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Impact statement

Mitochondrial dysfunction has been impli-
cated in the pathogenesis of a number of
neurodegenerative disorders, including
Alzheimer’s disease. The administration of
functionally active mitochondria may
attenuate cognitive impairments and
recover the brain function. Olfactory bul-
bectomized mice, an animal model of
depression with the symptoms of sporadic
Alzheimer’s disease, showed mitochon-
drial damage in the brain and the loss of
spatial memory tested in the Morris water
maze. Our findings demonstrate that the
intranasal microinjections of mitochondria
lead to the improvement of spatial memory
in olfactory bulbectomized mice. The
labeled mitochondria, when injected intra-
nasally to recipient animals, are delivered
dose-dependently to the neocortex and
hippocampus, the brain regions responsi-
ble for learning and memory and most
affected in Alzheimer’s disease. The co-
localization of allogeneic mitochondria with
GFAP- and NeuN-positive cells in hippo-
campal cell culture was found. The results
suggest that intranasal administration of
mitochondria might serve as a new thera-
peutic strategy for neurodegenerative
disorders.

Abstract

Here, we found that functionally active mitochondria isolated from the brain of NMRI donor
mice and administrated intranasally to recipient mice penetrated the brain structures in a
dose-dependent manner. The injected mitochondria labeled with the MitoTracker Red
localized in different brain regions, including the neocortex and hippocampus, which are
responsible for memory and affected by degeneration in patients with Alzheimer’s disease.
In behavioral experiments, intranasal microinjections of brain mitochondria of native NMRI
mice improved spatial memory in the olfactory bulbectomized (OBX) mice with Alzheimer’s
type degeneration. Control OBX mice demonstrated loss of spatial memory tested in the
Morris water maze. Immunocytochemical analysis revealed that allogeneic mitochondria
colocalized with the markers of astrocytes and neurons in hippocampal cell culture. The
results suggest that a non-invasive route intranasal administration of mitochondria may be a
promising approach to the treatment of neurodegenerative diseases characterized, like
Alzheimer’s disease, by mitochondrial dysfunction.
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Introduction

At present, “mitochondrial medicine” is an intense field of
research, where dysfunctional mitochondria are a promis-
ing target of experimental therapeutic interventions for
the prevention and treatment a number of pathologies,
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including neurodegenerative diseases. As is known, mito-
chondria play a crucial role in the production of ATP, the
metabolism of fatty and amino acids, and the regulation of
ion homeostasis and other processes necessary for the
normal functioning and survival of the cell.
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A decline in the functional activity and quality of mito-
chondria is associated with the aging process’ and a large
number of severe cellular pathology.”” Alzheimer’s dis-
ease (AD) and Parkinson’s disease are distinguished exam-
ples of neurodegenerative diseases characterized by
mitochondrial dysfunction.®® Functional and ultrastruc-
tural damage to mitochondria is an early and prominent
feature of the AD® and is associated with reduced cyto-
chrome ¢ oxidase (COX) activity'® and increased produc-
tion of H,O, and protein carbonyls, which are induced by
AB transport into mitochondria® and precede A plaque
formation." The above-mentioned impairments were iden-
tified in the mice models of family and sporadic AD.**?

In in vivo experiments, novel therapeutic approaches to
neurodegenerative diseases by the delivery of mitochon-
dria to the brain were developed. These approaches include
the injection of active mitochondria directly into the
target structure, intracerebroventricular microinjections,
intravenous administration,®"® and the introduction of
mitochondria-enriched cells."**®> However, these invasive
methods can have negative effects, such as thrombus for-
mation and the risk of death. The use of mesenchymal stro-
mal cells as sources of mitochondria through their local
administration is traumatic and does not completely
exclude the possibility of their malignant transformation.

