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Amyloid-3 slows cilia movement
along the ventricle, impairs

fluid flow, and exacerbates its
neurotoxicity in explant culture

Ryota Makibatake, Sora Oda, YoshikiYagi & Hitoshi Tatsumi™*

Alzheimer’s disease (AD) is characterized by extensive and selective death of neurons and
deterioration of synapses and circuits in the brain. The AB1-42 concentration is higher in an AD brain
than in cognitively normal elderly individuals, and AB1-42 exhibits neurotoxicity. Brain-derived AB is
transported into the cerebrospinal fluid (CSF), and CSF flow is driven in part by the beating of cilia and
CSF secretion into ventricles. Ventricles are lined with ependyma whose apical surface is covered with
motile cilia. Herein, we constructed an experimental system to measure the movement of ependymal
cilia and examined the effects of AB1-42 to the beating of cilia and neurons. The circadian rhythm of
the beating frequency of ependymal cilia was detected using brain wall explant-cultures containing
ependymal cilia and neurons; the beating frequency was high at midday and low at midnight. AB1-42
decreased the peak frequency of ciliary beating at midday and slightly increased it at midnight.
AB1-42 exhibited neurotoxicity to neurons on the non-ciliated side of the explant culture, while the
neurotoxicity was less evident in neurons on the ciliated side. The neurotoxic effect of AB1-42 was
diminished when 1 mPa of shear stress was generated using a flow chamber system that mimicked
the flow by cilia. These results indicate that AB1-42 affects the circadian rhythm of ciliary beating,
decreases the medium flow by the cilia-beating, and enhances the neurotoxic action of AB1-42 in the
brain explant culture.

Alzheimer’s disease (AD) is neuropathologically characterized by the deposition of intracellular tau aggregates,
extracellular amyloid beta (AB) deposits, and loss of synapses’. Ap is derived by proteolytic processing of amyloid
precursor protein (APP), resulting in a peptide predominantly 40 or 42 amino acids in length. AB1-42 is more
fibrillogenic than AB1-40, and fibrillization of AP1-42 becomes amyloid deposits in the brain parenchyma?®.
The AP1-42 concentration is higher in AD brains than cognitively normal elderly individuals’, and in the cer-
ebrospinal fluid (CSF) (or plasma)*®. The clearance rates for Aps are lower in subjects with AD compared with
control subjects’.

There are several clearance pathways of Afs in the mammalian brain: phagocytosis, endocytosis, macropi-
nocytosis by different cells (e.g., microglia, astrocytes, and neurons), proteolytic degradation by enzymes (e.g.,
neprilysin), and efflux of APs to the peripheral circulation®. CSF and fluorescently-labeled amyloid-p are trans-
ported along the drainage pathways of the paraventricular veins®®. The ependymal cells lining the ventricular
space have motile cilia, and the defects in the motile cilia obstruct CSF flow®, and affect CSF production at the
choroid plexus!'®. Ependymal cells provide trophic and possibly metabolic support for progenitor cells, and chan-
nel proteins, such as aquaporins, are thought to be important for determining water flux at the ventricle wall'!.
The speed of flow in the paravascular and in the glymphatic system has been reported; the average velocity of
the fluid flow in the paravascular spaces of the mice brain is directly estimated as 17 um/s'?, and the fluid flow
across the glial boundary of the brain tissue is estimated as 2 pum/s".

The CSF production and turnover rates decline during senescence in human, which may result in impaired
clearance of noxious substances (e.g., AP)'*. The choroid plexus secretes CSF into the ventricles, and the choroid
plexus (CP) has the potential to diminish A levels and reduce AB-induced neurotoxicity; the transplantation of
CP epithelial cells (CPECs) into an AD mouse brain revealed a significant reduction in AP deposits in the brain,
which suggests that CPECs are involved in the A clearance system'”.
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Cerebrospinal fluid-contacting (CSF-c) neurons are present in vertebrates, CSF-c expresses GABA and soma-
tostatin. CSF-c neurons respond to both mechanical stimulation and to low pH'®. The ventricular of the brain
is filled by CSF, and the ventricle is lined with ependyma, whose apical surface is covered by motile cilia and
CSF-c neurons. These suggest a possibility that certain class of neurons (e.g., CSF-c) are exposed and probably
response to medium flow directly in the brain.

