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ABSTRACT

Nanoparticles (NPs) can be transported via the nose-to-brain (N2B) route. Nonetheless, quantitative data on their spatiotemporal
dynamics and regulation of the N2B transport are largely lacking. We surveyed metal oxide/hydroxide NPs as magnetic
resonance imaging (MRI) contrasts for quantitative N2B tracking. NPs containing divalent transition metals were the only ones
capable of N2B transmission. Using T;-weighted (T,W) MRI, we showed that Mn;O,-NPs were readily engulfed by olfactory
receptor neurons (ORNs) without disrupting olfactory sensing, and we mapped their N2B trajectory. Within neurons, the Mn;0,-
NPs were localized to the cytosol, mitochondria, and vesicles, and moved at mixed fast and slow axonal transport velocities intra-
and extra-vesicularly through ORNs. The NPs’ axonal transport is dependent on neuronal activity and microtubule integrity. The
Mn;O4-NPs were trans-synaptically transmitted through at least four synapses across the olfactory tract. Trans-synaptic
transmission of the NPs was dependent on N-type Ca* channels and NMDA receptors but blocked by GABAg receptor
activation. A five-parameter Weibull signal increase/decrease model fitted to the T;W MRI data allowed for estimating kinetic
parameters of Mn;O,-NP accumulation/elimination. Absolute and relative accumulation rates, but not elimination, correlated
negatively with the number of synapses from ORNSs, indicating a coupling of the NPs’ N2B transport with spontaneous neuronal
activity. Accordingly, olfactory stimuli (2,5-dimethylpyrazine and acetophenone) significantly modulated and rerouted the Mn;O,4-
NP N2B transport odor specifically. Finally, the NPs’ trans-synaptic transmission was impaired by aging and the onset of
Parkinson’s disease. These data suggest new approaches to diagnostics, functional neuroimaging, and controlling N2B drug
delivery.
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quantification of NPs’ N2B spatiotemporal dynamics and an
understanding of mechanisms regulating and routing the
neuronal trafficking of NPs.

In vitro-cultured neurons can engulf NPs as large as ~ 200 nm,
and motor proteins can translocate the NPs along axons [9]. The

1 Introduction

Certain viruses and nanoparticles (NPs) can be transmitted from
the nasal cavity into the brain, thereby bypassing the blood-brain
barrier. On the one hand, this property raises concerns over air-

dispersed NPs as a risk factor for neurodegenerative diseases [1, 2].
On the other hand, this ability makes NPs attractive for the
development of nose-to-brain (N2B) drug delivery systems,
contrast dyes for neuroimaging, and other applications [3-8].
Nevertheless, further advances in these applications require precise

neuronal uptake and axonal transport of NPs are thought to
depend on their composition, surface properties, and size.
Negatively, but not neutrally or positively, charged inorganic NPs,
represented by, for example, quantum dots or metal oxides, are
attracted by membranes and synaptic clefts of excitable neurons;
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therefore, such particles are suitable for neuronal uptake [10, 11].
The shape and size (at least up to 100 nm) seem to have little
impact on the neuronal uptake of inorganic NPs [11]. However, in
these experiments [10,11], the surface of NPs was coated by
organic polymers (@PEG-COOH, @PEG-OCH,;, @PEG-NH,,
etc.) to control charge, which makes the conclusions about
neuronal uptake of inorganic NPs less strict. Furthermore, for the
organic, polystyrene NPs, both negatively and positively charged
particles could be engulfed by neurons [12]. Such discrepancies
show that the exact determinants of the NPs’ neuronal uptake by
large remain uncertain. Many other parameters (e.g., morphology
and rigidity) may affect NPs™ cellular uptake [13]. Positively and
neutrally charged NPs are translocated along axons at rates
comparable with slow axonal transport, whereas negatively
charged ones travel at velocities similar to fast axonal transport [9,
12]. Additionally, the axonal transport rate of NPs depends on
neuronal integrity and activity [9].

In vivo, the N2B transmission of NPs may be mediated by
either diffusion through the paracellular space or neuronal uptake
followed by axonal transport within olfactory or trigeminal nerves
[6-8]. The Ilatter route is of considerable interest for
neuroimaging, drug delivery, and other applications. Upon
intranasal administration, specific NPs accumulate in structures of
the olfactory system (e.g., olfactory bulbs and anterior olfactory
nuclei), the frontal cortex, hippocampus, striatum, nuclei of the
brain stem (including the trigeminal nerve), and the cerebellum [6,
8]. Due to the N2B transmission of some NPs, several systems for
in vivo neuroimaging have been developed. For example,
exosomes loaded with gold NPs allow for computed tomography
neuroimaging [3], and CoFe,O,@BaTiO; magnetoelectric NPs
labeled with a near-infrared fluorochrome enable both near-
infrared neuroimaging and magnetic resonance imaging (MRI)
[5]. Despite growing interest in the N2B delivery route of drugs by
NPs, quantitative dynamics of NPs’ transport along the olfactory
tract, the mechanism of their trans-synaptic translocation, and
neuronal determinants of their N2B path have been characterized
only scarcely.

To address this issue, we first surveyed the N2B transmission
for a series of metal oxide/hydroxide NPs. Out of all tested NPs,
only the NPs containing divalent transition metals (Mn*, Fe*,
Co*, and Pt*) were accumulated and translocated from the
olfactory epithelium (OE) to the main olfactory bulb (MOB). Fe*
and Co™ cations blocked the accumulation of the Mn;O,-NPs in
the OE, suggesting the divalent metal transporter 1 (DMT1) in the
neuronal uptake of NPs. For further analysis, we have selected the
negatively charged Mn;O, nanoparticles. In vivo, the Mn;O,-NPs
were effectively transmitted across the olfactory tract, had high
longitudinal relaxivity r, in the MOB, and did not affect odor
recognition. We quantified their N2B spatiotemporal
accumulation/elimination dynamics by the T)-weighted (T,W)
MRI for 28 days after a single intranasal administration. The NPs
relocated from the cilia of the OE to the MOB via axons of
olfactory receptor neurons (ORNSs) at velocities consistent on
average with fast axonal transport. However, a significant fraction
of the NPs was also transported at slow rates. The OE-to-MOB
axonal transport of the NPs was intra- and extra-vesicular,
microtubule-dependent, and required an ORN action potential.
From the MOB’s glomerular layer (GL), the NPs trans-
synaptically moved to the mitral cell layer (ML). The GL-to-ML
trans-synaptic transmission of the NPs required presynaptic
voltage-gated N-type Ca* channels and postsynaptic NMDA
receptors but was inhibited by the activation of presynaptic
GABA; receptors. As assessed across the olfactory tract, the
absolute and relative accumulation rates of the NPs correlated
negatively with a putative number of synaptic connections from
®
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ORNs. The elimination rates were markedly slower and
independent of a brain structure’s position in the olfactory tract.
Overall, the spatiotemporal dynamics of the Mn;O,-NPs N2B
transmission were similar to those of the Pt(OH),-NPs. Odor
stimuli rerouted the N2B transport of the Mn;O,-NPs to new
brain structures associated with the respective stimuli, suggesting
that the spontaneous or odor-evoked neuronal activity determines
the NPs” N2B path and dynamics. Finally, the efficiency of GL-to-
ML trans-synaptic transmission of the Mn;O,-NPs declined with
aging and was impaired in Parkinson’s disease (PD) mouse model
strain expressing mutant alpha-synuclein (alpha-Syn**"). These
findings uncover new possibilities for functional neuroimaging,
odor-stimulated modulation of drug delivery, and diagnostics of
neurodegenerations and age-related neuronal decline.