Earlier, we have shown that in olfactory bulbectomized
(OBX) mice, an animal model of depression with the main
symptoms of sporadic AD,'*"” the level of amyloid- pep-
tide 1-40 (AP1-40) is significantly higher not only in the
tissues of the neocortex and hippocampus but also in mito-
chondria isolated from these regions of the brain.*'?
Intramitochondrial accumulation of soluble AP1-40 is
accompanied by the decline in the mitochondrial mem-
brane potential, reduced activity of COX (respiratory
chain complex IV), and increased level of lipid peroxidation
products, indicating the development of oxidative stress.
Behavioral tests showed that OBX mice displayed the loss
of spatial memory. We suggested that mitochondrial dys-
function in the neurons of the OBX mouse brain might be
an appropriate target for therapies by transplantation of a
pool of functionally active mitochondria from neuronal
tissue of native mice. To promote memory recovery
in OBX mice, it is advisable to use a non-invasive
route, namely, intranasal administration of functional
mitochondria.

In the present work, we have examined whether intra-
nasal administration of functionally active mitochondria
affects the spatial memory impairment in OBX mice. The
possibility of delivering mitochondria into the brain
regions responsible for memory, namely the neocortex
and hippocampus, as well as possible co-localization of
allogeneic mitochondria with the markers of astrocytes
and neurons have also investigated.

Materials and methods

Animals

Outbred NMRI male mice weighting 30-35 g (the age of the
animals was around five or six months, n=15) and 20-25 g
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(the age of the animals was around three months, n=10)
were housed in groups of two to three per cage in a climate-
controlled room for two weeks before experimental proce-
dures under standard conditions at the room temperature
of 18-22°C, relative humidity 60-70%, and regular 12-h
light-dark cycles. The animals received commercial pellets
and water ad libitum. The study with laboratory animals
was carried out in accordance with the European
Convention for the Protection of Vertebrates used for exper-
imental and other purposes (Strasbourg, 1986), the princi-
ples of the Helsinki Declaration (2000), and the
“Regulations for Studies with Experimental Animals”
(Decree of the Russian Ministry of Health of August 12,
1997, No. 755). All the experimental protocols were
approved by the Ethics Committees of ICB RAS and ITEB
RAS (Protocol No. 09 of 01.03.2019). All surgery was per-
formed under sodium pentobarbital anesthesia, and all
efforts were made to minimize suffering.

Isolation of mouse brain mitochondria

Mitochondria were isolated from the brain of NMRI mice
weighting 20-25 g by the conventional technique of differ-
ential centrifugation with minor modifications.'® Two
brains of mice were quickly (within 1min) withdrawn
from the cranium and placed in an ice-cold saline. The
chopped tissue was homogenized in the ice-cold isolation
medium #1 (0.225M mannitol, 0.075 M sucrose, 10 mM
HEPES, 0.5 mM K-EGTA, 0.3% BSA, pH 7.4,) and subjected
to centrifugation 2000g for 5min. The supernatant was
collected and centrifuged again at a higher rate
(12,000 g x 10min). The pellet was washed with the
medium #2 containing 0.225M mannitol, 0.075 M sucrose,
and 10mM Hepes (pH 74) and sedimented
(12,000 g x 10min), after which mitochondria were resus-
pended in the ratio of 1g of the brain tissue to 0.1 ml of
the medium #2. The resulting mitochondrial suspension
contained 35-40 mg protein per 1 ml. The concentration of
the protein was determined by the Lowry method. The
final mitochondrial suspensions were diluted in the
medium #2 to concentrations of 0.3, 1.8, and 3.3 mg/ml,
which corresponds to 2, 10, and 20 pg of injected mitochon-
drial protein per 6 pL of solution (volume of solution for
two intranasal injections, 3 ul in each nostril of the mouse),
correspondingly.

Labeling of mouse brain mitochondria with
MitoTracker Red CMXRos

After centrifugation at 12,000g, the mitochondria were
labeled with MitoTracker Red CMXRos (MTR, Invitrogen,
cat# M7512) according to the manufacturer’s protocol.
Briefly, mitochondria were incubated with 1 pM MTR and
respiration substrates (5mM potassium glutamate, 5 mM
potassium malate, and 10mM potassium succinate) for
10 min at 4°C, covered from light. Then, the solution was
centrifuged at 12,000 g x 10 min at 4°C. The mitochondrial
pellet was resuspended in medium #2 and washed two
times by centrifugation at 12,000 g for 10 min to remove
the unbound fluorescent dye. The resulting suspension of
stained mitochondria was diluted to concentrations of 0.3,
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1.8, and 3.3 mg/ml in medium #2 and used for further visu-
alization in in vitro and in in vivo experiments using a Leica
DM IL LED Fluo fluorescence microscope (Germany).

