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Abstract: Exosomes, key mediators of intercellular transmission of pathogenic proteins, such as amyloid-
beta and tau, significantly influence the progression and exacerbation of Alzheimer’s disease (AD)
pathology. Present in a variety of biological fluids, including cerebrospinal fluid, blood, saliva, and nasal
lavage fluid (NLF), exosomes underscore their potential as integral mediators of AD pathology. By
serving as vehicles for disease-specific molecules, exosomes could unveil valuable insights into disease
identification and progression. This study emphasizes the imperative to investigate the impacts of
exosomes on neural networks to enhance our comprehension of intracerebral neuronal communication
and its implications for neurological disorders like AD. After harvesting exosomes derived from NLF of
5XFAD mice, we utilized a high-density multielectrode array (HD-MEA) system, the novel technology
enabling concurrent recordings from thousands of neurons in primary cortical neuron cultures and
organotypic hippocampal slices. The ensuing results revealed a surge in neuronal firing rates and
disoriented neural connectivity, reflecting the effects provoked by pathological amyloid-beta oligomer
treatment. The local field potentials in the exosome-treated hippocampal brain slices also exhibited
aberrant rhythmicity, along with an elevated level of current source density. While this research is an
initial exploration, it highlights the potential of exosomes in modulating neural networks under AD
conditions and endorses the HD-MEA as an efficacious tool for exosome studies.

Keywords: exosome; nasal lavage fluid; 5XFAD; high-density multielectrode array; hippocampal
slice; neural network

1. Introduction

Exosomes have gained considerable attention in neurobiology, offering intricate in-
sights into the multifaceted interactions that govern neural networks [1,2]. These tiny
extracellular vesicles are secreted by various neural cell types—neurons, astrocytes, and
microglia—all of which have unique roles to play in the functioning of the nervous system.
When neurons release exosomes filled with neurotransmitters and synaptic proteins, these
vesicles travel to synapses facilitating the synaptic plasticity crucial for learning, memory,
and cognitive functions [3]. Astrocytes also secrete exosomes with a slightly different
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molecular repertoire. These vesicles often contain growth factors, nutrients, and anti-
inflammatory agents. Astrocyte-derived exosomes thus assist in maintaining the structural
integrity and functional stability of neural networks [4]. They play roles in repairing dam-
aged neurons, fortifying synaptic connections, and reconfiguring existing neural pathways,
thus contributing to the adaptability and resilience of networks. In parallel, microglia,
often referred to as the immune cells of the nervous system, produce exosomes loaded
with cytokines. Depending on the nature of these cytokines, microglial exosomes can have
pro-inflammatory or anti-inflammatory effects, impacting neuroinflammation, neuronal
survival, and synaptic integrity [5].

While the beneficial aspects of exosomes are fascinating, their potential role in disease
pathology, particularly in Alzheimer’s disease (AD), is equally compelling [6,7]. Exosomes
isolated from biological fluids like cerebrospinal fluid (CSF), blood, and saliva have been
found to carry disease-specific molecules, such as amyloid-beta (Aβ) and tau proteins. These
molecules have been implicated in the spread of AD, potentially serving as markers and
mediators of disease progression. According to the clinical and experimental evidence, a con-
nection between CSF and olfactory systems is observed, suggesting a new avenue for the role
of exosomes in nasal discharge as diagnostic biomarkers [8,9]. The olfactory system, especially
the olfactory epithelium, has been shown to display unique features in AD pathology, such
as unusual secretase expression and heightened susceptibility to neuroinflammation [10,11].
Given that olfactory dysfunction often precedes cognitive impairment in AD and overlaps
anatomically with early AD-affected regions, the potential for applying nasal lavage fluid
(NLF) as a non-invasive diagnostic tool is promising. NLF, generated by mucous membranes
in the olfactory mucosa, serves to protect these sensory tissues while also potentially capturing
the neuropathology unfolding in the surrounding system [12]. Therefore, exosomes obtained
from this fluid could offer a snapshot of the ongoing state of neurodegeneration. Due to the
easy collectability, it provides an efficient means for early disease detection and monitoring,
complementing the information gathered from other conventional biological fluids, such as
CSF and blood. Even though the biomarkers in human NLF have been discovered [13], the
volume of collectible NLF from mice is significantly constrained, often amounting to less than
a milliliter. This limited quantity renders component-based analyses, such as RNA sequencing,
technically unfeasible. As a preliminary investigation of this nature, the current study thus
concentrates on exploring the overarching functional impact of NLF from AD animal models
on live neurons and brain slices.

A comprehensive investigation into the exosomal effects on neural networks has,
however, been a daunting task due to inadequate methods. Conventional techniques of
detecting neural activity, such as calcium imaging or patch clamping, offer limited data
due to the slow responsiveness of calcium dye and the restricted number of neurons that
can be recorded [2]. Utilizing a multielectrode array (MEA) system has overcome these
limitations by enabling the simultaneous recording of multiple neuronal signals. Some
studies have provided critical insights into neural circuit development, signal transduction,
gene regulation, and neural synchronization influenced by exosomes derived from various
sources [1,14,15]. However, despite their contributions, MEA experiments face inherent
constraints, such as a relatively sparse density of electrodes and a considerable gap between
electrodes. In this study, we employed a high-density MEA (HD-MEA) featuring 4096 elec-
trodes (64 × 64) to capture the neural network characteristics influenced by exosomes
derived from NLF of 5XFAD AD model animals. The superior spatiotemporal resolution of
HD-MEA permitted detailed observations of neural ensembles and circuitry [16]. Further
analyses, like functional connectivity maps and current source density (CSD) characteriza-
tion, coupled with conventional neural activity analysis depicted an integrated picture of
neural information processing initiated by exosome treatment.

Though the number of repetitions of the experiment and brain slices analyzed were
limited in this preliminary attempt, our findings underscore the potential implications of
exosomes in modulating neural networks under neurodegenerative conditions. Thus, the
results validate the potential of HD-MEA as an effective neurochip for exosome studies,
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particularly in understanding their effect on neural networks. By investigating the role
of exosomes in AD, we can enhance our understanding of disease mechanisms, poten-
tially leading to the development of diagnostic tools, and explore innovative therapeutic
strategies for this formidable neurodegenerative disorder.

2. Results
2.1. Characterization of Exosomes Isolated from the NLF of 5XFAD Mice Using the Flow
Amplification Separation Technology (FAST)