In the brain of a model mouse of AD (APPswe/PS1deltaE9), a normal sleep-wake circadian cycle in inter-
stitial fluid (ISF) A is seen before AP plaque formation. Following plaque formation, the sleep-wake cycle
markedly deteriorated and circadian cycle dissipated, which is also seen in young adult humans with presenilin
mutations'”!s.

Until now, little has been known about the circadian rhythm in ciliary beating in mammals except the cir-
cadian rhythm of the ciliary beating frequency in human bronchial epithelial cells®. In this study, rat brain wall
explant-cultures containing neurons and ependymal beating cilia were made. The neurons migrated from the
explant were exposed to fluid flow (10 pm/s) induced by the beating of cilia. In vitro explant-culture of neurons
and ependymal ciliary cells was used to examine the effect of medium flow on the neurotoxic action of Ap1-42
in this study. We constructed a high speed imaging system to measure the frequency of the beating cilia, and
observed the circadian rhythm of the beating frequency of ependymal cilia in the ventricle wall of newborn rats.
AB1-42 atlow concentrations affected the circadian rhythm of ciliary beating, and a neurotoxic effect of Ap1-42
was diminished when neurons were exposed to fluid flow induced by the beating of cilia or by flow generated
by a parallel-plate flow chamber system. These results suggest that ABs decreases the peak frequency of ciliary
beating, decreases medium flow, and enhances the AB-neurotoxicity by reducing the medium flow.

Materials and methods

Briefly, Wistar rats (CLEA Japan, Inc., postnatal 4-10 days) were kept under a condition of 12 h light and 12 h
dark. Whole brains were dissected out, and the ventricular walls of the brain ventricles, including the lateral,
third, and fourth ventricles were dissected from 4 to 10-day-old rats, and cut into small fragments (approximately
500 pum cubic size) with scalpel blades after rapid decapitation under cold anesthesia?’. The fragments of the
brain were seeded on a 96-well culture plate (Primaria, Corning Inc., USA) with high glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM), 10% fetal bovine serum (Equitech-Bio, Inc., USA) and penicillin (100 U/mL)-
streptomycin (0.1 mg/mL) (Wako, Japan), and were kept in a 5% CO, incubator (35 °C). The ciliary beating was
observed on one side of the wall of the explant in the majority of the cases, and the neurons and glial cells were
cultured for up to two weeks??. The beating frequency and amplitude were essentially the same throughout the
observation period indicates that these cells were alive and beat cilia during the period (1-14 days), suggesting
that simply culturing the explant does not significantly affect the health of the ependymal cells. Immunostaining
of neurons and glial cells in the explant culture for 7 to 14 days and the live/dead assay of these cells showed that
neurons and glial cells migrated from the explants and these cells were alive and healthy. Differential interference
contrast images also confirmed that these cells were healthy. All the experimental protocols and animal handling
were approved by the Animal Care and Use Committee of Kanazawa Institute of Technology, and follows the
recommendations in the ARRIVE guidelines; thus, all methods were carried out in accordance with relevant
guidelines and regulations.

Measurement of the ciliary beating frequency. Reciprocal movement of the beating cilia in the
explant culture was imaged by a differential interference contrast microscope (Nikon TMD-300) equipped with
a temperature control unit and a cooled CCD camera (Orca-Flash 4.0, Hamamatsu Corporation, Japan); high-
speed time-lapse imaging, 240 images (2048 x 256 pixels)/s, was performed. The explant cultures were stored
under complete darkness in a conventional 5% CO, incubator. The specimens were taken out of the incubator
every four hours and time lapse imaging was performed with an inverted microscope for several minutes.