Visualization of MTR-stained mitochondria in vitro

Suspensions of MTR-labeled mitochondria (0.3, 1.8, and
3.3mg/ml) in a volume of 1pl were applied to a sterile
glass slide and analyzed using a Leica DM IL LED Fluo
microscope (Germany) (x40, Ex/Em: 579/599nm). In
each of three separate experiments performed on separate
days, each dosage was applied to three different glass
slides, and two random non-overlapping fields of view in
each slide were captured using a fluorescent microscope
representing the region of interest. After capturing the
region of interest, the image was thresholded above back-
ground fluorescence, and red fluorescent objects were
photographed.

Determination of respiration and oxidative
phosphorylation of brain mitochondria

To assess the integrity and functional activity of isolated
mitochondria, whether labeled or not, the rates of mito-
chondrial oxygen consumption and oxidative phosphory-
lation were assayed using the Oxygraph-2k high-resolution
respirometer (O2k, Oroboros Instruments, Austria). The
reaction medium contained 100 mM KCl, 75 mM mannitol
25mM sucrose 0.5mM EGTA-K, 5mM KH,PO,, and
10mM Hepes/KOH, pH 7.4. The concentrations of sub-
strates and other reagents were as follows: 2.5 mM potassi-
um malate, 2.5mM potassium glutamate (or 5mM
potassium succinate plus 1puM rotenone), 0.2mM ADP,
and 50 pM 2,4-dinitrophenol (DNP). The concentration of
mitochondrial protein in an oxygen cell was 0.5mg/mL.
Estimated were the mitochondrial respiration in state 3
(exogenous substrates plus ADP), in state 4 (after ADP
depletion), and uncoupled state 3 Upyp in the presence of
the uncoupler DNP. The ADP/O coefficient (the amount of
ADP per O consumed during state 3 respiration, uM ADP/
nmol O) and the time of ADP phosphorylation (Tpnos, )
were determined as described previously.'®

Intranasal microinjections of MTR-labeled
mitochondria in vivo

NMRI mice were injected with 2 to 20 ug of freshly isolated
mitochondria in a volume of 3l into each nostril (total
volume 6 pl/mouse). Four experimental groups of mice
were formed: (1) control animals receiving a solution with
non-labeled mitochondria at a dose of 10 ug; (2) animals
injected with a solution of MTR-stained mitochondria at a
dose 2pug; (3) animals injected with a solution of MTR-
stained mitochondria at a dose 10 pg; and (4) animals that
received a solution of MTR-stained mitochondria at a dose
of 20 ug. All mice were anesthetized with sodium pentobar-
bital (60 mg/kg i.p.), perfused transcardially with 20 mL of
saline, and decapitated under sterile conditions 48 h after
intranasal injections. The brain was quickly removed and
placed on an ice-cold glass slide. The following brain struc-
tures have been identified, isolated, and briefly placed at

—20°C: the hippocampus, neocortex, and olfactory bulbs.
On the same day, a homogenate from each structure in
physiological saline was prepared and placed on a previ-
ously cleaned glass slide in the form of a cytological smear
for microscopic examination using a Leica DM IL LED Fluo
fluorescent microscope (Germany). The presence of mito-
chondria stained with the MTR fluorescent dye was
assessed in at least 10 fields of view per smear, and photo-
graphs were taken.

Bilateral olfactory bulbectomy

The effect of intranasal administration of functionally
active mitochondria was studied using olfactory bulbec-
tomized (OBX) mice with Alzheimer’s type degeneration
accompanied by memory loss.'® Male six-month-old NMRI
mice (n=15) were used in experiments. During a sterile
operation for the removal of the olfactory bulbs (olfactory
bulbectomy), mice were anaesthetized with Nembutal
(40mg/kg, i.p.) and 0.5% Novocaine for local anesthesia
of the scalp. Both olfactory bulbs were aspirated through
a burr hole with the coordinates L0; AP-2; H3. Sham-
operated (SO) mice underwent the same procedure,
except for the olfactory bulb ablation.