2 Results and discussion

2.1 Selectivity of neuronal uptake of the metal
oxide/hydroxide NPs

To investigate the N2B neuronal uptake and transport of metal
oxide/hydroxide NPs, we surveyed a series of T, (TW) and T,*
(T,*W) weighted contrast NPs, and electron-dense (Pt(OH), and
Ru(OH);) NPs with similar (surface charge and size)
physicochemical ~properties (Table S1 in the Electronic
Supplementary Material (ESM)). The NPs were applied
intranasally (7 pL at a concentration of 10 mg/mL) to BALB/c
male mice. The accumulation of NPs was evaluated in the OE and
MOB by the T,W and T,*W MRI (Fig. 1(a) and Fig. S1(a) in the
ESM), micro-X-ray fluorescent (micro-XRF) analysis (Fig. 1(b)),
and transmission electron microscopy (TEM) (Fig. S2(a) in the
ESM).

We have shown a significant accumulation of the NPs
containing Mn*, Fe*, and Co* in the OE and MOB one and
twenty-four hours after intranasal administration, respectively
(Fig. 1(a)). The Pt(OH),-NPs were detected in the MOB twenty-
four hours after the administration by micro-XRF and TEM
analysis (Fig. 1(b) and Fig. S2(a) in the ESM). Accumulation of
this type of metal oxide NPs in the MOB, but not in the OE, was
highly sensitive to colchicine, a known axonal transport inhibitor
(Fig. S1(b) in the ESM). This suggests the predominant role of
intracellular transport in their penetration into the brain. The NPs
containing metal ions only in the oxidation state +3 (Mn,O;,
Gd,0;, and Ru(OH);) and MgFe,O,-NPs carrying Mg* and Fe*
were absent from the OE and MOB (Fig.1). Such selectivity
suggests that non-transferrin divalent cation transport system
might mediate the neuronal uptake of metal oxide/hydroxide NPs.
This hypothesis is supported, for example, by the substrate profile
of the DMT1, which transports divalent transition metal ions
(Mn*, Ee*, Co™, and Pt*), but not alkaline earth metal ions (Mg**
and Ca*) or trivalent ions (Mn*, Fe*, Gd*, and Ru*).
Furthermore, the DMTT1 localizes to the mucociliary complex of
the OE and mediates the Mn* olfactory uptake. In our
experiments, we used surface-unmodified NPs, making possible a
direct recognition of divalent transition metals on their lattice by
DMT1 [14].

2.2 Synthesis, properties, and neuronal uptake of the
Mn;O0,-NPs

For further tracing experiments, the Mn;O,-NPs were selected as
positive MRI contrast with the highest value of r, relaxivity among
the other tested particles penetrating into the OE and MOB
(Tables S1 and S2 in the ESM). To that, the Mn;O,-NPs had no
effect on animals’ ability to detect odor, 96 h after their intranasal
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Figure 1 Selective uptake and N2B transmission of metal oxide/hydroxide nanoparticles. (a) The T;-weighted (St w, left panel) and T,*-weighted (ST;W, right panel)
MRI signal intensities were assessed in the OE one hour after the intranasal administration of NPs (top panel) and in the MOB 24 h after the administration (bottom
panel). The MRI signal intensities were normalized to that before the NPs’ administration (S.r) and compared to vehicle-treated animals (*p < 0.05, **p < 0.01, **p <
0.001; t-test, n = 6 for each treatment). Bars denote the means and whiskers—standard errors of the mean (SEM). The oxidation states of the metals are indicated on
the top. (b) The micro-XRF analysis of average [Pt] and [Ru] content (top panel) in fixed MOB slices (bottom panel). The [Pt] content was evaluated 24 (red curve)
and 96 h (orange curve) after the intranasal administration of Pt(OH),-NPs, and the [Ru] content was measured 24 h after the administration of Ru(OH);-NPs (grey
curve). The micro-XRF was performed on three biological replicates for each experiment. Note a significant increase in the [Pt] counts 24 h after the administration of

Pt(OH),-NPs in the GL and ML of the MOB.

administration, suggesting that the Mn;O,-NPs do not interfere
with the functional state of the olfactory system (Fig. S3(a) in the
ESM). In human glioblastoma cells, the effects of the Mn;O,-NPs
on cell viability were either nonsignificant or modest at
concentrations of [Mn] exceeding physiological ~ 100 times, and
compared to MnCl,, the cytotoxicity of the Mn;O,-NPs was
significantly lower (Fig. S3(b) in the ESM).

The Mn;0,-NPs were synthesized as previously described [15]
with slight modifications (see the Methods section in the ESM).
The core diameter of the synthesized NPs was ~ 34 nm, and their
interplanar distances corresponded to Mn;O, crystallites (Fig.
S4(a) in the ESM). The hydrodynamic diameter (d,) and zeta
potential ({) of the Mn;O,NPs were ~ 131.3 nm and
approximately —18.1 mV, respectively (Fig. S4(b) in the ESM). r,
at a magnetic field strength of 11.7 T varied from ~ 0.58 mM™"s™
at neutral pH to > 1.28 mM™s™ in the presence of proteins and
~ 736 mM™s™" at pH 4.0 (Fig. S4(c) and Table S2 in the ESM).
Notably, at acidic pH, the r, relaxivity of the Mn;O,-NPs was
significantly higher than that of MnCl,. The pH-dependency of r|
has been reported previously for mesoporous MnO@mSiO, NPs
[16]; likewise, the protein corona formed by intrinsically
disordered proteins may also affect the r, [17, 18]. The Mn;O,
NPs were readily engulfed by in vitro-cultured mouse
hippocampal neurons within 2 h of incubation and localized to
the cytosol, autophagosomes, and synapses (the Methods section,
and Figs. S4(d) and S4(e) in the ESM).

2.3 The N2B neuronal uptake of Mn;O,-NPs

To investigate the Mn;O,-NP neuronal uptake in vivo, we
administered 7 uL of 10 mg/mL NPs into the right-side nostril of
BALB/c male mice. Twenty-four hours after the administration,
we evaluated the localization of the NPs in the OE and the GL of

the MOB by TEM. The NPs were localized outside and inside the
ORNY’ cilia in the OE and transported to the dendritic knob (Fig.
2(a)). In the GL, the Mn;O,-NPs were detected in the cytosol and
mitochondria of the ORN's axons (Fig.2(a)). We also observed
intra- and extra-vesicular localization of the NPs in axons and
synapses of ORNs (Fig. 2(a)). We failed to detect Mn;O,-NPs by
TEM in the contralateral bulb (left one), probably due to weak
interbulbar connectivity (Fig. S5(a) in the ESM) [19]. These results
suggest that ORN’s cilium serves as a portal for the N2B
transmission of NPs.

High-resolution TEM (HRTEM) measurements of interplanar
distances of the engulfed NPs in the MOB combined with energy-
dispersive X-ray microanalysis (EDXA) confirmed the presence of
Mn;O,-NPs in the GL (Figs. S5(b) and S5(c) in the ESM).
Inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) revealed that 0.58% + 0.12% of the instilled Mn;0O,-NPs
accumulated in the MOB 24 h after the administration. The ICP-
AES of MOB subcellular fractions showed significant enrichment
of the NPs in mitochondrial and cytosolic fractions and lower
accumulation in vesicular and nuclear fractions (Fig. 2(b)), which
agrees with the TEM (Fig.2(a)). The Mn;O,-NPs were absent
from the extracellular space of the MOB (Fig. S5(d) in the ESM).
Comparing Mn content by the ICP-AES in dialyzed and non-
dialyzed cell lysates of the MOB obtained 24 h after the intranasal
administration of either Mn;O,-NPs or MnCl, confirmed that the
bulk of the Mn;O,-NPs accumulates in the MOB in a
nanoparticulate form (Fig. S5(e) in the ESM).

