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Abstract⎯Zonal organization of the olfactory system is determined not only by peculiarities of the expression
of olfactory receptor genes but also by the geometry of nasal passage, where receptors to the most muco-sol-
uble compounds are concentrated in the area with the maximal rate of air f low (dorsal part), while receptors
to less volatile compounds are concentrated in ventral part of the nose. An increase in the f low rate in certain
areas of nasal cavity, on the one hand, allows acceleration of the perception of odor stimuli by olfactory recep-
tors and, on the other hand, increases the risk of the effect of different pathogens (contained in the air) on
this area due to the larger intensity of their precipitation. In this study, we demonstrated by means of manga-
nese-enhanced magnetic resonance imaging (MRI) that a more intensive capture of insoluble particles
occurs in ventral part of mouse olfactory epithelium than in dorsal part during intranasal introduction of the
colloid solution of manganese oxide nanoparticles (MON, Mn3O4). The joint introduction of MON and spe-
cific blockers of cellular transport and endocytosis demonstrated that the particles are captured from the nasal
cavity by means of endocytosis and are transported in olfactory bulb cells by means of intracellular transport.
The clathrin-dependent type of endocytosis mainly contributes to the capture of MON in the dorsal part of
the olfactory epithelium (as opposed to ventral). Thus, it was established that two functional regions of mouse
olfactory epithelium differing in the intensities of precipitation of submicron aerosols demonstrate different
intensities of the capture of insoluble particles from the nasal cavity and have differences in the mechanisms
of their endocytosis. Consequently, the structural and functional organization of mouse nasal cavity com-
pletely meets the principle of adaptive congruence, which limits infectious and toxic effects of nanoaerosols
on the olfactory epithelium cells and the brain.
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INTRODUCTION

In the process of life, the organism is constantly
exposed to the effect of different pathogens: viruses,
bacteria, fungal spores, and soluble and insoluble
forms of xenobiotics. In the composition of aerosols,
the pathogens settle on the mucous membranes of
upper and lower respiratory tract and are able to pen-
etrate into the organism circulatory system and accu-
mulate in internal organs. Their penetration from the
blood to CNS is complicated by the blood–brain
(BBB) and blood–cerebrospinal f luid barriers. The
possibility of transport directly from nasal cavity to the
brain bypassing the BBB was demonstrated for a num-
ber of pathogens. The first evidence of direct supply of
nanoaerosols from the nasal cavity to the brain were
obtained in experiments with intranasal infection of
monkeys with poliomyelitis virus. The destruction of
olfactory epithelium by zinc sulfate prevented viral
penetration of the brain (Faber et al., 1944). Not only

viruses (the sizes of which vary from 30 to 300 nm) but
some bacteria (for example, the Burkholderia pseudo-
mallei (2000–5000 nm) and Streptococcus pneumonia
(500–1250 nm)) penetrated from the nasal cavity into
different brain structures. Their presence in the blood
was not detected (John et al., 2014; Dando et al.,
2014). It was demonstrated in a number of works that
the intranasal application of manganese, titanium,
and silicon oxide nanoparticles to mice and rats also
leads to their accumulation in the brain, primarily in
the olfactory bulbs (Oberdorster et al., 2004; Elder
et al., 2006; Wang et al., 2008; Wu et al., 2011). It was
also noted that the inhalation of nanosized aerosol of
manganese oxide in animals with the occlusion of one
nostril is accompanied by a significant increase in the
concentration of a metal in the olfactory bulb located
ipsilateral relative to the open nasal passage. The Mn
content in the contralateral bulb remains at the control
level (Elder et al., 2006). The possibility of the trans-
port of solid particles from nasal cavity to the brain
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raises a question about the role of this process in the
development of different neurodegenerative diseases.