Two weeks after bulbectomy mice were injected three
times intranasally with 6pul solution of 3.3pg/
ul mitochondria isolated from the brain of control
(untreated) NMRI mice. Three intranasal injections of mito-
chondria were given over three weeks: two weeks before
and one during the training period. The same volume of
PBS was given to SO and OBX mice used as controls.

Memory tests

Memory tests were started two weeks after beginning of the
mitochondrial administration. Learning of a navigational
reflex in the Morris water maze was performed as
described earlier'® and used as a training model. In experi-
ments, a circular pool 80 cm in diameter filled with water
(23°C) to a depth of 30 cm was conventionally divided into
four equal sectors one of which, the target sector, contained
a hidden save platform at a depth of 0.5cm. The platform
was 5 cm in diameter and invisible to swimming animals in
milk-whitened water. The NMRI mice from all experimen-
tal groups were given four pre-training trials to determine
their latent period of finding an exposed (visible) platform
in order to verify that they did not have motor or visual
impairments that could affect the results of memory tests.
A five-day training period included four training trials
daily with recording the latent periods of finding the invis-
ible platform. It was followed by spatial memory probes
implying the absence of the save platform for 1min. The
memory was considered to be good if the mice stayed in the
target sector reliably longer or visited it more frequently
than any indifferent sector. The state of spatial memory is
assessed according to two criteria: the time spent in the
sectors of the pool and the number of visits to them,
expressed in %.
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Cell culture

Primary culture of hippocampal cells from the brain of
newborn NMRI mice (1-2 days after the birth) was cultivat-
ed according to the conventional technique. The suspen-
sion of isolated hippocampal cells was added to the wells
of a six-well plate, the bottom of which was pretreated with
poly-D-lysine (Gibco, USA). The mouse hippocampus cells
were cultivated in Neurobasal medium (Gibco, USA) sup-
plemented with B27 (Gibco, USA) and 1% Penicillin-
Streptomycin-Glutamine (Gibco, USA) at 37°C in 5% CO,
atmosphere. On the fourth day of cultivation, the hippo-
campal cell cultures at a density of about 120,000 cells per
well were incubated with MTR-labeled mitochondria
(20pg) for 3 h, and then used for immunocytochemical
analysis.

Immunocytochemical staining

Cell cultures were fixed with 4% paraformaldehyde for
10 min, and the cell membrane permeability was increased
with 0.1% Triton X-100. Nonspecific binding sites were
blocked with 5% BSA for 1 h at room temperature.
Thereafter, the cell cultures were incubated with anti-
NeuN mouse monoclonal antibody (Sigma-Aldrich
#MAB377, 1:100) or anti-GFAP rabbit polyclonal antibody
(Abcam #ab7260, 1:200) for 12h at 4° C, after which the cell
cultures were stained with DyLight 488-conjugated second-
ary antibody (Abcam #ab96871) or Alexa Fluor 488-
conjugated secondary antibody (Abcam #ab150077),
respectively. After each procedure, the cell cultures were
washed with PBS three times for 5min. The samples were
inspected under a confocal microscope Leica TSC SP5
(Germany) with a HCX PL APO CS 10.0 x 0.40 UV objec-
tive. Fluorescence was excited by a laser with A =488nm
and registered in the spectral range channels of 403-459 nm
and 599-695nm. At least 10 fields of view were analyzed
for each coverslip. Background staining was checked on
samples of control cell cultures by removing the primary
antibody. These samples displayed no immunogenic stain-
ing. For colocalization assay, the images were further
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processed with the Image] program with Bio-Formats plu-
gins (designed at the National Institutes of Health,
Bethesda, MD, USA) as described in.’® The 8-bit images
were converted into binary masks (Figure 6(a), (b), (e),
and (f)). The merged images (Figure 6(c) and (g)) were
obtained with the standard Image] operator “AND” from
“Image Calculator.”