The (in)solubility of Mn;O,-NPs was further investigated in
vitro and in the U87 human glioblastoma cell line. In the U87
cells, the NPs were localized to endolysosomes after 2 and 48 h of
incubation (Fig. S5(f) in the ESM). In the acidic environment of
endolysosomes, the Mn;O,-NPs were partially dissolved as was
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Figure 2 Neuronal uptake and subcellular localization of the intranasally administered Mn;O,-NPs in the OE and MOB. (a) TEM images of the cilia and bodies of
ORN:s in the OE and axons in the GL of MOB 24 h after the intranasal administration of Mn;O,-NPs (for control TEM, see Fig. S5(a) in the ESM). In the OE, the NPs
were localized to ORN’ cilia (outside and inside) and knob (top panel). In the GL, the NPs were localized to cytosol and mitochondria of ORNs (middle panel). From
ORN bodies, the Mn;O,-NPs were axonally transported to synapses (bottom panel) inside (blue arrows) and outside (red arrows) of the vesicles along the neuronal
cytoskeleton (black arrows). The HRTEM-EDXA confirmed the presence of Mn;O,-NPs inside olfactory receptor neurons in the GL (Figs. S5(b) and S5(c) in the
ESM). The interplanar distances of the engulfed NPs were 0.449 + 0.036 nm (mean + SEM), corresponding to the Mn;O, crystallites (Fig. S5(b) in the ESM). (b) ICP-
AES quantitation of the [Mn] content distribution among subcellular fractions of the MOB (% of the total [Mn] in the MOB) 24 h after the intranasal administration
of Mn,;0,-NPs. Bars denote the mean and whiskers—SEM,; the letters indicate significant differences between groups (LSD test, p < 0.05). (c) The relation between the
concentrations of [Mn] in the MOB (ug per g wet tissue, as determined by ICP-AES) and normalized T,W MRI signals, assessed 24 h after the intranasal
administration of 7 uL of Mn;O,-NPs at various concentrations (0, 2, 4, or 6 mg/mL). The T,W MRI signal intensities (Sr,w) were normalized to the signal intensities
at the same sites before the injection of NPs (St ) as Sy = logz(Sle /Srer)- Inset, a representative pseudo-colored T;W MRI image of the Mn;O,-NP accumulation in
the OE and the MOB (sagittal plane). Effects of the intranasal pre-administration of (d) metal cations and (e) inhibitors of cell energy metabolism (NaN; and 2DG),
blockers of L- and N/L-type Ca, (verapamil and cilnidipine), polyanionic heparin and polycationic protamine (Table S3(a) in the ESM) on normalized T,W MRI signal
intensities quantified in the OE, one hour after the administration of Mn;O,-NPs. The T;W MRI signal intensities were compared to vehicle-treated animals (*p < 0.05,

***p < 0.001; t-test, n = 6 for each treatment), and also between pre-administration of Fe*, Co*, and Fe* (#p < 0.001).

evidenced by a decrease in the size of NPs: from 38 + 0.44 nm
after 2 h of incubation to 28 + 1.06 nm after 48 h of incubation
(Fig. S5(g) in the ESM). Incubation of the NPs in vitro for 10 days
showed that the Mn;O,-NPs were stable at pH 6.8. At pH 4.0,
11.89% = 0.37% of Mn* ions were liberated from the surface of
NPs into the solution (Fig. S5(h) in the ESM). Thus, it can be
suggested that the bulk of the Mn;O,-NPs is stable in the MOB
neurons as ~ 90% of the NPs were localized to the cellular
compartments with neutral pH (cytosol, mitochondria, and
nucleus). The remaining fraction of the NPs, which was localized
to vesicular compartments with acidic pH (endolysosomes), may
dissolve slowly releasing free Mn** at the average rate of ~ 0.05%
per hour.

Next, we administered varying concentrations of the Mn;O,-

Tsinghua Umvmnv Press

NPs into the right-side nostril. Twenty-four hours later, we
evaluated the Mn content of the MOB by ICP-AES and T,W
MRI. The T;W MRI signal was normalized to the background
(reference) signal obtained before the NPs administration to
account for the endogenous [Mn] (Fig. 2(c) and Eq. (1) in Section
4). We noted a significant correlation between these two estimates
for the Mn;O,-NPs. Both ICP-AES and T;W MRI signals were
increased following the administration of increasing doses of the
Mn;0,-NPs (Fig. 2(c)). The ICP-AES estimate of the Mn content
in the MOB of the control (mock-treated) animals was ~ 1 pg per
g of wet tissue (or ~ 18.2 pM), which is in good agreement with
physiological concentrations of [Mn] in the brain [20],
substantiating the accuracy of ICP-AES measurements. After that,
based on the ICP-AES evaluation of [Mn] content in the MOB,
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we estimated that in vivo, the r| relaxivity of Mn;O,-NPs was
~7.52 +0.67 mM™s" and of MnCl, ~ 5.02 + 0.26 mM™s™' (Table
S2 in the ESM). A statistically significant difference in the r|
relaxivities of the nanoparticulate and soluble Mn in the MOB
substantiates that, for the Mn;O,-NPs, the T/W MRI signal
corresponds to NPs but not to free Mn** ions. The enhanced in
vivo 1 relaxivity of the Mn;O,-NPs could be caused by the acidic
environment of lysosomes and/or protein corona (Table S2 in the
ESM). Given that the bulk of the NPs was localized outside of the
vesicles in the MOB (Figs. 2(a) and 2(b)), it is likely that this
enhancement is due to the protein corona.

Finally, to substantiate the possible role of the divalent cation
transport system in neuronal uptake of the NPs, we applied high-
affinity substrates (1 mM Co™ and Fe*) of the DMT1 intranasally
10 min before administering the Mn;O,-NPs. One hour after the
administration of NPs, the T/W MRI analysis revealed a
significant reduction in the Mn;O,-NPs accumulation in the OE,
suggesting a competitive inhibition of neuronal uptake by these
cations (Fig.2(d)). Pre-administration of low-affinity substrates
(1 mM Mg*, Ca*, and Gd*) had no effect, and 1 mM Fe* had
little impact on the Mn;O,-NPs accumulation in the OE (Fig.
2(d)). As the DMTI1 is energy-dependent transporter (a
component of the non-transferrin divalent cation transport
system) [21], prior administration of inhibitors of oxidative
phosphorylation (NaN;) and glycolysis (2-deoxy-D-glucose)
lowered the accumulation of Mn;O,-NPs significantly in the OE
(Fig. 2(e) and Table S3(a) in the ESM). Thus, the DMT1 might be
involved in an energy-dependent neuronal uptake of the Mn;O,-
NPs by ORNS’ cilia. For a more detailed verification of the role of
DMT1 in the neuronal uptake of divalent transition metal NPs in
the future, it wil be worth using gene DMTI1
knockdown/knockout mice.

To further exclude the role of voltage-dependent calcium
channels (Ca,) in the neuronal uptake of Mn;O,-NPs, we pre-
administered intranasally selective L- and N/L-type Ca,
blockers—verapamil and cilnidipine, respectively (Table S3(a) in
the ESM). The pre-inhibition of Ca, did not affect the T,W MRI
signal intensity in the OE (Fig.2(e)). The pre-administration of
heparin and protamine excluded a possible role of
polyanion/polycation interactions of the Mn;O,-NPs with a
neuronal membrane in their uptake (Fig. 2(e) and Table S3(a) in
the ESM). Thus, the Mn;O,-NPs were suitable for quantitative
MRI analysis of the NPs’ N2B transport within the olfactory tract
in vivo.

24 The N2B axonal and synaptic transmission of Mn;O,-
NPs

Intracellular localization of the Mn;O,-NPs after their intranasal
administration to axons and synapses was suggestive of axonal
transport of the NPs from the OE to MOB. To confirm this, one
hour after the Mn;O,-NP administration, we co-administered
intranasally colchicine (1 mg/mL), an inhibitor of microtubule
polymerization and axonal transport [22], brefeldin A
(0.01 mg/mL), an inhibitor of fast vesicular axonal transport [23],
or lidocaine (5 mg/mL), an inhibitor of voltage-gated Na* channels
(Na,) and ORN action potential [24, 25] (Table S3(b) in the ESM).
Twenty-four hours after the administration, T,W MRI revealed a
significant accumulation of the Mn;O,-NPs in the OE of the
control and treated animals (Figs. 3(a) and 3(b)). By contrast,
normalized T;W MRI signal intensities diminished significantly in
the MOB of treated animals compared to the control (Fig. 3(b),
and Figs. S6(a) and S6(b) in the ESM). Thus, if administered one
hour later, colchicine, brefeldin A, or lidocaine did not interfere
with neuronal uptake of the NPs in the OE but blocked their
axonal transport to the MOB. These results are consistent with

5

studies, suggesting that neuronal integrity and activity modulate
the axonal transport rate of NPs [9]. Notably, unlike Mn;O,-NPs,
brefeldin A increased the accumulation of MnCl, in the MOB
(Fig.S6(d) in the ESM), pointing to different mechanisms of
axonal transport of nanoparticulate [Mn] and free Mn* ions.

