, Tak 1 AnA NCCnefoBaHUA No6oUHbIX dddeKToB
TepaneBTUYECKNX NPenapaToB, BBOAMMbIX BHYTPVBEHHO.

KnioueBble cnoBa: HaHOYaCTULbl; ONbGAKTOPHBIN TPAHCMOPT; MarHUTHO-Pe30HaHCHasA ToMorpadus; BHYTpU-

HaHO4YacCTuL OKCKAa MapraHua N3 KpOBEHOCHOIO pycsa B MO3r
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Introduction

People, like other mammalians, are constantly exposed to
solid aerosols, which may include a great many of xenobiotics.
Sedimentation of submicron and nanosized aerosols on the
surface of the upper and lower respiratory tracts is followed
by their penetration into blood and migration into internal
organs, including the brain. Numerous experimental studies
show that the accumulation of particulate matter in the brain
of an animal leads to disruption of the dopaminergic and
serotonergic systems of the brain and, as a consequence, to
neurodegeneration (Tranfield, Walker, 2012). In addition, it
is shown that people living than 50 m apart from motorways
are at a dramatically higher risk of Alzheimer’s disease.
Analysis of the dependence of epidemiological situations
on the concentration of solid aerosols and exhaust gases in
the atmosphere shows that it is the concentration of solid
particles in the air rather than the components of exhaust
gases that influences the risk of neurodegenerative disorders
(Chen et al., 2017).

Despite this, the respiratory and cardiovascular systems
are considered the main targets for nanoaerosol toxicity
(Donaldson et al., 2002; Chen et al., 2008; Brook et al., 2010;
Kampfrath et al., 2011). Accordingly, most of the research
is focused on the portal role of lungs in the penetration of
nanoparticles into blood and their accumulation in internal
organs, including the brain. At present, though, there is a
significant body of experimental evidence for the key role of
nasal epithelium in transporting nanoaerosols directly from
the environment to the brain (Kreyling, 2016). For several
viruses, the main route of penetration into the central nervous
system of mammals is their transport from the nasal cavity
to the brain. These include: herpes virus (HSV-1, HSV-2),
(Kennedy, Chaudhuri, 2002), influenza A virus (Tanaka et al.,
2003), bornaviruses (Sauder, Stacheli, 2003), rhabdoviruses,
including rabies virus (Astic et al., 1993), parainfluenza (Mori
et al., 2004), and prions (Zanusso et al., 2003). The basis of
the olfactory transport of viruses and nanoparticles (Mistry et
al., 2009) from the nasal cavity to the brain, is the uptake of
the particles by the endings of the olfactory nerves, followed
by movement inside the axons and passage through synaptic
transmissions (Mori et al., 2005).

Since the nasal cavity is densely vascularized, NPs may en-
ter the brain from the bloodstream. To assess the contribution
of this process to the formation of observable spatiotemporal
patterns of NP distribution in the mouse brain, we compared
the accumulation of NPs in CNS after their intranasal and
intravenous administrations. In this study, nanoparticles of
manganese oxide (Mn,0,-NP) were used as an effective par-
ticulate paramagnetic agent detectable by magnetic resonance
imaging (MRI). Assessment of Mn,O,-NP accumulation,
based on the change in MRI signals in T1-weighted images of
brain divisions of mice, was carried out 12 h after intranasal/
intravenous administration. According to the literature and
our preliminary experiments, this time corresponds to the
maximum accumulation of intranasally introduced nanopar-
ticles in olfactory bulbs (OB) (Khlebtsov, Dykman, 2011).
To identify the role of olfactory neurons in the transport of
Mn,0,-NPs from the nasal cavity or bloodstream to the brain,
the effect of preliminary nasal application of endocytosis and
axonal transport inhibitors on the level of the MRI signal in
CNS was investigated.

Materials and methods

Animals. Experiments were conducted with SPF Balb/c
male mice (25-32 g, age 10-12 weeks, n_ = 64). Manipula-
tions were carried out at the Center for Genetic Resources of
Laboratory Animals of the Institute of Cytology and Genetics,
Siberian Branch of the Russian Academy of Sciences, No-
vosibirsk. Experimental mice were kept in unisexual family
groups of 2—-5 animals in individually ventilated (IVC) cells of
the OptiMice system (Animal Care Systems) under controlled
conditions, at 22-26 °C, relative humidity 30-60 %, and the
light:dark schedule 14:10 with dawn at 01:00. Food (Ssniff,
Germany) and deionized water enriched with “Severyanka”
(St. Petersburg) mineral mixture were provided to animals
ad libitum.