To examine the role of NLF-derived exosomes from 5XFAD animals, FAST was
used to collect intact exosomes from limited amounts of nasal fluid with high yield
and purity [17–19] (Figure 1A). Under consistent temperature control, we determined
the size distribution of particles isolated from NLF using nanoparticle tracking analysis
(Figure 1B). The overall distribution pattern of 5XFAD mice showed higher peaks in particle
concentration than control mice. The concentration of 35–205 nm particles isolated from
the nasal fluid of 5XFAD mice was approximately 8.5 × 108 particles/mL, which was ap-
proximately 3.0-fold higher than that of the control (Figure 1C). According to transmission
electron microscopy images, the majority of the collected exosomes were 30–150 nm in
diameter (Figure 1D). Considering the same volume loaded onto the grid, the exosome
density was higher in 5XFAD mice than that in control mice, as confirmed by a 3.2-fold
increase in CD63 exosome marker expression levels (Figure 1E,F). Overall, the secretion
of NLF-derived exosomes was enhanced in the AD animal model, similar to other body
fluids [12,20]. After the concentration normalization, the neural network in the HD-MEA
was measured for both neuronal cultures and organotypic hippocampal slice cultures
(OHSCs) with the harvested intact exosomes (Figure S1).
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Figure 1. The workflow of exosome preparation from NLF and its quantification following functional
tests in HD MEA. (A) Flow amplification separation technology (FAST) method to collect intact
exosomes from NLF of 5XFAD and control (CTL) animals. Tetraspanins expression in the vesicle
membrane, such as CD63, CD81, and CD9, as markers of exosomes. (B) Size distribution of particles
isolated from NLF through nanoparticle tracking analysis. NLF exosomes from 5XFAD are in red
with those from CTL in blue. (C) Particle concentration in the range of 35~205 nm. (D) Transmission
electron microscope (TEM) images in the grids of the same volume loading with NLF-derived
exosomes from 5XFAD and CTL. Scale bar = 100 nm. (E) Western blot of the exosome surface
marker CD63. (F) The protein expression level of exosome surface marker CD63. The values are
means ± SEMs from three independent experiments. *** p < 0.005, * p < 0.05; unpaired, two-tailed
t-test with Welch’s correction.
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2.2. Altered Neuronal Excitability and Network Connectivity in Primary Cortical Neuron Cultures
Stimulated with Aβ42 Oligomers and 5XFAD NLF-Derived Exosomes

During the developmental stages of AD symptoms, neuronal excitability has been
frequently documented in vitro with pathologic Aβ42 oligomer treatment, as well as in
functional magnetic resonance imaging (fMRI) imaging in patients with mild cognitive
impairment (MCI). Using HD-MEA, we recorded primary cortical neurons for two weeks
to measure the neuronal excitability induced by Aβ42 oligomers (neuronal culture image
on CMOS chip in Figure S2B(a)). Additionally, 5XFAD NLF-derived exosomes were exam-
ined under the same conditions to compare their neuroexcitability. The basic topological
properties of neural cultures were assessed on days in vitro (DIV) 7, 10, and 13 based on the
number of spikes (NOS), interspike interval (ISI), and mean firing rate (MFR) for each group.
During the culture aging process, NOS and MFR levels tended to increase in all groups
(Figure 2A,C,D). Among them, the Aβ42 treatment group displayed the strongest activity.
The control group exhibited a slightly higher NOS level and a lower MFR than the 5XFAD
group. The ISI, indicative of the time interval between two consecutive spikes, tended to
decrease with age, implying increased readiness in response to an input (Figure 2E). The
average burst duration in the active electrodes decreased monotonically in the control,
which was the reversal pattern in the other groups with the aging of cultures (Figure 2B,F).
The mean NOS per burst remained consistent across different groups and DIVs, suggesting
stable network mechanisms underlying individual burst events (Figure 2G). However, the
burst frequency was increased in Aβ42 and 5XFAD NLF groups in older cultures, indicating
a more recurrent generation of neuronal activation under these detrimental conditions
(Figure 2H). Considering burst patterns in neuronal networks, the network burst duration
in the interquartile range showed a steady increase in all groups (Figure 2I).

2.3. Differentiating Features of Neuronal Networks in 5XFAD NLF-Treated Neurons

To investigate network properties, it is necessary to apply reliable network parameters
to describe their essential characteristics [21]. Among several parameters, we selected
clustering coefficients (CCs), node degrees (NDs), and path lengths (PLs), given their
credibility and relevance. First, the CC is primarily a measure of the tendency of neurons
in a network to form clusters. Network clustering gradually increased in all groups
(Figure 3B), albeit with sparser connections in the connectivity map, particularly from
DIV 10 to 13 (Figures 3A and S5). The PLs and NDs are presented as average values and
distribution histograms for each node (Figure 3C–F). The PL measures the number of steps
involved in transmitting signals from one node to another. In the control culture, the PL
values steadily decreased (Figure 3C; control, 5.25, 4.23, and 1.00 each for the median
values from DIV 7 to 13), suggesting that neuronal communication became more efficient
gradually. Given the increasing CCs, this phenomenon can be attributed to the maintenance
of longer distances and local shortcut connections [22]. In contrast, PLs in the Aβ42 and
5XFAD NLF groups retained high means and wide deviations, as reflected in the box plots
(Figure 3C; Aβ42, 4.14, 3.12, and 3.32; 5XFAD, 4.51, 3.75, and 4.84 for the median values
from DIV 7 to 13). Likewise, the PL distribution of the Aβ42 and 5XFAD NLF groups at
DIV13 displayed fatter tails compared to the control group, implying inefficient network
organization (Figures 3E and S3A; control, 1.30; Aβ42, 3.70; 5XFAD, 5.65 for the PL values
at the upper 70% cumulative node counts).

These data suggest that networks of the Aβ42 and 5XFAD groups added or maintained
more local clustering connections over time, which increased CCs with insufficient long-
distance shortcuts, resulting in degraded network efficiency when compared with that
of the control. ND, representing the number of connections per node, provided further
insights into gradual network changes compared with the control group. In the control
group, the ND gradually declined, suggesting a network-wide pruning of connections.
However, the Aβ42 group exhibited a substantial increase in the number of connections
from DIV 7 to 10, followed by a slight decrease at DIV 13 (Figure 3A,D), and the 5XFAD
group showed a similar tendency to a lesser degree. The ND distribution histogram
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reflects quantitative changes across the DIVs (Figures 3F and S3B). In summary, the control
group network evolved by losing connections while achieving higher CCs and lower PLs,
developing a more efficient, ‘small world’-like structure [22]. However, in both the Aβ42
and 5XFAD NLF groups, the networks added (from DIV 7 to DIV 10) and lost connections
(from DIV 10 to 13), although the latter did not demonstrate a considerable improvement in
efficiency, possibly due to a disrupted balance between local connections and long-distance
shortcuts. This result demonstrates that 5XFAD NLF could induce pathological changes
similar to Aβ42 in network activity patterns.
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Figure 2. Topological properties of neuronal cultures on HD MEA recording with culture develop-
ment. (A) MFR activity map in spontaneous neuronal activation during 60 s recordings represented
from the 64 × 64 grid electrode arena (2.67 × 2.67 mm2). Control, Aβ42, and 5XFAD NLF treatment
groups on DIV 7, 10, and 13. The intensity scale ranges from 0 to 10 spikes per second. (B) Raster plot
of neuronal spiking from 4096 electrodes (y-axis) for 60 s recording (x-axis). Mustard color represents
spike network bursts and blue represents spike bursts. (C) Box plot of the number of total spikes for
60 s recordings in the individual culture chips. Blue for DIV 7, green for DIV 10, and red for DIV 13.
(D) Box plot of mean firing rate (MFR) in spikes per second. (E) Box plot of interspike interval (ISI) in
milliseconds. (F) Average burst duration with error bars in milliseconds. (G) Average of the mean
number of spikes per burst in the raster plot with error bars. (H) Average of burst frequency in bursts
per minute with error bars. (I) Average of network burst in interquartile range in milliseconds. In
all the box plots above, the lower quartile as the borderline of the box nearest to zero expresses the
25th percentile, whereas the upper quartile as the borderline of the box farthest from zero indicates
the 75th percentile. Error bars show SEMs. *** p < 0.005; unpaired, two-tailed t-test with Welch’s
correction; n.s. not significant.