Statistical analysis

The data were analyzed using GraphPad Prism
8 (Graphpad Software, Inc., La Jolla, CA) and presented
as means +SEM. Statistical analysis of the results of
probe tests was carried out with one-way ANOVA using
group and sector of the maze as sources of variations. The
preference for the target sector in comparison with each
indifferent sector was assessed by post hoc analysis using
Tukey criteria. Statistical significance was set to p < 0.05.

Results

Functional assessment of isolated mouse brain
mitochondria in vitro

Mitochondria were isolated from the brain of three-
month-old NMRI mice in 60 min in the presence of EGTA
and BSA to avoid calcium and fatty acid-induced mito-
chondrial damage. To confirm the integrity and function
of our mitochondrial preparations, the parameters of the
efficiency of oxidative phosphorylation were measured. It
was shown that isolated mitochondria demonstrate high
values of ADP-stimulated respiration rate (state 3), ADP/
O index, and a short time of ADP phosphorylation when
using substrates of both complex I (NADH:ubiquinone oxi-
doreductase) and complex II (succinate dehydrogenase) of
the respiratory chain, which indicates a high functional
activity of the organelles (Figure 1; Table 1). When the mito-
chondria were stained with the mitochondrion-specific
fluorescent probe MitoTracker Red CMXRos (MTR), they
showed obvious red fluorescence. The fluorescence inten-
sity depended on the used concentration of MTR-labeled
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Figure 1. Typical curves of oxygen consumption by mouse brain mitochondria with the substrates of complex | (2.5 mM potassium malate + 2.5 mM glutamate) (a) or
complex Il (56 mM potassium succinate) (b). Final volume: 2 ml, temperature 25 °C, 0.5 mg/ml of mitochondrial protein. The medium contained 100 mM KCl, 75mM
mannitol 25 mM sucrose 0.5 mM EGTA-K, 5mM KH,PO,, and 10 mM Hepes/KOH, pH 7.4. Additions: 0.2 mM ADP and 50 uM 2,4-dinitrophenol (DNP). (A color version

of this figure is available in the online journal.)
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Table 1. Rates of respiration and parameters of oxidative phosphorylation of brain mitochondria of NMRI mice in the presence of substrates of complex
| (potassium malate + potassium glutamate) and complex Il (potassium succinate) of the respiratory chain.

Respiration rates, nmol O,/min-mg

Substrates State 3 State 4 State 3Upnp ADP/O Tehosp. (S)
Malate + glutamate 42.32+2.24 6.86 +0.80 39.65+2.10 2.95+0.05 54.32 +3.10
succinate 64.57 +-3.26 15.10+1.92 67.08 +8.12 1.92 +0.05 58.74+3.13

The incubation medium contained 100 mM KCI, 75 mM mannitol, 25 mM sucrose, 5mM KH,PO,, 0.5 mM EGTA, 10mM Hepes/KOH (pH 7.4). Additions: 2.5 mM
potassium malate + 2.5 mM potassium glutamate or 5 mM potassium succinate 4+ 1 uM rotenone, 200 uM ADP, and 50 uM 2,4-dinitrophenol (DNP). The concentration
of mitochondrial protein in the cuvette was 0.5 mg/ml. Mitochondrial respiration rates, nmol O,/min-mg; ADP/O, uM/nmol O; Tgnes, s. Data are presented as the

means + S.E.M. (n=3).

mitochondria. Figure 2 shows the fluorescence signals from
suspensions of MTR-labeled mitochondria at concentra-
tions of 0.3, 1.8, and 3.3 mg/ml. At the same time, there is
no signal from the control (native) mitochondria. These
results suggested that isolated mitochondria remain cou-
pled and functionally active and can be used for further
investigations.