Nanoparticles. We used commercially available man-
ganese oxide Mn,O, nanoparticles (Mn;O,-NPs, US3340,
US-NANO, USA).

The crystal structure of the purchased manganese nanopar-
ticles was determined by X-ray powder diffraction on the
VEPP-3 accelerator complex with the following synchrotron
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Fig. 1. Physicochemical characteristics of Mn30,-NPs.
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a - characterization of the crystalline phase in a sample of Mn,0,-NPs analyzed by powder X-ray diffraction; b - the values of the hydrodynamic radius (d) and zeta
potential ({) of Mn30,4-NPs assessed by dynamic light scattering; ¢ — dependence of the reciprocal of the relaxation time T1 on manganese concentration in the

Mn30,4-NP samples; d — high-resolution TEM image of the Mn304-NPs.

radiation parameters: monochromatic beam wavelength
A=0.1516 nm and angular range 26 from 45° to 75° (Fig. 1, a).
The hydrodynamic diameter of Mn;0O,-NPs in a colloidal solu-
tion was determined by dynamic light scattering (angle 90°,
temperature 22 °C) and the zeta potential using electrophore-
sis in a U-shaped cell as recommended by the manufacturer
Zetasizer NanoZS (Malvern, England) (see Fig. 1, b). The
morphology and shape of the nanoparticles were studied by
transmission electron microscopy (TEM). The JEM 1400
microscope (JEOL, Japan) was equipped with a digital camera
Veleta (SIS, Germany) (see Fig. 1, d).

As shown in our previous work, relaxation values (R1,
ms™, see Fig. 1, ¢) of Mn;0,-NPs correlate with manganese
concentration in the samples (Romashchenko et al., 2017). In
vivo experiments showed that the amplitude of the MRI signal
in OB 12 hours after the intranasal application of Mn,O,-NPs
was directly proportional to the manganese concentration in
the tissue (Romashchenko et al., 2017). OB were taken for
calibration, since the concentration of nanoparticles after the
intranasal or inhalation administration is the highest in this
region (Moshkin et al., 2014). Earlier, we demonstrated low
solubility of Mn,O,-NPs at different pH (4-7), which entitled
us to regard the observed changes in the MRI signal in mouse
brain divisions after intranasal/intravenous administration of
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Mn,0,-NPs as a result of accumulation of insoluble manga-
nese rather than Mn?" in the nervous tissue (Romashchenko
etal., 2017) and use the level of the T1-weighted MRI signal
to assess NP accumulation in the tissue.

Experimental design. Animals were injected with 10 pLb
of a colloidal solution of particles (5.5 mg/mL) in one nostril
or 100 pL of Mn,0O,-NPs intravenously (retroorbital sinus).
Five minutes before use, the NPs were dispersed for 1 min
with an ultrasonic homogenizer at 20 kHz and 300 W. It had
been shown in pilot experiments that the values of the MRI
signal in olfactory epithelium (OE) and OB reached their
maximum in both intravenous and intranasal injections 12 h
after the NP injection. To determine the patterns of Mn,O,-NP
accumulation, MRI of the mouse brain was performed twice:
24 h before and 12 h after administration. Comparison of the
obtained values of the MRI signal before and after the presen-
tation of the NPs made it possible to assess the significance
of manganese accumulation in brain divisions.

In order to investigate the role of olfactory neurons in
capturing and transporting manganese nanoparticles, mice
were treated with 10 pL of the following compounds before
intranasal/intravenous administration of nanoparticles into
each nostril:

o chlorpromazine (C8138 SIGMA, Sigma-Aldrich) is a spe-
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cific inhibitor of clathrin-dependent endocytosis (Wang et

al., 1993; Boucrot et al., 2015). The drug was administered

at a dose of 0.4 mg/kg;

« methyl-B-cyclodextrin (332615 SIGMA, Sigma-Aldrich)
destroys lipid rafts (Brownell et al., 2011), participating in
the capture of substances by endothelium cells. The drug
was administered at a dose of 0.4 mg/kg;

« zinc chloride (229997 SIGMA, Sigma-Aldrich), inducer of
olfactory epithelial cell death (Burd, 1993). The drug was
administered at a dose of 20 mg/kg;

« colchicine (C9754 SIGMA, Sigma-Aldrich) inhibits tubulin
polymerization, endocytosis and cellular transport (Castel,
1990). The drug was administered at a dose of 0.2 mg/kg.
For each substance, eight animals were tested. Colchicine

and chlorpromazine were injected 20 min and zinc chloride

solution 24 h before the intranasal application of Mn;0,-NPs
with respect to the onset of the effect.