2.4. The Effects of Aβ42 Oligomers and 5XFAD NLF-Derived Exosomes on the LFP Property and
Oscillation in OHSCs

In contrast to the formation of intrinsic circuitry in the brain, neuronal culture is
limited in its artificial construction. To determine the network properties of neurons
in a more natural environment, we tested OHSCs incubated with Aβ42 oligomers and
5XFAD NLF-derived exosomes using HD-MEA (Nissl staining image of the cortical slice in
Figure S2A). Under 4AP stimulation, LFP signals in slices were recorded after incubation
for 12 days with each treatment. Due to the deleterious influence of the degenerative factors,
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it was inevitable to rescue only single active OHSCs for each group from several slices in
preparation. Figure 4A presents typical LFP traces for the dentate gyrus (DG) and cornu
ammonis (CA) 1 and 2 overlaid on the MEA recording. As in neuronal cultures, internal
connections within slices were represented in OHSCs that overlapped on top of the MFR
responses (light-blue lines, Figures 4A and S2B(b–d)). After low-pass filtering (<200 Hz),
certain oscillations were evident in the DG, CA1, and CA3 of each OHSC (Figure 4A).
Based on the LFP analysis, Aβ42 (509.71 µV for the median) exhibited the highest average
amplitude, followed by the 5XFAD NLF (370.36 µV) and control (278.82 µV), although the
5XFAD NLF still exhibited the widest deviation range (Figure 4B; control, 279; Aβ42, 25;
5XFAD, 186 for the number of active sites in the recording arena).
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(2.67 × 2.67 mm2). Control (CTL; a–c), Aβ42 (d–f), and 5XFAD (g–i) NLF treatment groups on DIV 7, 

Figure 3. Characteristics of neuronal connectivity in networks. (A) Neuronal connectivity map in
spontaneous neuronal activation during 60 s recordings represented from the 64 × 64 grid electrode
arena (2.67 × 2.67 mm2). Control (CTL; a–c), Aβ42 (d–f), and 5XFAD (g–i) NLF treatment groups
on DIV 7, 10, and 13. The red dot represents a node of the sender, blue the receiver, and gray the
broker. The white lines describe the connections between nodes. (B) Average clustering coefficients
from neuronal connections for 60 s recordings in the individual culture chips. Blue for DIV 7, green
for DIV 10, and red for DIV 13. (C) Box plot of average path length in a number of links. (D) Box
plot of node degrees. (E) Distribution histogram of node counts to average path length in number.
(F) Distribution histogram of node counts to node degree in a number of links.

Furthermore, the 5XFAD NLF maintained both the highest average value and a wide
deviation in the LFP rate (Figure 4C; control, 60.05± 0.01 fp/min; Aβ42, 86.66 ± 7.23 fp/min;
5XFAD, 188.50 ± 73.37 fp/min) and duration (Figure 4D; control, 37.34 ± 1.74 ms; Aβ42,
15.71 ± 0.44 ms; 5XFAD, 61.77 ± 5.99 ms). Despite differences in the LFP characteristics, the
energy levels in all slices were unaltered, suggesting that the activity dynamics were consistent
across test samples (Figure 4E; control, 0.20± 0.01 µV·ms; Aβ42, 0.22 ± 0.02 µV·ms; 5XFAD,
0.18 ± 0.01 µV·ms).
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Figure 4. MEA record of LFP responses in organotypic hippocampal slices (OHCSs). (A) Overlay of
LFP activities over the OHCSs with distinctive waveforms in DG, CA1, and -2 regions represented
from the 64 × 64 grid electrode arena (2.67 × 2.67 mm2). Control, Aβ42, and 5XFAD NLF treatment
groups after incubation of 12 days. The intensity of LFP activity in the color scale from 0 to 300 µV.
The white waveforms inside the black columns represent LFP signals from the specific locations
denoted by arrows. The sky-blue lines overlaid on the slice images represent connections within the
slices. LFP waveforms after the low-pass filter (<200 Hz). (B) Box plot of LFP amplitude in micro
voltage. (C) Average of mean LFP rate in number of LFPs per minute with error bars. (D) The average
duration of LFPs in milliseconds with error bars. (E) Average of mean LFP energy in charge unit of
measurement for the area under a voltage–time curve. Error bars show SEMs. *** p < 0.005, * p < 0.05;
unpaired, two-tailed t-test with Welch’s correction; n.s. not significant.

2.5. Current Source Density (CSD) Analysis to Localize LFP Distribution in OHSCs

Although LFP analysis can deliver characteristic neural activity in brain slices, the
vulnerability of the far-field effect to volume conduction is an intrinsic limitation of LFP
analysis in terms of signal transmission in recording slices. To overcome this limitation, a
second spatial derivative of LFP, the CSD, can be applied to estimate LFP distribution and
propagation with high accuracy [23,24]. Comparing mean CSDs across groups, the 5XFAD
NLF group exhibited the highest level, implying significantly larger electrical current
sources than sinks on the recording slices (Figure 5A; control, 5.26; Aβ42, 5.76; 5XFAD, 7.52
for the median values). Although the mean value of the Aβ42 group was lower than that
of the 5XFAD NLF group, the deviation was wider, suggesting that the data for individual
slices were complex and spread between the control and 5XFAD NLF samples. The transfor-
mation of LFP data into CSD was generated in a time-series representation, illustrating the
dynamic interplay of sinks and sources of neural activity. (Movies S1–S3). Representative
photographic images were captured during the spread of activity (Figure 5B,C). Parsing
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of CSD signals separated the sink and source waveforms, where the level and frequency
of ridges and furrows of the wave spread were observed (Figure S4A–C). 5XFAD NLF
showed the most volatile dynamics, followed by that of the Aβ42-treated OHSCs.
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Figure 5. CSD propagation in organotypic hippocampal slices (OHCSs). (A) Box plot of CSD
means in arbitrary units (a.u.). (B) Snapshot of CSD amplitude changes in 3D graph captured from
Movies S1–S3 of respective CSD propagations. Blue for sinks and red for sources in the scale bar.
(C) Distribution of CSD incidences over time in amplitude. The upper images were captured from
Movies S1–S3 of the respective CSD propagations. Blue for sinks and red for sources in the scale bar.
*** p < 0.005; unpaired, two-tailed t-test with Welch’s correction.