As shown in the supplementary movie 1, the beating motion of individual cilia was observed under a high-
speed video microscope. The frequency of oscillation of individual cilia was almost identical, and the frequency
of beating cilia was estimated by measuring the brightness of an area (10 um x 10 um) covering several tens of
cilia. The fact that the beating frequency and amplitude were essentially the same throughout the observation
period indicates that these cells were alive and beat cilia during the period (1-14 days). The beating frequency
of the cilia (ciliary beating frequency, CBF)** was measured and analyzed with software (HCimage 4.3.1.3,
Hamamatsu Corporation, Japan, and ImageJ 1.53t Image] NIH, Bethesda, MD, USA); Links https://hcimage.
com/ and https://imagej.nih.gov/ij/download.html. Imaging was performed at 35 °C.

In the separate experiment, brain wall explants with beating cilia were acutely isolated from newborn rats
every 4 h and ciliary beating frequency (CBF) was measured; i.e., six animals were required for a 24-h CBF
analysis.

Reagents for experiments. Synthetic rat AB1-40 and rat AB1-42 (MedChemExpress Inc., USA) were
diluted to the culture medium before use. In a typical experiment, APs were applied to 7-day-old brain explant
culture and imaged daily for 7 days. Ap1-42-conjugated tetramethylrhodamine (TAMRA) (AnaSpec, USA) was
dissolved in ammonium hydroxide (1%) to a final concentration of 400 uM, and diluted into the culture medium
at 0.4 uM before use with non-label Ap1-42 at 3—10 uM. Forty-eight hours after the commencement of the treat-
ment, the specimen was fixed in 4% paraformaldehyde for 10 min at room temperature, and TAMRA-Ap1-42
was visualized with a Nikon fluorescence microscope (DIAPHOT-300 with 10x, 20x, and 40x objective lens,
Nikon). For the quantitative analysis of the neurotoxicity of individual neurons migrated from the brain
explant, neurons were counted. Phosphoramidon (20 uM, Santa Cruz Biotechnology, Santa Cruz, CA, USA),

Scientific Reports |

(2023) 13:13586 | https://doi.org/10.1038/s41598-023-40742-0 nature portfolio


https://hcimage.com/
https://hcimage.com/
https://imagej.nih.gov/ij/download.html

www.nature.com/scientificreports/

a metalloprotease inhibitor was added to the culture medium containing ABs to inhibit neprilysin enzymatic
activity', except where otherwise mentioned in the text.

Staining of samples. For immunocytochemistry, cells were fixed with 4% paraformaldehyde, and incu-
bated overnight at 4 °C with mouse anti-B-III-tubulin (1:100; Promega, USA) and with donkey anti-mouse
IgG 488 (1:100; FluoProbes, USA), which showed the majority of large soma with neurites were neurons. The
shrunken (damaged) neurons were stained with trypan blue 0.04% (30 min treatment) and live/dead staining
kit (Thermo Fisher scientific, USA), which stained the dead neurons in red. The live cells (green) and dead
cells (red) were observed with a confocal microscope (Olympus, Fluoview). The dead neurons were counted
manually*’. We also used the following primary antibodies: anti-GFAP rabbit IgG (1:250, GeneTex GTX108711,
USA) and anti-MAP2 chicken IgY (1:2000, abcam, MA, USA, ab5392). Secondary antibodies were Alexa Fluor
488-conjugated donkey anti-rabbit IgG (1:300, abcam, MA, USA, ab175674), and Alexa Fluor 405-conjugated
goat anti-chicken IgY (1:300, abcam, MA, USA, ab150077).

Devices for controlled shear stress. A concentric parallel-plate rheometers-based flow chamber system
(parallel-plate flow chamber system) was employed to apply controlled shear stress to the brain explant culture;
a glass rod (4 mm ¢) was rotated 10 rpm 1 mm above the bottom of the 96-well culture plate*®. Explant cultures
were placed 1.5 mm away from the center of the rotating axis, which applied nearly uniform shear stress over the
explant tissue and neurons in its vicinity as illustrated in Fig. 4B.