MRI studies. The accumulation of paramagnetic nanopar-
ticles in brain divisions of the mouse was investigated using
MRI on the Ultra-High-Definition BioSpec 117/16 USR
Tomograph (Bruker, Germany) — 11.7 T. MRI scans and the
subsequent processing of the obtained images were carried
out in accordance with previously developed protocols (Ro-
mashchenko et al., 2017).

Statistics. To compare the two means, we used the Mann—
Whitney U test. Multiple mean comparisons were performed
using the LSD test (Least Significant Difference). Data are
expressed as mean + SE.

Results

To analyze the patterns of Mn;O,-NPs distribution with two
routes of their administration, we selected mouse brain regions
demonstrating a significant increase in MRI signal ampli-
tude 12 h after the administration in comparison to control
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(Fig. 2, a). In both groups, injection of Mn;O,-NPs resulted in
a statistically significant increase in manganese accumulation
in OB and OE (see Fig. 2, b). In experiments with both intra-
nasal and intravenous Mn,0,-NPs administration, the maxi-
mum signal level was recorded in OB (see Fig. 2). The level
of MRI signal in OE and OB was higher when Mn;0,-NPs
was injected into the nasal cavity than in the retroorbital sinus,
and manganese accumulation in the dentate gyrus of the hip-
pocampus (DG) was higher after intravenous administration
of Mn;0,-NPs (see Fig. 2, b).

Thus, the propagation of Mn,0,-NPs after intranasal or
intravenous injection was limited mainly by the structure
of the olfactory system (see Fig. 2). This raises the question
of the role of the olfactory epithelium in the penetration of
nanoparticles into the brain from both the nasal cavity and
the vascular bed. Data from the literature suggest that the
mechanism of nanoparticle nose-to-brain transport is their
endocytosis by olfactory neurons with subsequent axonal
transport into the glomerular layer of OB, where they cross
the synaptic contact and migrate to the mitral cells. We hy-
pothesized that Mn,O,-NPs accumulate in OB and areas of the
olfactory tract through the uptake of NPs by olfactory neurons
from blood. To test this hypothesis, we used an inhibitor of
clathrin-dependent endocytosis (chlorpromazine), an inhibi-
tor of axonal transport (colchicine), a substance that destroys
lipid rafts involved in the uptake of substances by endothelial
cells (methyl-B-cyclodextrin, (Andrés et al., 2012)) and zinc
chloride, an inducer of the death of olfactory epithelium
cells. Both the inducer of OE cell death and the inhibitor of
axonal transport almost completely prevented the accumula-
tion of Mn,0,-NPs in OB during their preliminary intranasal
application (Fig. 3). The inhibitor of clathrin-dependent en-
docytosis, being introduced into the nasal cavity, reduced the
accumulation of Mn;O,-NPs in OE and OB only after their
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Fig. 2. Patterns of Mn;0,-NP accumulation in olfactory bulbs (OB), olfactory epithelium (OE) and dentate gyrus (DG) with their intranasal (a, top panel)

and intravenous (a, bottom panel) administration.

White arrows indicate hyperintense sites corresponding to the accumulation of Mn;0,-NPs. The patterns of manganese particle accumulation on the MRI scan
were visualized by pseudo staining; b — quantitative assessment of changes in the level of MRI signal in OB, OE, and DG 12 h after intranasal (i.n.)/intravenous (i.v.)
administration of Mn;0,-NPs. To assess the accumulation of nanoparticles in the region, the MRI signal normalized relative to the reference was used. Intact. -
averaged values of the MRl signal in OB, OE, and DG in animals before intranasal/intravenous injection of NPs. A-F - the significance of differences in mean values

(LSD test, p <0.05).
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Fig. 3. Effect of intranasal application of inhibitors of endocytosis and axonal transport on the accumulation of Mn;0,-NPs in olfactory bulbs (OB),
olfactory epithelium (OE), and the dentate gyrus (DG) of a mouse 12 h after their introduction into the nasal cavity (a) or the bloodstream (b).

To assess the accumulation of nanoparticles in the region, the MRI signal normalized relative to the reference was used. Intact. - averaged amplitudes of the
MRI signal in OB, OE, and DG in animals before intranasal/intravenous injection of NPs; * - significant differences compared with the control group, which was
administered only NPs (Mann-Whitney U test, p < 0.05); # - significant differences compared with intact animals, before the introduction of the NPs (Mann—
Whitney U test, p < 0.05); colch - colchicine; chlorp - chlorpromazine; mpcd - methyl-B-cyclodextrin.

presentation in the nasal cavity. Intranasal administration of
methyl-B-cyclodextrin significantly reduced the accumulation
of Mn;0,-NPs in OE and OB only after their intravenous
injection. None of the inhibitors applied to the nasal cavity
had a significant effect on the level of MRI signal in the den-
tate gyrus (see Fig. 3). The results indicate a significant role
of olfactory transport in the penetration and propagation of
nanoparticles within the olfactory tract from both the surface
of the nasal cavity and the bloodstream.