3. Discussion

Exosome research, especially in relation to Alzheimer’s disease (AD), has surged in
recent years due to their critical role in cellular mediation. Pathological propagation akin
to prion diseases has been found in Aβ42, a factor implicated in AD [25]. Despite this
knowledge, the exact transfer mechanism of Aβ42 between cells remains elusive. Exosomes
carrying Amyloid precursor protein (APP) and Aβ42 have been implicated in the AD
pathogenesis, potentially aiding the dissemination of pathological agents [26–28]. In this
study, we collected nasal lavage fluid (NLF), as it enables non-invasive and convenient pro-
curement of large volumes of nasal washes in clinical settings. Given the strong correlation
between olfactory dysfunction and dementia symptoms, we postulated that NLF-derived
exosomes may contain AD-related pathological molecules [29–32]. We employed microflu-
idic sorting technology to obtain intact exosomes from clean nasal washes in mice [17,33].
However, due to the minimal amounts of exosomes present in the collected nasal washes,
the characterization of internal contents faced technical hurdles. Moreover, proteomic or
RNA sequencing analysis requires the collection of substantial volumes of nasal wash,
thereby posing challenges when testing novel samples for the first time.
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Neuronal hyperactivity is a distinctive early-stage AD feature implicated in epileptic
seizures in both humans and animal AD models [34–36]. Our electrophysiological results
concerning the treatment of neuronal cell cultures with soluble Aβ42 oligomers align with
previous findings about neuronal hyperexcitability [37–40]. Surprisingly, treatment with
5XFAD NLF exosomes also amplified neuronal activity, consistent with a prior report
on hippocampal hyperactivity using 5XFAD brain slices [41,42]. Based on accumulated
evidence, this can be attributed to the attenuation of inhibitory postsynaptic currents and
metabolic dysfunction between neurons and astrocytes in 5XFAD hippocampal neurons.
Herein, the connectivity between neuronal networks could be systematically determined
owing to the exceptional integrity of the HD-MEA recordings from 4096 electrodes in real
time. The gradual increase in clustering coefficient values in aging cultures indicates that
network stability can also be developed gradually in neurodegenerative conditions, such
as Aβ42 oligomer and 5XFAD NLF exosome treatment. According to the quantitative
dimensions of the network, this pathological environment stimulates cluster formation
within neuronal cultures relevant to neuronal hyperexcitability. Apart from the superficial
observation of the network, the qualitative analysis calculated from the PLs between
nodes revealed that disintegration of network efficiency occurs during a long incubation
period with 5XFAD NLF exosomes at a rate similar to that with Aβ42 treatment. A
longitudinal study of soluble Aβ42 oligomers and 5XFAD NLF exosomes in OHSCs was
also conducted to determine their neuromodulatory effects in mouse hippocampal slices.
We noted increased LFP responses in Aβ42 oligomers and 5XFAD NLF exosomes in OHSCs,
which mirrored the increase in neuronal activity observed in the dissociated cultures. The
Aβ42 oligomer-treated neuronal cultures exhibited the strongest topological activation
characteristics and connectivity. However, the LFP property was higher in 5XFAD NLF
exosomes than in those treated with Aβ42 oligomers, which was also reflected in the CSD
analysis. In this case, the intrinsic structure of the hippocampal slices possibly consists of
neurons and glial cells interspersed within a specific circuit. Altered current conduction in
hippocampal slices may result from the interaction of substances in NLF exosomes with
diverse cells in the circuitry.

Utilizing HD-MEA recordings, we demonstrated the functional effect of NLF-derived
exosomes from AD model animals. Despite being a preliminary trial to explore the influence
of exosomes on the neural network of the AD brain, this study presents a novel possibility
of NLF-derived exosomes inducing neuronal circuitry reorganization that would be a
crucial sign in the disease progression. Applying the innovative technology used in this
study, more conclusive results could be derived to characterize the neural network effect
of exosomes derived from other types of neurodegenerative animal models, provided a
sufficient amount of exosomes and a valid number of brain slices are available.

4. Materials and Methods
4.1. Animals

B6SJL-Tg (APPSwFlLon, PSEN1×M146L×L286V) (5XFAD) mice were purchased
from The Jackson Laboratory (MMRRC Stock No.: 34840-JAX) (Bar Harbor, ME, USA),
and experimental procedures were performed according to protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of KPCLab (approval number:
P171011) (Matthews Urbana, IL, USA) and ©MEDIFRON DBT Inc. (approval number:
Medifron 2017-1) (Seoul, Republic of Korea). C57BL/6 mice were obtained from OrientBio
Inc. (Gyeonggi, Republic of Korea), and compliance with relevant ethical regulations and
animal procedures was reviewed and approved by Seoul National University Hospital
IACUC (approval number: 16-0043-c1a0). For the experiments, three animals from each
group were used to obtain OHSCs. Two slices were selected based on the LFP activities for
control, Aβ42, and 5XFAD in Figure 4.
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4.2. Nasal Lavage Fluid Extraction

The procedure of NLF extraction was followed by the previous method [33]. After
anesthesia, the left ventricle of the mice was cannulated, and blood was cleared by perfusion
with cold PBS. Using scissor dissection, the upper airway, including the palatopharyngeal
region, was separated, and the mouse head was separated at the larynx level of the upper
airway. Two consecutive volumes of 350 µL of PBS were instilled through the pharyngeal
opening into the choana. NLF fluids were centrifuged, and supernatants were stored at
−80 ◦C until assayed. To negate the impact of the varying concentrations and scrutinize
the effects of 5XFAD and CTL exosomes at equivalent concentrations, a normalization
procedure for each exosome sample was implemented. Specifically, the isolated 5XFAD
sample was amalgamated with a buffer to equilibrate the concentration of exosomes
originating from CTL.

4.3. Nanoparticle Tracking Analysis

NTA was performed using an LM10 (NanoSight, Salisbury, UK) instrument. Exo-
somes separated from minuscule amounts of nasal lavage fluid were diluted with filtered
phosphate-buffered saline (PBS) to examine 20 particles per frame and gently injected into
the laser chamber. Each exosome sample was subjected to a red laser (642 nm) three times
for 1 min; the detection threshold was set to 5 to allow the detection of nanosized particles.
The data were analyzed using NTA software (ver. 3.1; NanoSight). All experiments were
conducted at room temperature.

4.4. Exosome Purification

Nasal-derived exosome isolation was performed as described previously [17–19], with
minor modifications. In brief, nasal lavage fluid harvested from the mouse model was
filtered through a 0.2 µm syringe filter (Sartorius, Goettingen, Germany) to remove aggre-
gates. The nasal fluid, including extracellular vesicles, was carefully collected and kept
on ice before performing exosome separation using FAST. To isolate exosomes, the purifi-
cation buffer was filtered through a 0.2 µm syringe filter. The flow ratio of sample:buffer:
magnification was set at 5:95:75. Exosome-sized particles were separated from the other
particles, and all samples were maintained at 4 ◦C during exosome purification.

4.5. Western Blotting

CD63 expression was quantitatively analyzed using Western blotting. Purified exo-
somes were mixed with 5% sodium dodecyl sulfate (SDS) sample buffer (Tech & Innovation,
Gangwon, Republic of Korea), and sliced tissues were lysed and homogenized in radio-
immunoprecipitation assay buffer (Tech & Innovation, Republic of Korea) containing
protease inhibitors. The protein concentrations of the separated solutions were measured
using the Bradford assay (Bio-Rad, Hercules, CA, USA). The samples were heated for 10 min
at 97 ◦C. Next, 15 µg of protein from each sample was subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) (12%) and transferred to polyvinylidene difluoride (PVDF)
membranes (Bio-Rad) for 90 min. Each membrane was blocked with 5% skim milk (BD
Life Sciences, Franklin Lakes, NJ, USA) in TBST buffer (25 mM Tris, 190 mM NaCl, and
0.05% Tween 20, pH 7.5) for 1 h at room temperature, followed by incubation with primary
antibodies (anti-CD63, 1:300; Novus Biologicals, Centennial, CO, USA) at 4 ◦C overnight.
After five 20 min washes with TBST, each membrane was washed three times in Tween-20
and incubated with goat anti-mouse IgG for 2 h. Bands were visualized using an enhanced
chemiluminescence system; the intensity of the blots was quantified with Image J 1.44
software (https://imagej.nih.gov/ij/plugins/index.html) [43].

4.6. Transmission Electron Microscopy

Separated exosomes were diluted and fixed with 2% glutaraldehyde overnight at
4 ◦C. The mixture of exosomes and fixation solution was then diluted 10-fold with PBS
for electron microscopic observation. Briefly, 5 µL of each sample was plated onto a glow-
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discharged carbon-coated grid (Harrick Plasma, Ithaca, NY, USA), which was immediately
negatively stained using 1% uranyl acetate. The exosome samples on the grids were
observed under a Tecnai 10 transmission electron microscope (FEI, Hillsboro, OR, USA)
operated at 100 kV. Images were acquired with a 2K × 2K UltraScan CCD camera (Gatan,
Pleasanton, CA, USA).