ORN axon terminals end in the MOB GL, synaptically
connecting to the dendrites of mitral and tufted cells, residing in
the MOB ML [26]. The Mn;O,-NPs were localized to the GL and
ML, indicating their trans-synaptic transmission (Fig. 3(a) and Fig.
S6(a) in the ESM). To identify the mechanism of the Mn;O,-NP
trans-synaptic transmission, we applied several inhibitors of pre-
and postsynaptic activity intranasally one hour after the
administration of NPs.

Presynaptic inhibitors baclofen and cilnidipine administered at
0.5 mg/mL (Table S3(b) in the ESM) did not affect the Mn;0O,-
NPs’ accumulation in the OE, but we noted a marked reduction in
the ML-to-GL ratio in the T;W MRI signal compared to the
control (Fig.3(c) and Fig S6(c) in the ESM). Such reduction
indicates inhibition of trans-synaptic transmission of the NPs.
Baclofen is an agonist of presynaptic GABAj receptors, thus acting
as an inhibitor of presynaptic activity [27]. Cilnidipine blocks N/L-
type Ca,, and in ORNS, the N-type Ca, (Ca,2.2) is critical for a
presynaptic neurotransmitter release [28,29]. These observations
suggested that the trans-synaptic transmission of the NPs was
modulated positively by the activity of presynaptic N-type Ca*
channels but negatively by the GABAergic interneurons
connected to ORNGs.

Postsynaptic  inhibitors  4,5,6,7-tetrahydroisothiazolo-[5,4-
c]pyridin-3-ol (THIP) (gaboxadol; applied at 0.5 mg/mL) and
IEM-1460 (1 mg/mL) did not affect the ML-to-GL ratio of the
T/W MRI signal (Fig.3(c)). THIP is an agonist of the GABA,
receptors expressed in mitral and tufted cells [30, 31], and IEM-
1460 is an inhibitor of postsynaptic a-amino-3-hydroxy-5-
methylisoxazole-4-proprionic acid (AMPA) receptors [32,33]
(Table S3(b) in the ESM). Nevertheless, we cannot rule out that
the intranasally administered THIP and IEM-1460 reached the
MOB. At the same time, a postsynaptic inhibitor of NMDA
receptors, MK-801 [34], applied at 1 mg/mL, moderately but
significantly lowered the ML-to-GL ratio of the T;W MRI signal
(Fig. 3(c) and Table S3(b) in the ESM). Thus, despite some study
limitations, these results implied that the trans-synaptic
transmission of the Mn;O,-NPs required pre- and postsynaptic
activity modulated by the GABAergic interneurons, N-type Ca*
channels, and NMDA receptors (Fig. 3(d)).

25 Spatiotemporal tracking of the N2B transmission of
Mn;0O,-NPs

T,W MRI revealed that within 24 h, the Mn;O,-NPs were
transported from the MOB through the lateral olfactory tract
(LOT) to the lateral entorhinal cortex (ENTI) and the piriform
cortex/cortical amygdala (PIR/CoA) (Fig. 4(a)). According to the
known neuronal projections from the MOB [26], this pattern of
the Mn;0,-NP accumulation matches two possible initial routes
of the N2B transmission (Fig. 4(b))

OE — GL % ML 2 {ENTI,PIR/CoA}
ORN LOT

These routes require at least two trans-synaptic transmission
events, as indicated by the numbers above the arrows.

At 96 h after the Mn;O,-NP administration, we detected a
significant increase in the T\W MRI signal in the medial
entorhinal cortex (ENTm), the hippocampus (dentate gyrus (DG)
and Cornu Ammonis area 3 (CA3)), and the lateral septum (LS)
(Fig. 4(a)). By following neuronal connections from the entorhinal
cortex [35-38], we can propose that the initial ENTI N2B route
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Figure3 Axonal transport and trans-synaptic transmission of the Mn;O,-NPs. (a) T;W MRI images of the OE (top panel) and MOB (middle panel) 24 h after the
intranasal administration of Mn;O,-NPs into the right nostril (coronal plane). In the MOB (bottom panel), the Mn;O,-NPs localized to GL and ML (left—coronal,
right—axial planes). The T;W MRI signal intensities were significantly lower in the external plexiform (EPL) and granule cell (GrL) layers than in the GL and ML (Fig.
S6(a) in the ESM). (b) Effects of colchicine, lidocaine, and brefeldin A on normalized T,W MRI signal intensities quantified in the OE (top panel) and MOB (bottom
panel) 24 h after the administration of Mn;O,-NPs. All significantly influenced the accumulation of Mn,O,-NPs in the MOB, but not in the OE, as compared to the
control (**p < 0.001; t-test, n = 6 for each treatment) (Fig. S6(b) in the ESM). Bars indicate means and whiskers—SEM. (c) Effects of pre- and postsynaptic inhibition
on the Mn;O,-NP transmission from the GL to ML 24 h after the administration of Mn;O,-NPs. Inhibitors of synaptic activity did not affect the T;W MRI signal
intensities in the OE (top panel). Bottom panel: inhibitors of presynaptic activity (baclofen and cilnidipine) and postsynaptic activity (MK-801) significantly reduced the
ratio of T;W MRI signal intensities between the ML and GL in comparison to the control (*p < 0.05, **p < 0.01; t-test, n = 6 for each treatment) (Fig. S6(c) in the ESM).
Postsynaptic-activity inhibitors THIP (gaboxadol) and IEM-1460 had no effect. (d) A schematic diagram of the effects of the tested pharmaceuticals on the axonal
transport and trans-synaptic transmission of the NPs (see the main text for details).

extends further (Fig. 4(b)) as OE — GL &ML %T {ENTI, PIR/CoA} % {ENTm, CA3, CeA}

ENTI 2 ENTm 4 DG X {DG,LS,BST, SIIC}

A similar spatiotemporal distribution has also been observed

B3 4
ENTI 5 CA3 LS for the Pt(OH),-NPs by the TEM and ICP-AES, indicating a

In addition, we noted a significant accumulation of the NPs in
the central amygdaloid nucleus (CeA) (Fig. 4(a)), which could be
attributed to the neuronal projections from the CoA to CeA [39].
The CeA sends projections to the bed nucleus of the stria
terminalis (BST), the substantia innominata of the ventral
pallidum (SI), and the central nucleus of the inferior colliculus
(IC) [26,40,41]. Consistent with this connectivity, 96 h after the
Mn;0,-NP administration, the T)W MRI signal increased in these
regions, indicating additional routes of the Mn;O,-NPs N2B
transmission (Fig. 4(b))

CoA & CeA % {BST, SI, IC}

Thus, we conclude that the N2B transport of the Mn;O,-NPs
requires multiple (at least four) trans-synaptic transmissions and
proceeds along the following major olfactory routes

common route for the NPs’ N2B transmission. The Pt(OH),-NPs
of a size less than 200 nm were accumulated in the MOB 24 h
after the intranasal administration (Fig. 1(b), and Figs. S2(a) and
S2(b) in the ESM). The size of the NPs transmitted to the MOB is
likely limited by the diameter of olfactory receptor axons [42].
After 96 h, the Pt(OH),-NPs were eliminated from the MOB but
accumulated in the PIR, CA3, and SI (Fig. 1(b), and Figs. S2(a)
and S2(c) in the ESM).