A number of peculiarities were detected in the
comparison of the toxicity of soluble and insoluble
forms of xenobiotics. It was demonstrated on A549 cell
culture that superparamagnetic ferrum particles are
able to cause single-stranded DNA breaks. The toxic-
ity of solid particles can be also manifested in the fact
that, with penetration of the cell by means of endocy-
tosis, they can be exposed to partial dissolution and
thus create a higher local concentration of ions (Chat-
topadhyay et al., 2015). In addition, it was demon-
strated in a study conducted on PC-12 cell culture that
both manganese oxide (40 nm) and manganese chlo-
ride(II) decrease the concentration of dopamine and
its metabolite, while the concentration of free radicals
is five times higher during the addition of manganese
oxide in the culture as compared with a similar dose of
MnCl2 (Hussain et al., 2006). Thus, the penetration
by solid particles of bacterial, viral, and nonorganic
natures from the nasal cavity to the brain can provoke
the development of different neurological disorders.
Thus, a violation in the perception of olfactory stimuli
is one of the first symptoms of the development of a
number of dementia (Parkinson’s disease, Alzhei-
mer’s disease); therefore, the effects of environmental
factors, including the components of inhalable aero-
sols, are considered possible ecological risk factors for
these diseases (Calderón-Garcidueñas et al., 2013).

Based on the above, the existence of the animals
under conditions of a high concentration of nanoaero-
sols raises a question about the mechanisms limiting
the supply of potential pathogens from the nasal cavity
to the brain. One of the first pieces of evidence of
adaptive response to the habitation in the environment
saturated with submicron and nanosized powder was
obtained during a comparative study of the geometry
and aerodynamics of nasal passages in typical mem-
bers of underground (northern mole vole) and ground
(house mouse) rodent species (Moshkin et al., 2015).
As is known, northern mole voles feed on the plant
roots, access to which is obtained due to the digging of
multimeter tunnels. They dig with their incisors; in dry
soil, this leads to an inevitable saturation of inhalable
air by dust particles of different sizes. Numerical sim-
ulation of the precipitation of micro- and nanosized
aerosols demonstrated that sedimentation of model
particles (sizes <100 nm) on the olfactory epithelium
surface is almost six times lower in the burrowing
rodent as compared with the ground rodent (Moshkin
et al., 2014). Accordingly, it is possible to expect
a smaller supply of nanoparticles in the brain of north-
ern mole vole than in the house mouse during the
inhalation of aerosols. This assumption was checked in
an experiment with exposure of the compared species in
an atmosphere containing magneto-contrast nanoaero-
sols. After a 3-h stay in an environment saturated with
nanosized aerosols, a weaker intensity of T1-weighted
images of magnetic resonance imaging (MRI) was

registered in the burrowing species as compared with
those in the ground species.

Numerical simulation of air f lows in animal and
human noses predicts a heterogeneous accumulation
of nanoaerosols in different nasal cavity regions (Shi
et al., 2008; Garcia and Kimbell, 2009; Garcia et al.,
2015). In particular, the rate of air f lows and, as a con-
sequence, the intensity of nanoparticle precipitation
in house mice is higher in the dorsal region of olfac-
tory epithelium (OE) as compared with the ventral
(Moshkin et al., 2014). This leads to a faster supply of
organic volatile compounds (of both signal and toxic
character) in this area, as well as to larger precipitation
of nanosized particles on the surface of dorsal OE
(Moshkin et al., 2014; Jiang et al., 2010).

There are three possible ways of penetration of
solid nanosized aerosols from the nasal cavity to the
brain: axonal (the capture by olfactory receptor neu-
rons and trigeminal nerve ends), para-cellular (by
intercellular space along axons), lymphatic (lymphatic
vessels of nasal cavity, passing through the trellised
bone, fall into subarachnoid space). Direct evidence
of the pathogen penetration from the nose to the brain
by means of axonal transport were obtained by means
of immunohistochemistry for Nipah virus (Munster
et al., 2012), the Burkholderia pseudomallei bacteria
(John et al., 2014), and fluorescent nanocrystals
Qdots (Hopkins et al., 2014). During a study of the
supply of intranasally introduced viral particles of
Sendai and Venezuelan equine encephalitis to the
brain, their accumulation in the olfactory epithelium
and olfactory bulbs was established (Mori et al., 1995,
2005; Ryzhikov et al., 1995). Very little is known about
the mechanisms of the capture of solid particles by
olfactory epithelium. Since solid particles cannot
enter the cell directly through ion channels, endocyto-
sis (the mechanisms of which can be not the same in
different nose regions) is the most probable penetra-
tion mechanism.