4.7. Aβ42 Oligomer Preparation

The peptide corresponding to human Aβ42 (Anaspec, Fremont, CA, USA, AS-64129-1,
1 mg) was dissolved in 100 µL of DMSO by vortexing for 30 min at room temperature, and
then the solution was added to 900 µL of PBS for incubation at 4 ◦C for 24 h.

4.8. Primary Neuron Culture

Dissection medium Neurobasal Media (NBM) consisted of 45 mL Neurobasal Medium
A, 1 mL B27 (50 X), 0.5 mM Glutamine sol, 25 µM Glutamate, 5 mL Horse serum, and
500 µL penicillin/streptomycin. And the culture medium consisted of 50 mL Neurobasal
Medium A, 1 mL B27, 0.5 mM Glutamine sol, 500 µL penicillin/streptomycin, and 50 µL
HEPES. The Biochip chamber (3Brain, Arena, Houston, TX, USA) was cleaned, filled with
70% ethanol for 20–30 min, rinsed with autoclaved DDW 3–4 times, and, dried in the clean
bench overnight with NBM. On the day after, 30–90 µL filtered PDLO which dissolved
in borate buffer on the active surface of the Biochip was added and placed overnight in
the incubator. The Biochip was washed with autoclaved DDW 3 times before cell seeding.
Primary cortical and hippocampal neuron cultures were prepared from postnatal 0-day
mouse pups. The pups were decapitated with sterilized scissors and the whole brain
was removed. The removed brain was chilled in a cold neurobasal medium with papain
0.003 g/mL solution at 4 ◦C in a 35 mm diameter dish. Surrounding meninges and excess
white matter were pulled out under the microscope (Inverted microscope, Nikon, Tokyo,
Japan) in the same solution and transferred to the second dish at 4 ◦C. The cortex and
hippocampus parts were isolated from other parts of the brain, washed with NBM and
papain solution, and minced into small pieces. The minced tissues were transferred into a
15 mL tube and incubated for 30 min in the 37 ◦C water bath. After, the tube was inverted
gently every 5 min to be mixed. The tissues were washed with HBSS twice, after being
settled down, and the cortex and hippocampi tissues were transferred into prewarmed
NBM and triturated 20–30 times using a fire-polished Pasteur pipette. The number of cells
was counted and 30–90 µL drops of the cells were plated in the Biochip, which contains
~1000–1500 cells/µL (incubated at 37 ◦C in 5% CO2). From day 2 of the culture, the whole
medium was replaced with a fresh feeding medium every 3 days. A quantity of 10 µM of
Aβ42 oligomers was treated at DIV 7, 10, and 13. 5XFAD NLF exosomes were incubated
from DIV 7 until DIV 13.

4.9. Organotypic Hippocampal Slice Culture

The dissection medium consisted of 40 mL Hibernate A, 0.5 mM L-Glutamine, and
10 mL Horse serum. Growth medium 1 consisted of 40 mL Neurobasal A, 20% Horse
serum, and 400 µL penicillin/streptomycin solution. Growth medium 2 consisted of 40 mL
Neurobasal A, 2% B27, and supplement, 400 µL penicillin/streptomycin solution. The
organotypic hippocampal slice culture was prepared from postnatal 7-day mouse pups.
Decapitation was performed under cervical dislocation, and the entire brain was removed
with forceps and chilled in Hibernate A medium for 10 s at 4 ◦C. After that, the excess white
matter and meninges surrounding the brain were removed under the microscope (inverted
microscope; Nikon, Japan) carefully and the hippocampus was dissected with a spatula.
The dissected hippocampus was placed on the tissue chopper instrument (Stoelting tissue
slicer) which has filter-paper coverage and sliced transversally to 300 µm. The freshly cut
sections were collected into the cold dissection medium and separated from each other
with a spatula. From the best slices, up to 4 slices were transferred onto the cold culture
membrane (Millicell membrane, 0.4 µm), which was then placed into the prewarmed 6-well
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plate with growth medium 1. From day 2, the medium was changed with growth medium 2,
and the whole medium was replaced every 3 days. Quantities of 10 µM of Aβ42 oligomers
and 5XFAD NLF exosomes were treated at DIV 7 until DIV 13.

4.10. Neuronal Spike and LFP Recording with the High-Density Multielectrode Array (HD-MEA)

High-density multielectrode array (HD MEA) recording with 4096 electrodes in a
CMOS Biochip (BiocamX, 3Brain GmbH, Pfäffikon, Switzerland) was conducted at a
sampling rate of 9 KHz. The active electrode, which is 21 µm × 21 µm in size and 42 µm
in pitch, is implanted in the array with a 64 × 64 grid (2.67 × 2.67 mm2) centered in a
working area (6 × 6 mm2). The brain slice was positioned at the center of the Biochip under
the square-shape platinum net anchor to prevent it from displacement by the perfusion
flux. To overlay the real image of the slice at the site of recording, a stereomicroscope
with transmitted illumination was settled over the slice with 20× magnification (Nikon,
SMZ745T, Japan). The neuronal activities in cortex slices were recorded for approximately
35 min with and without additional chemicals. To generate spontaneous epileptic-like
discharges, the slices were perfused with Kv1 channel blocker 4-Aminopyridine (4AP)
250 µM (Sigma-Aldrich, Saint Louis, MO, USA). The spontaneous response was recorded
for the first 5 min following the oxygenated 4AP for up to 15 min. All recordings were
conducted by Brainwave 5 software (3Brain GmbH, Switzerland; https://www.3brain.
com/products/software/brainwave5).

4.11. HD MEA Data Analysis

Raw data were filtered with an IIR low-pass filter (cutoff at 200 Hz, order 5) before
LFP detection. To identify LFP events, a standard hard double-threshold algorithm was
used (upper threshold, 40 µV; lower threshold, −40 µV). When the signal overcame one
of the two thresholds, an LFP was detected. To determine the duration of the LFP, the
energy of the signal was calculated on a sliding window of 50 ms moving forward and
backward around the peak until the energy was 1.5 times higher than the energy calculated
on the noise. A refractory period (i.e., the minimum distance between two consecutive
LFPs on an electrode) of 50 ms was set by the operator. An electrode was considered active
if the LFP rate was at least 0.05 event/s. After detection, statistics on the LFP features
were extracted by averaging the parameter on each electrode along the recording. The
distribution of the feature was calculated by grouping electrodes belonging to the same
anatomical area. To identify the different areas concerning the electrode’s position, an
image of the recorded slice was superimposed on the map of the electrode grid, allowing
manual selection of electrodes for each area of interest. LFP events generally involved
most of the area of interest, so to get rid of spurious false-positive detected events, an
automated cleaning procedure was used before feature extraction. Detected LFPs were
considered valid only if they occurred simultaneously on at least 40% of the total electrodes
of an area within a time window of 300 ms. All the parameters from spike detection and
LFP recording were calculated with brainwave 5 software (3Brain GmbH, Switzerland;
https://www.3brain.com/products/software/brainwave5) [44].