Intranasally administrated mitochondria are detected
in the hippocampus, neocortex, and olfactory bulbs of
recipient mice

The first series of experiments is devoted to elucidating the
possibility of delivering mitochondria into the brain after
their intranasal administration. Freshly prepared suspen-
sions of MTR-labeled mitochondria at concentrations of
0.3, 1.8, and 3.3mg/ml were injected intranasally to six-
month-old male NMRI mice once in a volume of 6 pl per
animal (3 pl in each nostril), which corresponds to 2, 10, and
20 pg of injected mitochondrial protein per animal. Control
animals received intranasal injections of unlabeled mito-
chondria (10pg) in the same volume. All animals were
under observation for two days. No toxicity of intranasal
administration of isolated mitochondria to mice was
revealed. The brain structures were isolated 48h after
administration and visualized using a fluorescent
microscope.

Figures 3 and 4 present representative micrographs of
cytological smears of the hippocampus and neocortex of
NMRI mice. For each smear, images in the red spectral
region and in transmitted light are presented. As can be
seen, the fluorescence signals are observed in tissue sam-
ples of the hippocampus and, to a lesser extent, in the neo-
cortex of mice with intranasally injected suspensions of
MTR-labeled mitochondria at doses of 10 and 20 pg per
mice. It should be noted that MTR-labeled mitochondria
were also found in the region of the olfactory bulbs
(Supplementary materials; Figure S1). We detected no fluo-
rescence signal in the smears of brain areas in mice with
intranasal administration of PBS or unstained mitochon-
dria. The positive signal is not due to autofluorescence
because of lack of co-localization with signal in the 488
channel.

Our results demonstrate that nasally administrated
mitochondria are dose-dependently transplanted into the
hippocampus and neocortex, that is, in the main areas of
the brain involved in learning and memory.

red spectrum

transmitted light

Figure 2. Micrographs of suspensions of unstained mitochondria at a
concentration of 1.8 mg/ml (negative control) (a) and MTR-stained
mitochondria at concentrations of 0.3 mg/ml (b), 1.8 mg/ml (c), and 3.3 mg/ml (d).
Representative images in the red spectral region are presented (n = 3). The scale
bar: 25 um. (A color version of this figure is available in the online journal.)

The effect of intranasal administration of brain
mitochondria on the spatial memory of OBX mice

To investigate whether intranasal administration of mito-
chondria could ameliorate the spatial memory impairment
that characterize AD pathogenesis, we performed behav-
ioral analyses using OBX mouse model. A schematic illus-
tration of the experimental design is shown in Figure 5(a).
The effect of three-time intranasal injections of brain mito-
chondria of control NMRI mice (at a dose of 20 pg per one
microinjection) on the state of spatial memory in NMRI
mice with surgically removed olfactory bulbs was analyzed
(for one-way ANOVA-based data, see Table 2; the Post hoc
analysis of staying times and visit frequencies for four sec-
tors of the Morris water maze is shown in Figure 5(b)).
OBX mice were treated either with mitochondria or PBS.
One can see that mitochondria-untreated OBX + PBS mice
showed a considerable impairment of spatial memory,
while OBX mice treated with mitochondria notably
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Figure 3. Micrographs of cytological smears of the hippocampus of control
NMRI mice, which were injected with solutions with unstained mitochondria at a
dose of 10 ug per mouse (negative control) (@) and MTR-stained mitochondria at
doses of 2 ug (b), 10 nug (c), and 20 ug (d) per mouse. Representative images in
the red spectral region (left panel) and in the transmitted light (right panel) are
presented (n = 3). The scale bar: 50 um. (A color version of this figure is available
in the online journal.)

preserved their memory and distinguished the sector that
during training trials contained the invisible save platform.

Importantly, the positive effects of mitochondrial admin-
istration were observed on two indicators of spatial
memory, the duration of staying in the target (third)
sector and the frequency of visits to it. In sham operated
(SO+PBS), OBX+PBS, and mitochondria-treated OBX
(OBX+Mito) mice, the time of staying in the target sector
was 22+1.5>11.44+0.8 <19.3 £1.45, respectively, and the
percentage of visiting in the target sector (vs. the total
number of visits to all sectors) was 35.3+22>21.7+
1.3 <30.7 £1.6%, respectively.