Thus, a question arises about the mutual corre-
spondence of morphofunctional heterogeneity of OE
and heterogeneous precipitation of aerosols on the OE
surface (caused by the nose geometry). In this work,
we used manganese oxide nanoparticles (MON,
Mn3O4) to analyze the efficiency of the capture and
transport of solid particles by olfactory neurons
located in different regions of mouse nasal cavity.
Since manganese reduces the time of proton T1 relax-
ation and thus gives a positive (white) signal during
MRI, the accumulation of MON in the olfactory epi-
thelium (OE) and olfactory bulb (OB) was determined
by manganese-enhanced MRI. In order to exclude the
effect of the nose geometry on the capture of particles,
the colloid MON solution was introduced in an excess
volume intranasally, and the accumulation of particles
in OB and OE was estimated 12 h after introduction;
based on preliminary experiments, this corresponds to
the time at which the MON concentration in OB is
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maximal. This parameter makes it possible to estimate
most adequately the intensity of the capture of OE
particles. To detect the reasons for the differing effi-
ciency of the supply of nanoparticles in the brain from
different regions of nasal cavity, intranasal introduc-
tion of MON was combined with the preliminary
introduction of specific and nonspecific inhibitors of
the cellular transport and endocytosis. In addition,
a comparative analysis of manganese accumulation in
different OB regions during the introduction of Mn2+

ions (that penetrate into olfactory neurons through
calcium channels) in the nasal cavity was conducted.

MATERIALS AND METHODS
Preparation of Manganese Oxide(II) Nanoparticles
Commercial Mn3O4 nanoparticles (US Nano, the

United States) were used. According to the manufac-
turer’s passport characteristics, they had a size of 30 nm
and a surface area of 0.78 g/cm3. One hour before
introduction, MON were dispersed on an ultrasound
QSonica Q700 homogenizer with a nonloaded probe
(Cup Horn, QSonica, United States) at a frequency of
20 kHz and a power of 300 W/L. The sample was
exposed to sonification for 30 one-minute cycles (30
with ON and 30 with OFF), and the MON parameters
were then determined with Zetasizer NanoZS equip-
ment (Malvern, England). The amplified particles had
a hydrodynamic diameter of 135 ± 42 nm and a zeta
potential of –28.0 ± 5.4.

Experimental Animals and Experiment Protocols
The work was conducted on the basis of the Center

for Genetic Resources of Laboratory Animals of the
Federal Research Center Institute of Cytology and
Genetics, Siberian Branch, Russian Academy of Sci-
ences (RFMEFI61914X0005 and RFME-
FI62114X0010). The males of laboratory mice of the
inbred C57Bl/6j line were studied at the age 12–
14 weeks (28–32 g); after separation at the age
3 weeks, they were kept in groups of five individuals of
the same sex in standard cages (35 × 25 × 12 cm) at a
temperature of 22–24°C and an artificial light regime of
14L : 10D. Mice received the briquetted feed for labora-
tory rodents (SSNIFF-SPEZIALDIATENGMBH,
Germany) and water ad libitum. Dust-free sawdust
was used as a litter material.

MnCl2 (0.1 M) and colloid magneto–contrast
MON solutions were introduced intranasally in an
excess volume by 8–10 μL in the right nostril. Since
MRI changes caused by the introduction of manga-
nese(II) ions or magneto–contrast manganese oxide
particles were in linear dependence on the Mn con-
centration in biological tissues (Moshkin et al., 2014),
the intensity of T1-weighted MRI images was used for
semiquantitative estimation of the contents of MON
and Mn2+. The different durations of the presence of

MON on the surface of OE was used to estimate the
intensity of nanoparticle capture by the ends of olfac-
tory nerves. For this purpose, the nasal cavity was
washed by physiological solution (which was intro-
duced once in a volume 50 μL) at different time inter-
vals after intranasal MON introduction (10, 20, 40,
80, 120, and 180 min). Only 20 min of exposure, after
which the introduced solution was washed away, was
used in the experiments with MnCl2 introduction. The
groups for each time interval included five individuals.
The accumulation of MON and Mn2+ (directly pro-
portional to the intensity of MRI signal) was deter-
mined in the dorsal and central regions of OB 12 h
after the application of nanoparticles. According to
pilot experiments, the MRI signal level reaches peak
values exactly at this time.