4.12. Current Source Density (CSD) Analysis

In the two-dimensional CSD analysis, we first preprocessed the data in two steps:
first, at each time point, we identified the saturated electrodes by simple thresholding and
inpainted missing signals by linear interpolation with the data from surrounding regions.
We monitored how much space the saturated electrodes occupied and checked whether
this procedure caused any noticeable artifacts. Then, we smoothed the data spatially by a

https://www.3brain.com/products/software/brainwave5
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Gaussian kernel with σ = dpitch. From this, the current source was estimated by applying
the modified two-dimensional Laplacian:

CSD(x, y, t) = −∇2φ(x, y, t)
≈ − 2

3 · [φ(x± ∆x, y, t) + φ(x, y± ∆y, t)− 4φ(x, y, t)]
− 1

6 · [φ(x± ∆x, y± ∆y, t) + φ(x± ∆x, y∓ ∆y, t)− 4φ(x, y, t)].

From this, we isolated the CSD within the region of interest (ROI) and time window of
interest (TOI), computed in the following way: We first estimated the dynamic amplitudes
of LFP signals, A(x,y,t), by applying Hilbert transformation (MATLAB function hilbert) and
computing their absolute values. Then, for each (x, y), we computed the amplitude variabil-
ity, ξ(x,y) = STD[A(x,y,t)]t, and the ROI was selected by a criterion, ξ(x,y) > Median[ξ(x,y)] +
2.326 STD[ξ(x,y)]. For each (x, y) in the ROI, a TOI was selected by A(x,y,t) > µnoise + 2.326
√

2 σnoise, where µnoise =
〈−

A(x, y)
〉
(x,y)/∈ROI

, σnoise = STD
[−

A(x, y)
]
(x,y)/∈ROI

, and
−
A(x, y)

is the temporal average of A(x,y,t). Then, the average rectified CSD (rCSD) was computed
by averaging the absolute value of the CSD, |CSD(x, y, t)|, within the ROI and TOI.

All CSD analysis was performed by custom scripts in MATLAB 2018a (Mathworks
Inc., Natick, MA, USA), which will be made available upon request.

5. Conclusions

Applying HD-MEA, our study illuminates the impacts of 5XFAD NLF-derived exo-
somes on neural networks, expanding our comprehension of intracerebral communication
and its implications for AD. Analogous to the effects of amyloid-beta oligomer treatment,
the exosomes result in the biphasic neural activation reminiscent of MCI patients’ neuro-
physiology. These findings underscore the implication of exosomes in AD, additionally
introducing a novel possibility of HD-MEA as an efficacious method for the study of neural
networks.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241814064/s1.

Author Contributions: Conceptualization, S.K., J.J., D.G., T.K., K.S., S.H. and J.H. methodology, J.J.
and D.G.; software, J.J., D.G., T.K., K.S. and S.H.; validation, J.J., D.G., T.K., K.S. and S.H.; formal
analysis, S.K., J.J., D.G., T.K., K.S. and S.H.; investigation, S.K. and J.H.; resources, S.K. and J.H.; data
curation, J.J., D.G., T.K., K.S. and S.H.; writing, S.K. and J.H.—original draft preparation, S.K.; writing—
review and editing, S.K. and J.H.; visualization, S.K., J.J., D.G., T.K., K.S. and S.H.; supervision, S.K.
and J.H.; project administration, S.K., and J.H.; funding acquisition, S.K. and J.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by a grant from the Korea Health Technology R&D Project
through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health
and Welfare, Republic of Korea (grant number: HI17C1711). In addition, it was supported by the Bio
& Medical Technology Development Program of the National Research Foundation (NRF), funded by
the Ministry of Science and ICT (2018M3A9H1023323), and also by the National Research Foundation
of Korea (NRF) grant, funded by the Korea government (MSIT) (2022R1A2C1093134). S.H. was
supported by the Okinawa Institute of Science and Technology Graduate University.

Institutional Review Board Statement: The animal study protocol was approved by Hanyang
University IACUC (protocol code 2019-0192A with date of approval 3 December 2019).

Data Availability Statement: All the data can be shared through the database of MDPI.

Acknowledgments: We thank Hyun Suk of Kangwon National University for his help in the prepara-
tion of TEM images and GENUV Inc. for providing the 5XFAD animals. We also appreciate Yunjong
Lee for providing the Nissl staining image.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms241814064/s1
https://www.mdpi.com/article/10.3390/ijms241814064/s1


Int. J. Mol. Sci. 2023, 24, 14064 14 of 15

References
1. Sharma, P.; Mesci, P.; Carromeu, C.; McClatchy, D.R.; Schiapparelli, L.; Yates, J.R., 3rd; Muotri, A.R.; Cline, H.T. Exosomes regulate

neurogenesis and circuit assembly. Proc. Natl. Acad. Sci. USA 2019, 116, 16086–16094. [CrossRef]
2. Spelat, R.; Jihua, N.; Sanchez Trivino, C.A.; Pifferi, S.; Pozzi, D.; Manzati, M.; Mortal, S.; Schiavo, I.; Spada, F.; Zanchetta, M.E.;

et al. The dual action of glioma-derived exosomes on neuronal activity: Synchronization and disruption of synchrony. Cell Death
Dis. 2022, 13, 705. [CrossRef]

3. Xia, X.; Wang, Y.; Qin, Y.; Zhao, S.; Zheng, J.C. Exosome: A novel neurotransmission modulator or non-canonical neurotransmitter?
Ageing Res. Rev. 2022, 74, 101558. [CrossRef]

4. Gharbi, T.; Zhang, Z.; Yang, G.Y. The Function of Astrocyte Mediated Extracellular Vesicles in Central Nervous System Diseases.
Front. Cell Dev. Biol. 2020, 8, 568889. [CrossRef]

5. Zhao, S.; Sheng, S.; Wang, Y.; Ding, L.; Xu, X.; Xia, X.; Zheng, J.C. Astrocyte-derived extracellular vesicles: A double-edged sword
in central nervous system disorders. Neurosci. Biobehav. Rev. 2021, 125, 148–159. [CrossRef]

6. Rajendran, L.; Honsho, M.; Zahn, T.R.; Keller, P.; Geiger, K.D.; Verkade, P.; Simons, K. Alzheimer’s disease beta-amyloid peptides
are released in association with exosomes. Proc. Natl. Acad. Sci. USA 2006, 103, 11172–11177. [CrossRef]

7. Saeedi, S.; Israel, S.; Nagy, C.; Turecki, G. The emerging role of exosomes in mental disorders. Transl. Psychiatry 2019, 9, 122.
[CrossRef]

8. Spera, I.; Cousin, N.; Ries, M.; Kedracka, A.; Castillo, A.; Aleandri, S.; Vladymyrov, M.; Mapunda, J.A.; Engelhardt, B.; Luciani, P.;
et al. Open pathways for cerebrospinal fluid outflow at the cribriform plate along the olfactory nerves. Ebiomedicine 2023, 91,
104558. [CrossRef]

9. Mehta, N.H.; Sherbansky, J.; Kamer, A.R.; Carare, R.O.; Butler, T.; Rusinek, H.; Chiang, G.C.; Li, Y.; Strauss, S.; Saint-Louis, L.A.;
et al. The Brain-Nose Interface: A Potential Cerebrospinal Fluid Clearance Site in Humans. Front. Physiol. 2021, 12, 769948.
[CrossRef]

10. Ubeda-Banon, I.; Saiz-Sanchez, D.; Flores-Cuadrado, A.; Rioja-Corroto, E.; Gonzalez-Rodriguez, M.; Villar-Conde, S.; Astillero-
Lopez, V.; Cabello-de la Rosa, J.P.; Gallardo-Alcaniz, M.J.; Vaamonde-Gamo, J.; et al. The human olfactory system in two
proteinopathies: Alzheimer’s and Parkinson’s diseases. Transl. Neurodegener. 2020, 9, 22. [CrossRef]