2.6 Quantitative analysis of spatiotemporal dynamics of
the Mn;O,-NPs’ N2B transmission

Next, we quantitatively evaluated the spatiotemporal dynamics of
the Mn;O,-NPs’ N2B transport. To this end, for 28 days (672 h)
after the administration, normalized T,W MRI signal intensities
(Eq. (1), see Section 4) were measured for six animals in each
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Figure4 Quantitative dynamics of the N2B transport of the Mn;O,-NPs. (a) Distribution of the T;W MRI signal on axial brain slices 24 and 96 h after the intranasal
administration of Mn;O,-NPs into the right nostril. The brain structures with a significant increase in the normalized T;W MRI signal are labeled. (b) The schematic
diagram of the N2B transport of the Mn;O,-NPs along the olfactory tract based on known neuronal connections. Triangles represent synapses, and putative numbers
of synaptic connections from the OE are indicated (see the main text for details). For the list of abbreviations, see Methods. (c) Top panel: The normalized T,W MRI
signal intensities (Sjvy)(t)) were measured for six animals in the MOB across the indicated time points (dots). A five-parameter model (S,, Taces Taces Byee> and Bye.) Was
fitted to the Sjyy)(t) signal (black curve). The grey band corresponds to 95% confidence intervals of the prediction. The accumulation (orange) and elimination (blue)
curves were plotted using the estimated parameters. The derived maximum of the T;W MRI signal and time to it (Sma and fma) as well as half-
accumulation/elimination times (%5 and #5;) are indicated. Note that S will always be slightly lower than asymptotic S,. Bottom panel: The rates of the Mn,O,-NP
accumulation/elimination (Rjyy(£)) were derived from the model. The accumulation phase corresponds to Ry () > 0 (orange curve), and elimination to Ry (t) < 0
(blue curve). The derived maximum accumulation/elimination rates (RS, and RIS ) are presented. See also Fig. S7, Tables S4 and S5 in the ESM for the
accumulation/elimination dynamics of the Mn;O,-NP along the olfactory tract. Spearman correlations of (d) Smax and fma, and (e) relative maximum
accumulation/elimination rates (RS, /Smax and RS, /S, ) with the putative number of synaptic connections from the OE (Table S5 in the ESM).

brain structure featuring significant accumulation of the Mn;O,-
NPs (Figs. 4(a) and 4(b)). The accumulation phase of the Mn;0,-
NPs was modeled using the Weibull cumulative distribution
function (CDF) (Eq. (3), see Section 4) with two parameters:
characteristic accumulation time 7, and shape f,_. The
elimination phase was modeled via the complement CDF (Eq. (4),
see Section 4), where 7. and S, correspond to characteristic

elimination time and shape, respectively. By combining F,.(t) and
Fi(t), we modeled Sy, (f) for each brain structure as
Spin(t) = SiFuce(t) Faee(t)  (Eq. (2), see Section 4), where §,
corresponds to the asymptotic maximum of Sy,(f) (Fig. 4(c) and
Fig.S7(a) in the ESM). Upon estimation of the models’
parameters S,, Ty Taees Boer a0 B, (Table S4 in the ESM), the
rates of Mn;O,-NPs accumulation/elimination were derived as

ace?
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Eq. (5) (see Section 4, Fig.4(c) and Fig. S7(b) in the ESM). As a
result, kinetic parameters, such as accumulation/elimination times
and rates, of the Mn;O,-NPs’ N2B transport dynamics were
derived (Table S5 in the ESM). We also used alternative CDFs to
model Sy(t). The root-mean-square deviations were comparable
between the models based on the Weibull and Gamma CDFs, and
both are suitable for modeling arrival times. Other models (based
on the Logistic and Gompertz CDFs) fitted the data poorly.

In this analysis, we first noticed that the mean accumulation
time of Mn;O,-NPs in the MOB was ~ 2.31 h (Table S5 in the
ESM). From this, it follows that, on average, axonal transport
velocities for the Mn;O,-NPs are ~ 50-85 mm/day because the
length of ORN axons is ~ 5-8 mm [6]. Such velocities are close to
the vesicular and mitochondrial fast axonal transport
(~ 100 mm/day) [43], substantiating the effects of brefeldin A (Fig.
3(b)) and intracellular localization of ~ 46% of the NPs to
mitochondria and vesicles (Figs. 2(a) and 2(b)). Nonetheless, a
significant proportion of the NPs moved at slower velocities of
~ 9-15 mm/day because t,,, [time to maximum Sy,(f)] for the
MOB was ~ 13 h (Fig.4(c) and Table S5 in the ESM). These
speeds are comparable with slow-axonal-transport characteristic
for cytosolic supramolecular complexes [43]. Approximately 40%
of the Mn;O,-NPs localized to the cytosol (Figs. 2(a) and 2(b)),
where they could associate with intrinsically disordered proteins
[18] and be transported as a part of supramolecular complexes.

Second, estimated maxima (S,,.,) of the Sy, time to the half-
accumulation (£) and maximum accumulation (t,..), and
maximum accumulation rates (R%°) correlated negatively with the
putative number of synaptic connections from the OE,
substantiating our reconstruction of the N2B transport route for
the Mn;O,-NPs (Fig. 4(d) and Fig. S8 in the ESM). The maxima of
relative accumulation rates (R* /S,,) were also inversely
proportional to the putative number of synaptic connections (Fig.
4(e)). These relations indicate the NPs’ N2B transport coupling
with the olfactory neuronal network activity. Indeed, the
spontaneous neuronal activity of ORN's is coordinated throughout
the olfactory tract [44-46], and the axonal transport and trans-
synaptic transmission of the NPs are neuronal-activity dependent
(Fig. 3).

Third, the elimination rates were markedly slower than the
accumulation rates and did not correlate with the putative number
of synaptic connections (Fig.4(e) and Fig.S8 in the ESM),
suggesting a passive clearance mechanism due to either exocytosis
or slow dissolution of the Mn;O,-NPs.

Finally, because the normalized TW MRI signal correlated
with the Mn content determined by ICP-AES (Fig. 2(c)), it was
possible to recalibrate the Mn;O,-NP accumulation/elimination
models and estimate maximum concentrations of Mn in
individual brain structures (Table S5 in the ESM). In the MOB,
the maximum accumulation of nanoparticulate [Mn] was
~ 123.66 pg per g of wet tissue (~ 2.25 mM), which exceeds
physiological concentrations of [Mn] about 100 times [20].
Although such a concentration of nanoparticulate [Mn] was
moderately cytotoxic for U87 cells, it did not impair olfactory
recognition in mice (Fig.S3 in the ESM). Downstream of the
MOB, the accumulation of nanoparticulate [Mn] dropped sharply
to non-toxic for U87 cell concentrations (Fig. S3(b) and Table S5
in the ESM). Thus, the Mn;0,-NP could be a relatively safe probe
for quantitative neuroimaging in vivo.

2.7 Odor-induced modulation of the N2B transmission

of Mn;O,-NPs

Given that the N2B transport of Mn;O,-NPs depends on neuronal
activity, we wondered whether olfactory stimuli could modulate it.
To this end, between 24 and 48 h after the intranasal

®
&
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administration Mn;O,-NPs, we presented 2,5-dimethylpyrazine
(2,5DMP) or acetophenone (PhAc) odor stimuli to mice in 10
sessions for 5 min with 55 min intervals using an olfactometer
(Fig.S9 in the ESM). The T)W MRIs were recorded and
quantified for distinct brain structures 24 and 48 h after the NPs’
administration. The T;W signal intensities were expressed as
10g,(Sssn/Saan) ratios, representing a change in Sy

Exposure of the BALB/c male mice to 2,5DMP induced de
novo accumulation of the Mn;O,-NPs in the perirhinal area
(PERI), primary visual area (VISp), and primary somatosensory
area (SSp) as compared to air-stimulated mice (Figs. 5(a) and
5(b)). In addition, we registered a significant decrease in T,W
signal intensities in the CoA and IC located along the N2B route

MOB 2 CoA 2 ceA % 1C

The PERI receives inputs from PIR and outputs axons to the
interconnected VISp and SSp [47,48], suggesting that 2,5DMP
unlocks a new N2B transport route for the Mn;O,-NPs (Fig. 5(c))

MOB 2 PIR & PERI 4 {VISp, SSp}

PhAc led to a significant de novo enhancement of the T,W
MRI signals in the anterior olfactory nuclei (AON), olfactory
tubercles (OT), medial amygdalar nucleus (MEA), magnocellular
nucleus (MA), agranular insular area (AI), substantia nigra (SNr),
and subthalamic nucleus (STN) (Figs. 5(d)-5(f)). Besides, it
increased T\W MRI signals in the PIR, CeA, and CA3 located
along the N2B routes

MOB 2 {PIR/CoA} % CeA and MOB % ENTI 2 CA3

The AON and OT are directly involved in processing olfactory
information, and thus the NPs could be transmitted into these
structures directly from the MOB ML [49]. The PhAc-stimulated
N2B transport of the NPs to the MEA and MA could occur via
the PIR [50,51]. Finally, the NPs could be redirected from the
CeA to the AL SNr, and STN under the PhAc olfactory
stimulation [52-54].