The flow of the medium 10-200 yum above the culture plate was directly measured by imaging the 2 um
polystyrene beads (Polyscience, USA) suspended in the flowing medium, which confirmed the magnitude of
the shear stress; e.g., 15 um/s at 10 um above the culture plate in the vicinity of the beating cilia, correspond-
ing to 1 mPa. Nearly the same shear stress was located to neurons in the vicinity of the beating cilia. This shear
stress is less than 1/1000 of the stress that induces fluid shear stress injury?. In the parallel-plate flow chamber
experiment, sham controls underwent the same protocol except for the rotation of the rod. In some experiment
the experimental setup was modified as shown in Fig. 4B to apply 1 mPa shear stress only to AB1-42-containing
medium; a 4-mm square coverslip was placed 1 mm above the explant culture, which prevents the transfer of
the shear stress to neurons. AB1-42 was applied to the neurons placed behind the coverslip by diffusion and
very slow medium flow (0.4 um/s).

A stage heater (PT-100, Nikon, Japan) maintained a constant temperature (35 °C) and images were taken
with the inverted microscope. The experiments were performed more than three times unless otherwise noted.
Student’s t-test and Two-way (or one-way) ANOVA (Origin ver. 2020b, Origin software, USA) were used in the
statistical analysis; Link, https://www.originlab.com/.

Significance statement. Alzheimer’s disease (AD) is a progressive dementia accompanied by the accu-
mulation of AB1-42 and a decreased clearance rate of AP1-42. Studying the action of APs on the AP clearance
system is important to understand AD development. We report the circadian rhythm of the beating frequency of
ependymal cilia. The beating frequency peaked at midday, and was decreased by AB1-42. Since the ciliary beat-
ing is involved in the clearance system of Ap, the results suggest that the clearance system in the brain is impaired
by AB1-42. In addition, the neurotoxicity of AP1-42 was reduced by cilia-mediated flow; Ap1-42 accordingly
enhances AP1-42 neurotoxicity by reducing the flow.

Results

The inhibitory action of ABs on the circadian rhythm of the beating frequency of ependymal
cilia. The beating frequency of the ependymal cilia of rat explant brain tissue cultures of the ventricular walls
was measured over four consecutive days (see more materials and methods), which revealed a cyclic pattern; the
frequency peaked at noon each day (48 + 1.9 Hz, n= 16 explant cultures) and decreased at midnight (36 £ 1.6 Hz,
n=16). Fourier analysis showed a period of 25.5 h (n=16), indicating the presence of a circadian rhythm of the
ciliary beating frequency under the explant culture condition (Fig. 1). This circadian rhythm was stably observed
for 14 days. The fact that the beating frequency and amplitude were essentially the same throughout the obser-
vation period indicates that these cells were alive and beat cilia during the period (1-14 days), suggesting that
simply culturing the explant does not significantly affect the health of the ependymal cells.

Furthermore, brain wall explants with beating cilia were acutely isolated from new born rats every 4 h and
ciliary beating frequency (CBF) was measured, which showed the circadian rhythm with a cycle length of 24 h
(Fig. 1G) (data collected from three independent experiments). After 2 days of storage in explant culture, the
circadian rhythm of CBF peaked at noon (Fig. 1F), suggesting the existence of a circadian rhythm not only
in vitro but also in vivo.

In the presence of AB1-42, the circadian rhythm of CBF was obscured within 9 days, as the maximum CBF
gradually decreased and the minimum CBEF slightly increased. There was a difference of 12 Hz (from 36 to
48 Hz), named the amplitude of the rhythm, in the control condition, but it decreased to a few Hz in Ap1-42.
The amplitude of the circadian rhythm of CBF decreased in a dose-dependent manner and was halved at about
3 nM (Fig. 1). AP1-40 also decreased the amplitude of the circadian rhythm, as shown in Fig. 1, and was halved
at 0.3 uM, showing that AB1-42 is two orders of magnitude more potent. It should be noted that both Ap1-42
and AB1-40 did not stop the beating itself; 40 Hz ciliary beating with almost the same amplitude was observed.
The cycle length of the circadian rhythm (ca. 24 h) was apparently unaffected by AB1-42 (1 nM to 1 uM) and
AB1-40 (10 nM to 1 uM).
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Figure 1. Inhibitory action of ABs on the circadian rhythm of the ciliary beating frequency. (A) A schematic
drawing of the brain explant culture from the brain wall. Neurons migrated from the brain explant are illustrated
schematically. CS, ciliated side; NS, non-ciliated side. (B) The circadian oscillation of the frequency of the ciliary
beating in the control medium. (C) The circadian oscillation in 10 nM AP1-42. (D) The circadian oscillation
and in 1 uM AB1-40. The vertical axis is the ciliary beating frequency (CBF) and the horizontal axis is the time
(days) from the start of imaging (2-3 days after making the explant culture). Black bars denote the night-time
(6:00 p.m.-6:00 a.m.). The ependymal cilia were kept under a constant condition (35 °C, 5% CO, concentration,
in total darkness) and the frequency of beating was measured every 4 h with the optical microscope. Each