11. Son, G.; Jahanshahi, A.; Yoo, S.J.; Boonstra, J.T.; Hopkins, D.A.; Steinbusch, H.W.M.; Moon, C. Olfactory neuropathology in
Alzheimer’s disease: A sign of ongoing neurodegeneration. BMB Rep. 2021, 54, 295–304. [CrossRef]

12. Jung, D.H.; Son, G.; Kwon, O.H.; Chang, K.A.; Moon, C. Non-Invasive Nasal Discharge Fluid and Other Body Fluid Biomarkers
in Alzheimer’s Disease. Pharmaceutics 2022, 14, 1532. [CrossRef]

13. Lasser, C.; O’Neil, S.E.; Ekerljung, L.; Ekstrom, K.; Sjostrand, M.; Lotvall, J. RNA-containing exosomes in human nasal secretions.
Am. J. Rhinol. Allergy 2011, 25, 89–93. [CrossRef]

14. Bras, I.C.; Khani, M.H.; Riedel, D.; Parfentev, I.; Gerhardt, E.; van Riesen, C.; Urlaub, H.; Gollisch, T.; Outeiro, T.F. Ectosomes and
exosomes modulate neuronal spontaneous activity. J. Proteom. 2022, 269, 104721. [CrossRef]

15. Frohlich, D.; Kuo, W.P.; Fruhbeis, C.; Sun, J.J.; Zehendner, C.M.; Luhmann, H.J.; Pinto, S.; Toedling, J.; Trotter, J.; Kramer-Albers,
E.M. Multifaceted effects of oligodendroglial exosomes on neurons: Impact on neuronal firing rate, signal transduction and gene
regulation. Philos. Trans. R. Soc. B Biol. Sci. 2014, 369, 20130510. [CrossRef]

16. Ganbat, D.; Jeon, J.K.; Lee, Y.; Kim, S.S. Exploring the Pathological Effect of Abeta42 Oligomers on Neural Networks in Primary
Cortical Neuron Culture. Int. J. Mol. Sci. 2023, 24, 6641. [CrossRef]

17. Shin, S.; Han, D.; Park, M.C.; Mun, J.Y.; Choi, J.; Chun, H.; Kim, S.; Hong, J.W. Separation of extracellular nanovesicles and
apoptotic bodies from cancer cell culture broth using tunable microfluidic systems. Sci. Rep. 2017, 7, 9907. [CrossRef]

18. Shin, K.; Lee, E.; Hong, J.W. Nanoparticles Are Separated in a Different Pattern from Microparticles with Focused Flow Control.
Langmuir 2020, 36, 7210–7216. [CrossRef]

19. Karima, G.; Shin, K.; Jeong, J.; Choi, D.; Hwang, K.-G.; Hong, J.W. Stem Cell Oriented Exosomes Regulate Cell Proliferation in
Hepatoma Carcinoma. Biotechnol. Bioprocess Eng. 2023, 28, 263–273. [CrossRef]

20. Yoo, S.J.; Son, G.; Bae, J.; Kim, S.Y.; Yoo, Y.K.; Park, D.; Baek, S.Y.; Chang, K.A.; Suh, Y.H.; Lee, Y.B.; et al. Longitudinal profiling of
oligomeric Abeta in human nasal discharge reflecting cognitive decline in probable Alzheimer’s disease. Sci. Rep. 2020, 10, 11234.
[CrossRef]

21. Mossink, B.; Verboven, A.H.A.; van Hugte, E.J.H.; Klein Gunnewiek, T.M.; Parodi, G.; Linda, K.; Schoenmaker, C.; Kleefstra,
T.; Kozicz, T.; van Bokhoven, H.; et al. Human neuronal networks on micro-electrode arrays are a highly robust tool to study
disease-specific genotype-phenotype correlations in vitro. Stem Cell Rep. 2021, 16, 2182–2196. [CrossRef] [PubMed]

22. Watts, D.J.; Strogatz, S.H. Collective dynamics of ‘small-world’ networks. Nature 1998, 393, 440–442. [CrossRef] [PubMed]
23. Nicholson, C. Theoretical analysis of field potentials in anisotropic ensembles of neuronal elements. IEEE Trans. Biomed. Eng.

1973, 20, 278–288. [CrossRef] [PubMed]
24. Nicholson, C.; Freeman, J.A. Theory of current source-density analysis and determination of conductivity tensor for anuran

cerebellum. J. Neurophysiol. 1975, 38, 356–368. [CrossRef] [PubMed]
25. Shankar, G.M.; Li, S.; Mehta, T.H.; Garcia-Munoz, A.; Shepardson, N.E.; Smith, I.; Brett, F.M.; Farrell, M.A.; Rowan, M.J.; Lemere,

C.A.; et al. Amyloid-beta protein dimers isolated directly from Alzheimer’s brains impair synaptic plasticity and memory. Nat.
Med. 2008, 14, 837–842. [CrossRef]

https://doi.org/10.1073/pnas.1902513116
https://doi.org/10.1038/s41419-022-05144-6
https://doi.org/10.1016/j.arr.2021.101558
https://doi.org/10.3389/fcell.2020.568889
https://doi.org/10.1016/j.neubiorev.2021.02.027
https://doi.org/10.1073/pnas.0603838103
https://doi.org/10.1038/s41398-019-0459-9
https://doi.org/10.1016/j.ebiom.2023.104558
https://doi.org/10.3389/fphys.2021.769948
https://doi.org/10.1186/s40035-020-00200-7
https://doi.org/10.5483/BMBRep.2021.54.6.055
https://doi.org/10.3390/pharmaceutics14081532
https://doi.org/10.2500/ajra.2011.25.3573
https://doi.org/10.1016/j.jprot.2022.104721
https://doi.org/10.1098/rstb.2013.0510
https://doi.org/10.3390/ijms24076641
https://doi.org/10.1038/s41598-017-08826-w
https://doi.org/10.1021/acs.langmuir.0c00405
https://doi.org/10.1007/s12257-022-0238-y
https://doi.org/10.1038/s41598-020-68148-2
https://doi.org/10.1016/j.stemcr.2021.07.001
https://www.ncbi.nlm.nih.gov/pubmed/34329594
https://doi.org/10.1038/30918
https://www.ncbi.nlm.nih.gov/pubmed/9623998
https://doi.org/10.1109/TBME.1973.324192
https://www.ncbi.nlm.nih.gov/pubmed/4708762
https://doi.org/10.1152/jn.1975.38.2.356
https://www.ncbi.nlm.nih.gov/pubmed/805215
https://doi.org/10.1038/nm1782


Int. J. Mol. Sci. 2023, 24, 14064 15 of 15

26. Sharples, R.A.; Vella, L.J.; Nisbet, R.M.; Naylor, R.; Perez, K.; Barnham, K.J.; Masters, C.L.; Hill, A.F. Inhibition of gamma-secretase
causes increased secretion of amyloid precursor protein C-terminal fragments in association with exosomes. FASEB J. 2008, 22,
1469–1478. [CrossRef]

27. Howitt, J.; Hill, A.F. Exosomes in the Pathology of Neurodegenerative Diseases. J. Biol. Chem. 2016, 291, 26589–26597. [CrossRef]
28. Yuyama, K.; Sun, H.; Mitsutake, S.; Igarashi, Y. Sphingolipid-modulated exosome secretion promotes clearance of amyloid-beta

by microglia. J. Biol. Chem. 2012, 287, 10977–10989. [CrossRef]
29. Bathini, P.; Brai, E.; Auber, L.A. Olfactory dysfunction in the pathophysiological continuum of dementia. Ageing Res. Rev. 2019,