Discussion

In this work, we investigated the patterns of accumulation of
Mn,;0,-NPs in brain divisions of mice after their intravenous
and intranasal presentation. The presence of manganese in
brain tissue is apparent from the enhancement of the signal in
T1 weighted MRI images, whose amplitude directly depends
on manganese concentration (Lin, Koretsky, 1997). In particu-
lar, the microelement analysis of OB isolated from mice im-
mediately after the MRI study showed a very close correlation
between the intensity of the tomographic signal and the Mn
content in the tissue (Romashchenko et al., 2017). All these
observations provide grounds for considering the MRI signal
amplitudes a semiquantitative indicator of the saturation of the
brain tissue with manganese. The particles used in the work
are practically insoluble in blood and slightly soluble at a pH
corresponding to the acidic medium of lysosomes (Romash-
chenko et al., 2017). Therefore, the patterns of MRI contrast
recorded in the first 12 h after Mn,O,-NPs administration are
likely to reflect the accumulation of NPs but not manganese
(IT) ions, known to penetrate into the intracellular space (Lin,
Koretsky, 1997). The Mn,0,-NPs used by us had a sufficiently
large hydrodynamic radius (~130 nm), limiting their ability
to force BBB. Therefore, after intravenous administration of
Mn,0,-NPs, we observed the localized rather than the distrib-
uted nature of T1-weigthed MRI signal, associated with the
accumulation of particles, only in OE, OB, and DG. Similar
accumulation patterns were observed after the intranasal ap-
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plication of Mn,O,-NPs. Based on the level of the MRI signal,
the highest concentrations of particles after injection in vein or
the nasal cavity were recorded in OB and OE. In both cases,
the MRI signal amplitude in OB was significantly higher than
in OE, and this difference can be attributed to features of OB
anatomy. Each globule in OB is innervated by several olfactory
neurons (Dhuria et al., 2010), which can cause concentration of
the intranasally administered contrast in OB. The congruence
of the accumulation patterns obtained with two routes of NP
administration convinced us that in both cases the olfactory
transport plays an important role in the nose-to-brain transport
of NPs, which is possibly due to the endocytosis of particles
by nasal epithelial cells and their subsequent axonal transport
(Mori et al., 1995; Dhuria et al., 2010; Munster et al., 2012;
Hopkins et al., 2014; John et al., 2014).

It had been shown that the application of dissolved zinc salts
(5%) to the surface of OE led to the almost complete death of
olfactory neurons and supporting cells during the day (Burd,
1993). In our experiments, a preliminary (24 h before) intro-
duction of zinc chloride solution caused the almost complete
abolition of the MRI signal increase in OB. Subsequent ex-
periments with the provision of colchicine, inhibiting axonal
transport (Ribak et al., 1978), confirmed the hypothesis of
the key role of olfactory neurons in the accumulation of
Mn,0,-NPs in OB in both routes of administration. Also,
experiments with the introduction of chlorpromazine, a
specific inhibitor of clathrin-dependent endocytosis (Wang
et al., 1993), and methyl-B-cyclodextrin, an inhibitor of
lipid rafts (Andras et al., 2012), demonstrated differences
in the mechanisms of NP uptake from the nasal cavities and
bloodstream.

The application of inhibitors did not affect the accumulation
of Mn,0,-NPsin DG. A statistically significant increase in the
MRI signal in this region after intravenous administration of
Mn,;O,-NPs can be associated with intense neurogenesis in
DG requiring additional structural (membrane) and energy
resources. As a result, the trapping of substances from the
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bloodstream, partly by endocytosis, may increase. In turn,
this process may increase the intensity of nanoparticle
uptake.

Conclusion

We demonstrate a significant contribution of axonal transport
to the entry of nanoparticles into the brain, from both the nasal
cavity and the vascular bed. This explains the accumulation
of various submicron particles (neurotropic viruses, insoluble
xenobiotics, etc.) unable to permeate through BBB in the brain.
The results will add to the understanding of the pathogenesis
of various neurodegenerative diseases, as well as to studies of
side effects of drugs administered intravenously.
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