Identification of MTR-labeled allogenic mitochondria in
astrocytes and neurons of primary hippocampal cell
culture of NMRI mice

To determine the types of mouse brain cells into which
mitochondria can be transferred, the MPR-labeled allogenic
mitochondria were incubated with the primary hippocam-
pal cell culture of NMRI mice, and their localization was
identified by immunofluorescence analysis using antibod-
ies against glial fibrillary acidic protein (GFAP) and neuro-
nal nuclear protein (NeuN) as markers for reactive
astrocytes and neurons, correspondingly. As shown in
Figure 6(a) to (d), the labeled mitochondria demonstrated
an obvious co-localization with the GFAP-positive cells. At
the same time, the co-localization of the mitochondria with

421

Intranasal administration of mitochondria to OBX mice

Neocortex
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Figure 4. Micrographs of cytological smears of the neocortex of control NMRI
mice, which were injected with solutions with unstained mitochondria at a dose
of 10 pg per mouse (negative control) (a) and MTR-stained mitochondria at doses
of 2 ug (b), 10 ug (c) and 20 ug (d) per mouse. Representative images in the red
spectral region (left panel) and in transmitted light (right panel) are presented
(n=23). The scale bar: 50 um. (A color version of this figure is available in the
online journal.)

NeuN-positive cells demonstrated a rare pattern (Figure 6
(e) to (h)). The results suggest that allogenic mitochondria
can be transferred both to astrocytes and, albeit to a much
lesser extent, to neurons.

Discussion

In this work, we showed that mouse brain mitochondria,
when injected to recipient animals via a non-invasive intra-
nasal route, were delivered to the brain structures in a dose-
dependent manner. Labeled mitochondria were detected in
the neocortex and hippocampus, the brain regions respon-
sible for learning and memory and most affected in
Alzheimer’s disease. The intranasal microinjections of
brain mitochondria isolated from intact (healthy) NMRI
mice at a dose of 20ug/animal three times over three
weeks improved the characteristics of the spatial memory
of OBX mice with Alzheimer’s type degeneration com-
pared to those of untreated control animals.

The results of memory tests indicated that intranasal
administration of mitochondria prevents the impairment
of spatial memory of OBX animals. One can proposed
that the intranasal route provides the introduction of mito-
chondria into the brain by direct delivery of mitochondria
from the nasal cavity to the brain, bypassing the blood-
brain barrier, which ensures therapeutic action and mini-
mal invasiveness due to the absence of peripheral side
effects.?®?! Tt is known that along with the olfactory
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Figure 5. Scheme of the experiment (a) and the effect of intranasal administration of brain mitochondria (20 ng/mouse) on the indicators of spatial memory of sham-
operated (SO), olfactory bulbectomized (OBX-+PBS), and mitochondria-treated OBX (OBX+Mito) mice (b). The shaded bars correspond to the parameters in the target
third sector. 1-4 — the sector numbers of the Morris water maze. Statistically significant differences between the groups were identified by the Tukey’s HSD analysis:

*p < 0.05; **p <0.01; **p < 0.001 (n=5).

nerves, there are several other pathways of penetration of
mitochondria and drugs into the brain after their intranasal
administration, in particular, the mandibular and maxillary
segment of the trigeminal nerve, specialized myelinating
glia that can form cerebrospinal fluid-filled cavities,
which are thought to be involved in extracellular traffick-
ing. Some studies demonstrated that the delivery of intra-
nasally administrated agents occurs within a short time
period (5-30min), suggesting the important roles of extra-
cellular transport and bulk flow mechanisms. >

Currently, intranasal microinjections are used for the trans-
plantation of stem cells.””

It is well established that in the central nervous system,
mitochondria can be horizontally transferred between cells.
In particular, neurons were found to release damaged mito-
chondria into astrocytes for their disposal or recycling
under normal conditions.?® In its turn, during cerebral
infarction, astrocytes demonstrated the ability to transmit
functionally active mitochondria to neurons, which may
maintain their functions.?’> Moreover, the neuroprotective
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Table 2. Values of the sector distinguishing factor for different groups of mice in memory tests in the Morris water maze.