Thus, olfactory stimulation caused pronounced rerouting of the
N2B transport of Mn;O,-NPs in an odor-specific manner.
Olfactory modulation of the N2B transport has also been
demonstrated for soluble Mn* in manganese-enhanced MRI
studies [55]. Although it remains to be investigated how closely
the N2B transport of NPs mirrors that of free Mn*, both systems
could be used complementarily for functional MRI to evaluate
distinct neuronal/synaptic activity parameters.

2.8 Effects of aging and Parkinson’s disease on the N2B
transmission of Mn;O,-NPs

Aging and neurodegenerative diseases are associated with
olfactory dysfunction [56]. Thus, we wondered whether the N2B
transmission of NPs is affected by aging and/or PD. To this end,
we applied the Mn;O,-NPs intranasally to the C57BL/6 and
hualpha-Syn(A53T) male mice aged 8, 30, and 38 weeks. The
hualpha-Syn(A53T) is a transgenic mouse model strain of the PD,
expressing the A53T mutant form of human alpha-synuclein
(alpha-Syn**") in the C57BL/6 background and developing
olfactory dysfunction with age [57, 58]. The accumulation of the
Mn;0,-NPs was quantitatively evaluated in the GL and ML layers
of the MOB by the T;W MRL

We observed significant differences in the NPs” accumulation
dynamics between C57BL/6 and hualpha-Syn(A53T) male mice
aged 8 and 38 weeks (Fig.S10 in the ESM). The asymptotic
maximum of the T,W MRI signal was significantly higher in the
GL of hualpha-Syn(A53T) compared to C57BL/6 male mice aged
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Figure5 Olfactory stimulation modulates the trajectory of Mn;O,-NP N2B transport. (a) A radar chart of Mn;O,-NP distribution patterns in the brain of odor-
stimulated (red area, 2,5DMP) and unstimulated (green area) animals. The odor was presented 24 h after the administration of NPs (ten times for 5 min during 10 h).
Simn) Was evaluated before and after the odor presentation (24 and 48 h after the administration of NPs) and expressed as 1og,(Sssh /S24n)- The log,(Sssn/S24n) coordinate
is depicted as a black vertical line, and coordinate circles are plotted with a step of 0.1. *p < 0.05 and **p < 0.01 significant differences in log,(Sasn/S»n) between the
odor-stimulated animals and the air-stimulated group (t-test). (b) The #-map (MRI map of the t-test values) of differences in log,(Sasn/S24n) ratios between the 2,5DMP-
stimulated and control animals. The color key and a significance cut-off for the ¢ values are indicated (grey, red, and orange: nonsignificant, and yellow: significant). (c)
A schematic diagram of deviations in the N2B transport of the Mn;O,-NPs along the olfactory tract upon the stimulation with 2,5DMP. New structures and synaptic
connections between them are highlighted in red. Note that for the CoA and IC, the log,(Sssn/S2an) ratio diminished after the exposure to 2,5DMP (indicated as dashed
lines). (d) A radar chart, (e) +-map, and (f) a schematic diagram of the Mn;O,-NPs distribution patterns after the presentation of PhAc. Note that for the PIR and CeA,
the log,(Sasn/Saan) ratios increased after the presentation of PhAc and are indicated as thick lines. New structures and synaptic connections between them are
highlighted in blue.

eight weeks (Table S6 in the ESM). However, in mice aged
38 weeks, the accumulation of NPs was significantly reduced in
the GL and ML of hualpha-Syn(A53T) compared to C57BL/6
(Table S6 in the ESM).

The trans-synaptic transmission of Mn;O,-NPs from the GL to
ML was significantly impaired in hualpha-Syn(A53T) male mice
compared to C57BL/6 at all ages (Fig.6(a)). From the age of
30 weeks, the root-mean-square deviation from the reference
(C57BL/6) model of trans-synaptic transmission dynamics
confidently discriminated individuals expressing the mutant alpha-
Syn*" from wild-type (Fig.6(b)). Moreover, the model-fitted
maxima of the ML-to-GL ratios declined with age in both

C57BL/6 and hualpha-Syn(A53T) male mice, suggesting an age-
related inhibition of the NPs’ trans-synaptic transmission (Fig.
6(c)).

Thus, we concluded that age- and alpha-Syn*-related
reduction in the Mn;O,-NPs trans-synaptic transmission in the
MOB might be correlated with olfactory dysfunction and
neuronal decline.

3 Conclusions

N2B transport has attracted much attention regarding drug
delivery, neuroimaging, and other applications involving
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Figure6 Aging and the onset of neurodegeneration impair the GL-to-ML trans-synaptic transmission of the Mn;O,-NPs. (a) The dynamics of Mn;O,-NPs trans-
synaptic transmission were evaluated in C57BL/6 (green circles) and hualpha-Syn(A53T) (red triangles) male mice aged 8, 30, and 38 weeks (six animals for each
experimental group). The hualpha-Syn(A53T) is a transgenic Parkinson’s disease mouse model strain (PD). The trans-synaptic transmission was expressed as log, of
the ML-to-GL ratio of normalized T;W MRI signals (Fig. S10 in the ESM). Three-parameter Weibull models were fitted for C57BL/6 (green line) and PD (red line)
(Table S6 in the ESM), and the likelihood-ratio test was used to assess the effect of a strain on trans-synaptic transmission dynamics at each age. Filled ribbons
represent 95% confidence intervals of the predictions. (b) RMSE deviation from the reference (C57BL/6) model of GL-to-ML trans-synaptic transmission dynamics
estimated for the C57BL/6 and PD individual male mice identifies the onset of neurodegeneration in the PD mice from the age of 30 weeks. (c) The GL-to-ML trans-
synaptic transmission of the Mn;O,-NPs declines with aging. The model estimated asymptotic maximums of the log,(Swr/ScL.) decreased significantly with age for the

C57BL/6 and hualpha-Syn(A53T) (PD) male mice (***p < 0.001).

nanoparticles as cargo, contrast agents, or both [4,6-8,59].
Nonetheless, the information about the mechanism of NPs’
neuronal transport, trans-synaptic transmission, and quantitative
parameters of the N2B transport is scarce.

A survey of metal oxide/hydroxide NPs revealed that only NPs
accumulating in the OE and transported to the MOB were the
ones that contained divalent transition metals (Mn?*, Fe*, Co*,
and Pt*). Accumulation of the Mn;0O,-NPs in the OE was blocked
by Co™ and Fe™, suggesting a possible role of the non-transferrin
divalent cation transport system, represented by the DMT1, in the
modulation of metal oxide uptake by OE cells. The DMT1 could
either directly recognize divalent transition metal ions on the
surface of NPs or interact with specific corona proteins, e.g.,
metalloproteins, bound to divalent transition metal NPs. Indeed,
on the one hand, the interaction of some proteins with metal-
oxide NP lattice has been shown [14], substantiating the possibility
of direct recognition of divalent transition metals on the surface of
NPs by the DMT1. On the other hand, even though NPs favor
interactions with intrinsically disordered proteins, the exact
composition of their protein corona depends on their exact
chemical structure [18]. Thus, divalent transition metal NPs could
bind to specific signature proteins recognized further by the
DMT1 and/or other cell surface molecules [60]. These two
possible mechanisms need further dissection to understand why
divalent transition metal NPs are favored over other metal-oxide
NPs in the olfactory neuronal uptake.