55, 100956. [CrossRef]
30. Doty, R.L. Olfactory dysfunction in neurodegenerative diseases: Is there a common pathological substrate? Lancet Neurol. 2017,

16, 478–488. [CrossRef]
31. Attems, J.; Jellinger, K.A. Olfactory tau pathology in Alzheimer disease and mild cognitive impairment. Clin. Neuropathol. 2006,

25, 265–271. [PubMed]
32. Marin, C.; Vilas, D.; Langdon, C.; Alobid, I.; Lopez-Chacon, M.; Haehner, A.; Hummel, T.; Mullol, J. Olfactory Dysfunction in

Neurodegenerative Diseases. Curr. Allergy Asthma Rep. 2018, 18, 42. [CrossRef]
33. Cho, S.H.; Oh, S.Y.; Zhu, Z.; Lee, J.; Lane, A.P. Spontaneous eosinophilic nasal inflammation in a genetically-mutant mouse:

Comparative study with an allergic inflammation model. PLoS ONE 2012, 7, e35114. [CrossRef] [PubMed]
34. Verret, L.; Mann, E.O.; Hang, G.B.; Barth, A.M.; Cobos, I.; Ho, K.; Devidze, N.; Masliah, E.; Kreitzer, A.C.; Mody, I.; et al.

Inhibitory interneuron deficit links altered network activity and cognitive dysfunction in Alzheimer model. Cell 2012, 149,
708–721. [CrossRef] [PubMed]

35. Vossel, K.A.; Beagle, A.J.; Rabinovici, G.D.; Shu, H.; Lee, S.E.; Naasan, G.; Hegde, M.; Cornes, S.B.; Henry, M.L.; Nelson, A.B.; et al.
Seizures and epileptiform activity in the early stages of Alzheimer disease. JAMA Neurol. 2013, 70, 1158–1166. [CrossRef]

36. Palop, J.J.; Chin, J.; Roberson, E.D.; Wang, J.; Thwin, M.T.; Bien-Ly, N.; Yoo, J.; Ho, K.O.; Yu, G.Q.; Kreitzer, A.; et al. Aberrant
excitatory neuronal activity and compensatory remodeling of inhibitory hippocampal circuits in mouse models of Alzheimer’s
disease. Neuron 2007, 55, 697–711. [CrossRef]

37. Busche, M.A.; Chen, X.; Henning, H.A.; Reichwald, J.; Staufenbiel, M.; Sakmann, B.; Konnerth, A. Critical role of soluble
amyloid-beta for early hippocampal hyperactivity in a mouse model of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2012, 109,
8740–8745. [CrossRef]

38. Busche, M.A.; Eichhoff, G.; Adelsberger, H.; Abramowski, D.; Wiederhold, K.H.; Haass, C.; Staufenbiel, M.; Konnerth, A.;
Garaschuk, O. Clusters of hyperactive neurons near amyloid plaques in a mouse model of Alzheimer’s disease. Science 2008, 321,
1686–1689. [CrossRef]

39. Muller, L.; Kirschstein, T.; Kohling, R.; Kuhla, A.; Teipel, S. Neuronal Hyperexcitability in APPSWE/PS1dE9 Mouse Models of
Alzheimer’s Disease. J. Alzheimer’s Dis. 2021, 81, 855–869. [CrossRef]

40. Zott, B.; Simon, M.M.; Hong, W.; Unger, F.; Chen-Engerer, H.J.; Frosch, M.P.; Sakmann, B.; Walsh, D.M.; Konnerth, A. A vicious
cycle of beta amyloid-dependent neuronal hyperactivation. Science 2019, 365, 559–565. [CrossRef]

41. Li, Y.; Zhu, K.; Li, N.; Wang, X.; Xiao, X.; Li, L.; Li, L.; He, Y.; Zhang, J.; Wo, J.; et al. Reversible GABAergic dysfunction involved
in hippocampal hyperactivity predicts early-stage Alzheimer disease in a mouse model. Alzheimer’s Res. Ther. 2021, 13, 114.
[CrossRef] [PubMed]

42. Andersen, J.V.; Skotte, N.H.; Christensen, S.K.; Polli, F.S.; Shabani, M.; Markussen, K.H.; Haukedal, H.; Westi, E.W.; Diaz-
delCastillo, M.; Sun, R.C.; et al. Hippocampal disruptions of synaptic and astrocyte metabolism are primary events of early
amyloid pathology in the 5xFAD mouse model of Alzheimer’s disease. Cell Death Dis. 2021, 12, 954. [CrossRef] [PubMed]

43. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef]

44. Hilgen, G.; Sorbaro, M.; Pirmoradian, S.; Muthmann, J.O.; Kepiro, I.E.; Ullo, S.; Ramirez, C.J.; Puente Encinas, A.; Maccione,
A.; Berdondini, L.; et al. Unsupervised Spike Sorting for Large-Scale, High-Density Multielectrode Arrays. Cell Rep. 2017, 18,
2521–2532. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1096/fj.07-9357com
https://doi.org/10.1074/jbc.R116.757955
https://doi.org/10.1074/jbc.M111.324616
https://doi.org/10.1016/j.arr.2019.100956
https://doi.org/10.1016/S1474-4422(17)30123-0
https://www.ncbi.nlm.nih.gov/pubmed/17140156
https://doi.org/10.1007/s11882-018-0796-4
https://doi.org/10.1371/journal.pone.0035114
https://www.ncbi.nlm.nih.gov/pubmed/22509389
https://doi.org/10.1016/j.cell.2012.02.046
https://www.ncbi.nlm.nih.gov/pubmed/22541439
https://doi.org/10.1001/jamaneurol.2013.136
https://doi.org/10.1016/j.neuron.2007.07.025
https://doi.org/10.1073/pnas.1206171109
https://doi.org/10.1126/science.1162844
https://doi.org/10.3233/JAD-201540
https://doi.org/10.1126/science.aay0198
https://doi.org/10.1186/s13195-021-00859-8
https://www.ncbi.nlm.nih.gov/pubmed/34127063
https://doi.org/10.1038/s41419-021-04237-y
https://www.ncbi.nlm.nih.gov/pubmed/34657143
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.celrep.2017.02.038
https://www.ncbi.nlm.nih.gov/pubmed/28273464

	Introduction 
	Results 
	Characterization of Exosomes Isolated from the NLF of 5XFAD Mice Using the Flow Amplification Separation Technology (FAST) 
	Altered Neuronal Excitability and Network Connectivity in Primary Cortical Neuron Cultures Stimulated with A42 Oligomers and 5XFAD NLF-Derived Exosomes 
	Differentiating Features of Neuronal Networks in 5XFAD NLF-Treated Neurons 
	The Effects of A42 Oligomers and 5XFAD NLF-Derived Exosomes on the LFP Property and Oscillation in OHSCs 
	Current Source Density (CSD) Analysis to Localize LFP Distribution in OHSCs 

	Discussion 
	Materials and Methods 
	Animals 
	Nasal Lavage Fluid Extraction 
	Nanoparticle Tracking Analysis 
	Exosome Purification 
	Western Blotting 
	Transmission Electron Microscopy 
	A42 Oligomer Preparation 
	Primary Neuron Culture 
	Organotypic Hippocampal Slice Culture 
	Neuronal Spike and LFP Recording with the High-Density Multielectrode Array (HD-MEA) 
	HD MEA Data Analysis 
	Current Source Density (CSD) Analysis 

	Conclusions 
	References