The effects of generally accepted endocytosis
inhibitors and intracellular transport were studied to
clarify the role of individual processes developing the
movement of nanoparticles from the nasal cavity to
the brain. Water solutions of inhibiting preparations
were introduced in the right nostril (7 μL) 5 min
before the application of MON. The inhibitors, their
main effects, and references to the articles, in which
the adequacy of used compounds for the purposes of
our study is justified, are listed below:

—chlorpromazine (C8138, SIGMA, Sigma-
Aldrich), specific inhibitor of clathrin-dependent
endocytosis (Wang et al., 1993; Boucrot et al., 2015),
the preparation was introduced at a dose of 0.1 mg/kg
per mouse;

—saccharose (S0389 SIGMA, Sigma-Aldrich),
nonspecific blocker of both clathrin-dependent and
clathrin-independent endocytosis (Moore et al., 1995;
Kittler et al., 2000), the preparation was introduced at
a dose of 40 mg/kg per mouse;

—colchicines (C9754 SIGMA, Sigma-Aldrich), a
compound suppressing tubulin polymerization, endo-
cytosis, and cellular transport (Castel, 1990; Sloot and
Gramsbergen, 1994), the preparation was introduced
at a dose of 0.1 mg/kg per mouse.

An MRI study was conducted 12 h after the intro-
duction of MON. Five individuals were studied in
each experimental group, including five control ani-
mals that did not receive magneto-contrast com-
pounds.

MRI

Mice were immobilized by a gas anesthesia (Isoflu-
ran, Baxter Healthcare Corp., United States) by
means of an anesthesia machine (The Univentor 400
Anaesthesia Unit, Univentor, Malta) 5 min before the
study. The animal temperature was supported by
means of a water contour in tomography bed–table
with a surface temperature of 30°C. A pneumatic
breathing sensor (SA Instruments, Stony Brook, NY,
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United States) was placed under the lower part of the
body; this allowed control of the anesthetic depth.

The distribution of manganese by mouse brain
structures was studied on super-high-field BioSpec
117/16 USR, 11.7 T tomography (Bruker, Germany)
by manganese-enhanced MRI (MEMRI) based on
T1-weighted images. The Fast Low Angle Shot
(FLASH) method using a volumetric RF RES500 1H
089/023 coil (Bruker, Germany) was applied. The
parameters of the method include the impulse
sequence (TE = 2.5 ms, TR = 200 ms); image param-
eters (size 2.5 × 2.5 cm; matrix 512 × 512 points);
a section thickness of 0.5 mm; and a distance between
sections of 0.5 mm. The number of sections was 15.
The section orientation is axial, and the total scanning
time was 6 min.

The intensity values of T1-weighted images were
logarithmed (log2(MRI signal)) to bring them to a
normal distribution. Changes in the MRI signal
caused by the introduction of nanoparticles or ions
were expressed as a difference between log2(MRI sig-
nal) before and after the introduction of magneto-
contrast materials.

Statistical Treatment
The Student’s t test was used to compare two mean

values; the LSD test was applied for larger number of
the means. Data were expressed as means ±SE.