Staying in the Morris maze sectors Time, s

Visits to the Morris maze sectors Frequency, %

Group F P value F P value
SO +PBS (n=12) F(3,44)=13,6 <0.0001*** F(3,44) =20,18469 <2,23628E-08***
OBX+PBS (n=10) F(3,36) = 3.62762 <0.021923* F(3,36) =2,90881 <0,047716189*

OBX -+ Mito (n=10) F(3,36) = 6.39657

<0,001379**

F(3,36) =9,67788 <8,02356E-05"**

*p < 0.05; *p <0.01;**p < 0.001 (n=5).

Figure 6. Identification of MTR-labeled allogenic mitochondria in astrocytes (a—
d) and neurons (e-h) of NMRI mouse hippocampal cell culture. Co-staining GFAP
(marker for astrocytes, green) or NeuN (marker for neurons, green) with
MitoTracker Red (MTR)-labeled mitochondria (red). (c and g) The merged images
of binary masks of AF488 anti-GFAP (or DL488 anti-NeuN) and MTR channels. (d
and h) The merged images of transmitted light, AF488 anti-GFAP (or DL488 anti-
NeuN), and MTR channels. The scale bar: 25 um. (A color version of this figure is
available in the online journal.)

effect of transplantation of endothelial progenitor cells was
observed to be mediated through the transfer of active
mitochondria released from the progenitors.’**! Recent
data showed that transferring exogenous mitochondria to
the injured hippocampal neurons in primary cell cultures

not only significantly increases neurite regrowth but also
restores their membrane potential.>* The beneficial effects
of mitochondrial transplantation on ischemic brain injury
and ischemia/reperfusion-induced myocardial injuries®*
have been proven in animal models. It has also been
found that blood contains circulating cell-free respiratory
competent mitochondria,® but the possible functions and
mechanism of extrusion of these extracellular mitochondria
is still unclear.

Numerous in vivo and in vitro studies reported that inter-
cellular mitochondprial transfer can occur under physiolog-
ical and pathological conditions via tunneling nanotubes,
extracellular vesicles, cellular fusion, and gap junc’cions.36
At the same time, the molecular mechanism of mitochon-
drial transfer needs to be further investigated. Using fluo-
rescent labeling of primary hippocampal cell culture of
NMRI mice, we found co-localization of allogenic mito-
chondria with astrocytes, and in rare cases, with neurons
as well. A rare pattern of colocalization of allogeneic mito-
chondria with neurons may be associated with insufficient
molecular interactions between cultured cells. It should be
noted that the transfer of extracellular mitochondria from
astrocytes to neurons is mediated by a calcium-dependent
mechanism involving CD38 and cyclic ADP ribose signal-
ing.?’ Some studies also demonstrated only a negligible
localization of the injected mitochondria into the cells of
the spinal cord and myocardium.***

Our findings provide evidence of the therapeutic effica-
cy of intranasal administration of functionally active mito-
chondria in the prevention of memory loss in animals with
the neurodegenerative process of the Alzheimer’s type. The
restoration of cognitive function may be associated with the
reversion of underlying mitochondrial dysfunction of
astrocytes and neurons in the hippocampus. It is should
be mentioned that similar results were obtained recently
on the mouse model of cisplatin-induced cognitive defi-
cits.?! The authors showed that the intranasally injected
mitochondria accessed the rostral migratory stream and
other brain regions, including the hippocampus, where
they colocalized, as in our experiments, with the GFAP-
positive cells.”

The results obtained suggest that mitochondrial trans-
plantation by intranasal administration might serve as a
new therapeutic strategy for AD and other neurodegener-
ative diseases characterized by mitochondrial dysfunction.
These data were included in the patent “Targeted non-
invasive transplantation of functionally active mitochon-
dria into the brain for the treatment of neurodegenerative
disease characterized by mitochondrial dysfunction”



424  Experimental Biology and Medicine ~ Volume 247 ~ March 2022

(Patent Application Number: RU2744453 dated September
2, 2019).
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