It has to be pointed out that compared to other studies [10, 11],
here, we have investigated in vivo the olfactory neuronal uptake of
unmodified metal oxide/hydroxide NPs. Thus, the conclusions
regarding the specificity of neuronal uptake of unmodified vs.
surface-modified inorganic NPs by ORNs vs. cultured neurons
might differ. For example, surface-modified NPs lacking the
divalent transition metal ions (Fe,Os;, TiO,, and SiO,) could be
readily engulfed by cultured neurons [9, 11].

For a detailed quantitative account of the spatiotemporal
dynamics of NPs’ N2B transmission, we have chosen the Mn;O,-
NPs. The Mn;O,-NPs had high r, relaxivity in the MOB and,
unlike soluble Mn* ions, had no impact on odor recognition,
making them suitable as a probe for the in vivo T)W MRI. We
showed that the Mn;O,-NPs entered ORNs via cilia and largely
remained in nanoparticulate form within the neurons. The axonal
transport and trans-synaptic transmission of the Mn;O,-NPs
depended on neuronal activity, aging, and the onset of the PD and
could be modulated by odor stimuli.

In the absence of an odor, the Mn;O,-NP axonal transport
seemed to require a spontaneous neuronal action potential and
microtubule integrity, in line with other studies [9]. The NPs were
translocated inside and outside vesicles with fast and slow axonal
transport velocities. The trans-synaptic transmission of Mn;O,-
NPs between ORNs and mitral/tufted cells was positively
modulated by the activity of N-type Ca, (Ca,,,) and NMDA-R
and negatively by GABAg-R. Consequently, our results provide
new insights into the mechanism of the trans-synaptic
transmission of NPs.

As such, a fraction of the Mn;O,-NPs was localized to the
vesicles at synapses of ORN and hippocampal neurons (Fig. 2(a)
and Fig. S4(e) in the ESM). Although further analysis requires to
find out whether these are synaptic vesicles, it could be suggested
that the mechanism of Mn;O,-NPs’ release into the synaptic cleft
is similar to that of neurotransmitters. Indeed, the presynaptic
inhibition of ORN axon terminals by baclofen (GABA;-R agonist)
and cilnidipine (Ca,2.2 blocker) hampers the synaptic vesicles
exocytosis [61, 62] and, as a result, the trans-synaptic transmission
of the Mn;O,-NPs (Figs. 3(c) and 3(d)). From the synaptic cleft,
the NPs could enter adjacent neurons by either basal or regulated
receptor-mediated postsynaptic endocytosis. NMDA, AMPA, and
GABA, ijonotropic receptors are located on the postsynaptic
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membrane [63, 64], and, thus, could modulate the trans-synaptic
transmission of the Mn;O,-NPs. Interestingly, our results suggest
that the activity of the NMDA receptor, but not of AMPA and
GABA, receptors, is involved in the trans-synaptic transmission of
the Mn;O,-NPs (Figs. 3(c) and 3(d)). This selectivity could be
potentially attributed to the presence of intrinsically disordered
regions in the extracellular domains of GluN1, GluN2D, GIuN3A,
and GluN3B protein subunits of the NMDA receptor (Fig. S11 in
the ESM). Previously we showed that NPs favor interactions with
intrinsically disordered proteins [18], which could make the
NMDA receptor a preferred target for the Mn;O,-NPs trans-
synaptic transmission through the receptor-mediated postsynaptic
endocytosis.

By T,W MRI, we identified the principal N2B route for the
Mn;0,-NP neuronal transmission (Fig. 4(b)). The transport of the
Mn;0,-NPs from ORNs to the DG, LS, BST, SI, and IC depends
on at least four trans-synaptic transmission events. The kinetic
accumulation parameters of the Mn;O,-NPs for distinct brain
structures across the olfactory tract negatively correlated with the
putative numbers of synapses from ORNs (Figs. 4(d) and 4(e), and
Fig. S8 and Tables S4 and S5 in the ESM). These data, in turn,
substantiate our reconstruction of the N2B transport route. The
Pt(OH),-NPs had similar N2B spatiotemporal dynamics (Fig. 1(b)
and Fig. S2 in the ESM), indicating a common path for metal
oxide/hydroxide NPs transportation across the olfactory tract.

The elimination rates of NPs from the brain were orders of
magnitude slower than the accumulation and independent of a
brain structure’s position in the principal N2B route (Fig. 4(e), and
Fig. S8 and Tables S4 and S5 in the ESM). Although the exact
elimination mechanism is unclear, it may involve the slow
dissolution of the NPs in the acidic environment of lysosomes
(Fig. S5(h) in the ESM), exocytosis, or other mechanisms, such as
mitosis [15,65]. As the bulk of the Mn;O,-NPs was located
outside of any vesicles (primarily in the cytosol and mitochondria
of neurons) (Figs. 2(a) and 2(b)), this may explain their slow
elimination kinetics. Exocytosis would require entrapment of the
NPs inside secretory vesicles (lysosomes, exosomes, etc.).
However, with a long enough time (days), NPs could be gradually
packaged into secretory vesicles and expelled. Likewise, although
mitosis is blocked in differentiated neurons, neurons that are not
fully differentiated undergo cell divisions [66], which could also
slowly reduce the load of NPs in neurons.

Consistent with the dependency of the NPs axonal and
synaptic translocation on neuronal activity, we found that relative
accumulation rates of the Mn;O,-NPs inversely correlated with
the number of synapses. Spontaneous neuronal activities are
synchronized between ORNs and the areas receiving inputs from
ORN’s [44-46]. This observation implies that the Mn;O,-NPs are
suitable for functional neuroimaging to trace spontaneous
neuronal activity from an entry point across multiple synapses.
Furthermore, we showed that the presentation of odor stimuli,
such as 2,5DMP or acetophenone, led to the odor-evoked
rerouting of the Mn;O,-NP N2B translocation path (Fig. 5). The
new trajectories of neuronal transmission of Mn;O,-NPs were
odor-dependent. Similar odor-induced modulation of the N2B
transport route has been documented for Mn* [55]. However,
intranasal administration of soluble Mn* ions, but not Mn;0,-
NPs, interfered with odor recognition (Fig.S3(a) in the ESM),
suggesting that the Mn;O,-NPs could be better suited for
functional neuroimaging. To that, the ability of nanoparticles’
N2B transport to be modulated by odor could create future
opportunities for targeted drug delivery into specific brain
structures. Although the surface of the Mn;O,-NPs is rather
mundane, limiting its direct applications as a drug delivery system,
in future studies, the Mn;O,-NPs could be capped with PEG or
other surface-modifying molecules for drug loading.
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Finally, we showed that the trans-synaptic transmission of
Mn;0,-NPs from the GL to ML declined with aging, and it was
further impaired in mice expressing the mutant alpha-Syn**" (Fig.
6). Moreover, deviation from the reference model dynamics of the
GL-to-ML trans-synaptic transmission could discriminate with
high-confidence individual male mice carrying the mutant alpha-
Syn**" from wild-type starting from the age of 30 weeks. Aging
and neurodegeneration cause olfactory dysfunction and reduction
in spontaneous neuronal activity [68] and, thus, could impair the
trans-synaptic transmission of the Mn;O,-NPs. As a result, the
Mn;O,-NPs could be used to diagnose age-related neuronal
decline and the onset of neurodegenerations, such as PD, without
interfering with odor recognition and olfactory function (Fig.
S3(a) in the ESM). However, although single intranasal
administrations of the Mn;O,-NPs were seemingly safe to mice,
chronic (many years) exposure to polluting NPs could cause a
slight, but significant, increase in the risks of neurodegenerative
diseases [2,46]. Indeed, the NPs could provoke cellular stress and
stress granules formation [15, 18], thus, acting as potential triggers
of neurodegeneration [67]. In addition, the neurotoxicity of Mn**
ions, which could be slowly released from the surface of the
Mn;0,-NPs, could also impose a safety concern for the use of
Mn;0,-NPs in diagnostics. However, the issues of the potential
Mn;0,-NPs toxicity could be balanced through adequate dosing.
To that, the Mn;O,-NPs have lower cytotoxicity and adverse effect
on the olfactory recognition than MnCl, (Fig. S3 in the ESM), at
the same time the MnCl, is already extensively used for the
manganese-enhanced MRI in preclinical and even some pilot
clinical studies [68].