RESULTS
Efficiency of Supply of Magneto-Contrast Compounds 

from Different OE Regions to Brain
The values of the MRI signal in OB increased

depending on the duration of MON exposure in the
nasal cavity, which is clearly illustrated by the curves of
quantitative estimation of the intensity of T1-weighted
images (Fig. 1a). The intensity in the ventral OB
already reached the limit values after 20 min exposure
of MON in the nasal cavity; this is confirmed by pair-
wise comparison of MRI signal registered after 20 and
180 min exposure. The difference between these
groups was statistically insignificant (t = 0.53, p =
0.61). At the same time, the accumulation of nanopar-
ticles in the dorsal OB occurred more slowly, and the
MRI signal level during nasal cavity washing was sta-
tistically significantly lower than during washing after

180 min (t = 3.43, p = 0.009). The intensity of T1-
weighted images did not differ from the maximal val-
ues (observed in 180 min of exposure) in only 40 min
of exposure (t = 0.92, p = 0.38).

Different rates of MON accumulation in the ven-
tral and dorsal OB resulted in the fact that the ratio of
MRI signals in these regions was higher for all intervals
of colloid solution exposure (except for 180 min) as
compared with the control group. The maximal ratio
of signals in the dorsal and ventral OB took place at a
10-min content of MON in the nasal cavity; it then
decreased but exceeded one (up to 180 min) (Fig. 1b).
These quantitative differences are clearly illustrated by
the examples of tomography images. The MRI signal
intensity in the ventral OB significantly exceeded
those in the dorsolateral OB with 20 min of MON
exposure in the OE (Figs. 1c and 1d).

Unlike nanoparticles, the efficiency of the manga-
nese ion supply in the ventral and dorsal regions OB
was almost the same. This is reflected well by the ratio
of MRI signal intensity in these regions (MRIVOB/
MRIDOB), which did not differ significantly from one
(1.07 ± 0.04) (p > 0.05). Upon MON application with
subsequent washing after 20 min, the signal ratio
reached the value of 1.39 ± 0.06 and significantly
exceeded those for MnCl2 (t = 4.44, p < 0.001, Fig. 2).

Effect of Inhibitors of Cellular Transport
and Endocytosis on MON Accumulation in OB

The intranasal introduction of colchicines (pre-
ceding the application of nanoparticles) suppressed
the accumulation of MON in OB (Fig. 3). The MRI
signal level in the dorsal OB differed little from the
basal level, i.e., from the level registered before the
introduction of nanoparticles (0.0001 ± 0.016 and
0.051 ± 0.022, respectively, t = 1.81, p = 0.11). At the
same time, a statistically significant increase in basal
values persisted in the ventral OB. In this structure,
logarithmed MRI contrast values were 0.130 ± 0.034
upon the introduction of colchicine and MON and
0.0001 ± 0.023 without the introduction of nanoparti-
cles (t = 3.04, p = 0.016).

A less pronounced, but statistically significant,
decrease in the intensity of MRI signal in T1-weighted
images in both OB regions was registered upon the
introduction of saccharose (nonspecific endocytosis
inhibitor) (Fig. 3). The introduction of chlorproma-

Table 1. Changes in the intensity of T1-weighted images in the ventral and dorsal OB upon the introduction of pharmaco-
logical inhibitors

* Significantly differing means are designated by different letters (LSD test, p < 0.05).

Compound Ventral OB, mean ± SE (n) Dorsal OB, mean ± SE (n) Significance of differences

Colchicine –88.59 ± 3.08(5)a* –94.98 ± 2.23(5)a t = 1.68, p = 0.13
Saccharose –28.23 ± 3.14(5)b –31.38 ± 2.82(5)b t = 0.75, p = 0.48
Chlorpromazine –5.41 ± 1.75(5)c –30.11 ± 3.32(5)b t = 6.58, p < 0.001
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zine, which specifically blocks clathrin-dependent
endocytosis, resulted in a decreased MRI signal only
in the dorsal OB (Fig. 3).

The intensity of the MRI signal in the control
group of mice (without the introduction of inhibitors)
statistically significantly differed between the ventral
OB (1.141 ± 0.034) and dorsal OB (1.026 ± 0.028, t =
2.50, p = 0.037). Therefore, changes in MRI signal rel-
ative to the level registered upon the application of
MON without inhibitors were analyzed for careful
comparison of inhibiting effects in different OB
regions (Table 1). The largest decrease in the intensity

of T1-weighted images (equally pronounced in both
OB regions) was registered during the introduction of
colchicine.

Saccharose had a weaker effect than colchicine.
The effect was also the same for the ventral and dorsal
OB. The introduction of chlorpromazine in the nasal
cavity 5 min before intranasal MON application had
no effect on the value of MRI signal in the ventral OB
but caused a statistically significant signal decrease in
the dorsal OB. The difference in the inhibiting effect
value in the compared OB regions was highly signifi-
cant (p < 0.001).

Fig. 1. Changes in MRI contrast as an indicator of the accumulation of nanoparticles in the ventral and dorsal OB upon different
exposures of colloid MON solutions in the nasal cavity. (a) Dynamics of MRI signal growth relative to basal values in the ventral
and dorsal OB. The horizontal axis (here and in Fig. 1b) shows the time interval from instillation to washing of the nasal cavity.
On the ordinate axis, Δ log2(MRI signal) = log2(MRI signal) after MON application – log2(MRI signal) before MON applica-
tion. (b) Ratio of MRI signal in the ventral OB to the MRI signal in the dorsal OB. The ordinate axis shows Δ log2(MRI signal)
in the ventral OB/Δ log2(MRI signal) in the dorsal OB. Note: significantly differing mean values (p < 0.05, LSD test) are desig-
nated by different letters. (c) Sagittal section of mouse head (on which section orientation for OB tomography is demonstrated)
is shown at top. T1-weighted MRI image of OB is given at bottom left; the division of the OB according to the projections of dorsal
and ventral OE regions on dorsal OB (DOB) and ventral OB (VOB) is shown at the bottom right. (d) Examples of T1-weighted
MRI images of OB at 0.20 and 180 min exposures of colloid MON solutions in nasal cavity. DOB and VOB regions are demon-
strated by arrows.
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DISCUSSION
The presence of manganese in the brain tissues is

manifested in an increased signal on T1-weighted
MRI images, the values of which directly depends on
manganese concentration in the tissue (Lin and
Koretsky, 1997). In particular, microelement analysis
of OBs isolated in mice immediately after MRI study
demonstrated a correlation coefficient close to one
(r = 0.96, p < 0.0001) between the intensity of tomog-
raphy signal and Mn content in the tissue (Moshkin
et al., 2014). All of this gives grounds to consider the
values of the MRI signal a semiquantitative indicator
of saturation of the brain tissues with manganese.

By means of MON and manganese-enhanced
MRI, we were able to study the dynamics of the cap-
ture of solid particles by the ends of olfactory nerves.
Nasal cavity washing at different time intervals
demonstrated that the majority of MON is captured
20–40 min after intranasal application. An increase in
the exposure time to 180 min provides little increase in
the signal intensity on T1-weighter tomography
images of OB. The introduction of 8–10 μL of colloid
MON solution provided a complete filling of the
mouse nasal cavity, the volume of which is no more
than 8–9 μL (Moshkin et al., 2014). In other words,
the conditions of maximal filling of different nasal
cavity regions by the solution of nanoparticles were
created in our experiments. Nevertheless, the move-
ment of nanoparticles according to the projections of

olfactory nerves was more intensive in the ventral
region than in the dorsal. As mentioned above,
nanoparticles can enter the brain either by diffusion in
paracellular space or supply to the blood vessels or by
transport and capture within olfactory nerves (Dhuria
et al., 2010). In the case of outside axonal transport of
MON, it is difficult to expect such a clear linking of
magnetic contrast distributions to the morphological
organization of the olfactory system (since this took
place on T1-weighted OB images). In addition, the
introduction of colchicine, which inhibits endocytosis
and axonal transport (Ribak et al., 1978) almost com-
pletely excluded the accumulation of MRI contrast in
olfactory bulbs. This result is further evidence in favor
of axonal transport. With its suppression, nanoparticle
movement by diffusion in paracellular space, as well as
by the blood and lymphatic vessel supply, remains
possible; however, the efficiency of these pathways is
extremely low.