4 Materials and methods

4.1 Synthesis and characterization of NPs

The Mn;O, MnFe,O,, CoFe,0,, MgFe,O,, Pt(OH), and
Ru(OH); were synthesized as previously described [15, 69]; see the
Methods section in the ESM for details. Gd,O;, Mn,O;, and Fe;0,
were purchased from the US Research Nanomaterials, Inc. The d;,
and ( of the NPs were determined with Zetasizer Nano ZS
(Malvern) at 90° according to the manufacturer’s protocols. The
relaxation time was estimated with BioSpec 117/16 USR (Bruker)
at a magnetic field strength of 11.7 T by rapid acquisition with
relaxation enhancement (RARE) (the Methods section in the
ESM). The Mn;O, NPs’ morphology, interplanar distances, and
chemical composition were studied by HRTEM under a JEM 2010
microscope equipped with a Super-X detector for EDXA (Jeol).
Cellular uptake and localization of the Mn;O, NPs in mouse
hippocampal neurons were studied by TEM (the Methods section
in the ESM).

4.2 Animal studies

Experiments on the NPs” neuronal uptake in the MOB and the
N2B transport of Mn;O0,-NPs and Pt(OH),-NPs were performed
on specific pathogen-free (SPF) BALB/c male mice aged 12-14
weeks (the Methods section in the ESM). Comparisons of the
Mn;O,-NPs’ accumulation dynamics were performed for
C57BL/6 and Hualpha-Syn(A53T) Parkinson’s disease model
strain on the C57BL/6 background [57] at the ages of 8, 30, and
38 weeks. A 7 pL of a colloidal solution containing 10 mg/mL of
NPs was administered intranasally to awake mice in the prone
position. In the supine position, NPs entered the stomach flowing
through the nasal passage and omitting the olfactory epithelium.

4.3 Modulators of the Mn;O,-NPs’ N2B transport

Metal chlorides at concentrations of 1 mM and other
pharmaceuticals (Table S3(a) in the ESM) were injected into the
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nasal cavity 10 min before the Mn;O,-NP administration to
investigate the mechanism of NPs” uptake in the OE. The T\W
MRI signal was evaluated in the OE one hour after the NPs
administration. The inhibitors of axonal transport, action
potential, and synaptic activity were administered intranasally 1 h
after the Mn;O,-NP administration at the final concentrations
indicated in the main text and Table S3(b) in the ESM. The T,W
MRI signal was evaluated in the OE and MOB 24 h after the NP
administration. All the inhibitors were diluted in 60 mM NaCl,
1 mM CaCl,, and 10 mM KClI solution isosmotic to mucus [70]
and injected in a volume of 7 pL in the same nostril as the NPs.
The effects of each inhibitor were evaluated on eight animals.

For odor modulation of the Mn;O,-NPs’ N2B transport, 0.01%
solutions of 2,5DMP or PhAc were presented to BALB/c male
mice. The animals were odor-stimulated 24 h after administering
the Mn;O,-NPs in 10 sessions for 5 min with 55 min intervals
using an olfactometer (Fig.S9 in the ESM). The animals were
maintained on the 14 h:10 h light/dark cycle, and the odors were
presented during the dark period at 200 mL/min.

44 TEM, HRTEM-EDXA, and ICP-AES analyses of the
Mn;O,-NP neuronal uptake in mice

For TEM, the NPs were administered into the right nostril, and
MOB samples from the right and left bulb were prepared and
assayed separately 24 h after the administration of NPs. The MOB
samples were fixed as described elsewhere [71], and ultrathin slices
were prepared and examined under a JEM 100 SX transmission
electron microscope (Jeol) (see the Methods section in the ESM
for details). HRTEM-EDXA analysis was performed to assess
interplanar distances and chemical composition of the NPs on the
MOB slices using JEM 2010 equipped with a Super-X EDXA
detector (Jeol). ICP-AES was carried out on an iCAP 6300 Duo
instrument (Thermo Scientific) 24 h after Mn;O,NP
administration: (1) to measure a cellular vs. extracellular Mn
content in the MOB; (2) to estimate a soluble vs. insoluble Mn
content in the MOB neurons; (3) to determine the subcellular
localization of the Mn;O,-NPs in the MOB neurons, and (4) to
calibrate T;W MRI signal intensities in the MOB to a series of Mn
concentrations (see the Methods section in the ESM for details).

4.5 MRI of the Mn;O,-NP N2B transport

Accumulation of paramagnetic Mn;O,-NPs in mouse brain
structures was studied at 11.7 T on a high-field MRI scanner,
BioSpec 117/16 USR (Bruker), in combination with a mouse brain
circular polarized MRI transceiver coil for 1H (Bruker BioSpin
MRI). Five minutes before the analysis, mice were immobilized
with 4% isoflurane using a Univentor 400 anesthesia unit
(Univentor) and kept under 1.9% isoflurane anesthesia during the
MRI scanning. T,-weighted RARE images were captured with a
pulse sequence of the time of echo (TE) of 10 ms and time of
repetition (TR) of 400 ms. The total scan time was 6 min, and the
imaging parameters were as follows: field of view 2.5 cm x 2.5 cm,
matrix 512 x 512 points, slice thickness 0.5 mm, interslice distance
0.5 mm, and the number of slices: 15. MRI images were processed
and quantified in the Image J software (the Methods section in the
ESM). TW MRI signal intensities were first normalized to an
external (phosphate buffer) signal present in each scan and then to
a reference T)W MRI signal measured for each animal before
Mn;O,-NP administration. The resulting T,W intensities were
expressed as

S = 10g,(Sriw /Swer) (1)

where Sy, T,W MRI signal is intensity after the administration
and S, is that before the administration. The scans were obtained
from six animals at 0.25, 0.5, 1, 2, 4, 12, 24, 48, 96, 168, 336, and
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672 h after administration of 7 pL of 10 mg/mL Mn;O,-NPs into
the right nostril.

4.6 Quantitative modeling of the Mn;O,-NP dynamics
and statistical analysis

Statistical analyses of the data (linear and nonlinear regression
models, t-test, and correlation analyses) were implemented in R.
The Levenberg-Marquardt algorithm was used to fit the data to
nonlinear regression models. T\W MRI signal intensities for
Mn;0,-NP accumulation/elimination dynamics were fitted to a
five-parameter function

Siw(£) = S, [1 - eXP(* (t/Tacc)ﬁ““ﬂ exp<f (t/Tdec)ﬁ“f°> (2)

consisting of the Weibull CDF

Facc(t) = 1—exp<_ (t/Tacc)ﬁM> (3)
and its complement
Fuult) = exp( = (t/70)™) @

where S, denotes the asymptotic maximum of Sy (#); 7. and
T4 —characteristic accumulation/decay times, respectively; and
B.. and B, —shape parameters. From this model, the rate
function for Mn;O,-NP accumulation/elimination could be
derived as

Ryvn(t) = OSp(t) /Ot (5)

and other kinetic parameters could be estimated (the Methods
section in  the  ESM).  Although the  Weibull
accumulation/elimination curves were chosen empirically, the
Weibull distribution effectively describes the wait time to one
event.
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