Intranasal introduction of saccharose (nonspecific
endocytosis inhibitor) equally decreased the positive
contrast value in ventral OB regions. But chlorproma-
zine, which specifically suppresses clathrin-depen-
dent endocytosis (Wang et al., 1993), decreased the
intensity of MRI signal only in the dorsal OB; this
indicates a significant contribution of this mechanism
in the capture of nanoparticles on the surface of the
appropriate OE region.

The significance of endocytosis as a key cause of
different transport efficiency of the dorsal and ventral
OE regions supports the experiment with intranasal
MnCl2 application, giving manganese and chlorine
ions during dissociation. Since Mn2+ is close to Ca2+

Fig. 2. Ratio of MRI signal values in the ventral OB (VOB)
and dorsal OB (DOB) 12 h after 20-min exposure of MON
and MnCl2 in the nasal cavity. * p < 0.001.
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by its physical–chemical characteristics, the supply of
manganese ions from the mucosal OE layer in olfac-
tory neurons is realized through calcium channels (Lin
and Koretsky, 1997); according to our data (Fig. 3),
this mechanism works with the same efficiency in dor-
sal and ventral OE regions.

The zonal organization of the olfactory system is
provided not only by peculiarities of the expression of
olfactory receptor genes but also by the nasal passage
geometry, where receptors to the most muco-soluble
compounds are concentrated in the region with maxi-
mal rate of air f low (dorsal part), while receptors to
less volatile compounds are concentrated in the ven-
tral part of the nose (Mori et al., 2000; Scott et al.,
2014). The ratio of air f low rates during inspiration
between dorsal and ventral methanuses of the nasal
cavity varies in different mammalian species: human,
1 : 1 (Zhang and Kleinsteuer, 2004); rat and mouse, 1
: 1.5 (Minard et al., 2006; Moshkin et al., 2014); and
dog, 1 : 3 (Craven et al., 2010). An increase in the f low
rate in selected areas of nasal cavity makes it possible
to increase locally the odor stimulus concentration,
increasing the sensitivity to this compound (Scott
et al., 2014; Oka et al., 2009). Thus, the largest
response to chemical compounds in mice associated
with such vitally significant stimuli as the odor of
a predator, spoiled food (Kobayakawa et al., 2007),
“dirty” litter (Bolon et al., 1991), and a number of oth-
ers is observed exactly in the dorsal part of olfactory
epithelium. The olfactory cells of the dorsal part of
nasal cavity innervate the appropriate part of OB, and
the receptor cells of the ventral part of nasal cavity
innervate the ventral part of the OB, thus translating
the geometry of nasal passages on the structures of pri-
mary processing of the olfactory information
(Schoenfeld and Cleland, 2006).

Since the air f low rate in the dorsal part of the nasal
cavity is higher than in the ventral, the introduction of
inhaled MON leads to an uneven precipitation of par-
ticles in these areas; therefore, the colloid solution of
MON in our experiments was introduced intranasally,
which allowed leveling of the effect of the nose geom-
etry on particle accumulation in a given part of it.
A decrease in MON passage in the dorsal part of the
olfactory bulb during their joint presentation with
chlorpromazine indicates that clathrin-dependent
endocytosis plays a leading role in the capture of
nanoparticles by the cells of the dorsal part of the nasal
cavity. The absence of significant changes in MON
accumulation in the ventral part of the OB during pre-
liminary presentation of chlorpromazine means that
MON capture by cells of ventral part of OE is per-
formed due to clathrin-independent endocytosis (for
example, due to caveolin-dependent endocytosis or
lipid rafts).

Thus, the results of our studies demonstrated that
structural and functional organization of the mouse
nasal cavity completely meet the adaptive congruence
principle, which limits infectious and toxic effects of
nanoaerosols on the olfactory cell epithelium and the
brain. At present, it is difficult to determine how much
this principle is applicable to nose constructions in the
animals inhabiting different ecological niches. To
answer this question, a comparative study of the
geometry of nasal cavities, the activity of detoxifying
OE systems, and the efficiency of nasal transport effi-
ciency in different OB regions is required.
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