color denotes an individual explant culture. The CBF of 16 explant cultures was recorded on day 0 and 14
cultures on day 7 in panel (B). The inset in panel C shows typical ciliary cells on the wall of a chemically fixed
explant culture. Bar, 10 um. (E) The concentration dependent inhibitory action of ABs on the amplitude of the
circadian rhythm. The amplitude of the circadian rhythm (i.e., the difference between the maximum and the
minimum frequency of the ciliary beating) was measured on day 7 in the control medium and under different
concentrations of AB1-42 (red) and AP1-40 (blue). Error bars denote the standard deviation of the mean (the
number of data points shown near the bar). (F) The CBF recorded from these pieces of acutely dissected brain
tissue showed a circadian rhythm with a 24-h period. Each color corresponds to the CBF of a piece of dissected
brain tissue with ependymal cilia prepared at 12:00. (G) The distribution of CBF recorded from acutely dissected
brain tissue with ependymal cilia when the dissection was made every four hours. Each point corresponds to

a piece of dissected brain tissue. Timepoints of the first 12:00-12:00 (24 h) have been duplicated to facilitate
viewing of the time curve. N denotes the number of culture wells. Image analysis by HCimage and Image].

Neurotoxicity of AB1-42 was detected in neurons of the brain explant culture, but was less
evident in neurons in the vicinity of beating cilia. Neurons with neurites migrated from the brain
explant and were distributed uniformly on the bottom surface of the culture wells as shown in Fig. 2A. The aver-
age density of migrated neurons on the ciliated side of the culture within 100 pm from the surface of the explant
culture was 885+ 267 cells/mm? (n=5) and on the non-ciliated side was 1011 +275 cells/mm? (n=>5), with no
significant difference between the two sides (schematically illustrated in Fig. 1A). The number of migrated cells
gradually decreased with the distance from the surface of the explant. The results of immunostaining and live/
dead assays on the brain explant after 7 to 14 days of culture showed that neurons and glial cells were alive and
had migrated from the explant. The reduced height of the explant during this time, likely due to the migration of
these cells, indicates that they were in good health.

In the presence of AB1-42 (3-25 uM for 7 days), the number of round-shaped neurons increased, especially
on the non-ciliated side of the explant culture. The mean percent of round-shaped neurons on the ciliated side of
the culture within 100 pm from the surface of the explant culture was 8.03 +5.93% (n =4), which was significantly
(p=0.02, t-test) less than 20.0+3.70% (n=4) on the non-ciliated side in the presence of 10 uM APB1-42. These
values were 4.10+3.50% (n=5) and 6.47 +3.48% (n=>5), respectively, in the control experiment without Ap1-42.
Time-lapse imaging of the neurons showed the neurites were retracted in Ap1-42 (Fig. 2B). The round-shaped
neurons were stained with trypan blue (TB) and stained “red” with live/dead staining kit, and many granules
were found in the cell body in the differential interference contrast (DIC) images (Fig. 2D). The concentration
of AB1-42 (10 uM) was 2 orders higher than the concentration (0.03 uM) that affected the circadian rhythm of
ciliary beating frequency. On the other hand, A 1-40 (1 to 10 uM) had no significant toxic effect on the neurons.
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Figure 2. Neurotoxic effects of AP1-42 observed in the explant culture. (A) Fluorescence images of tubulin
BIII positive neurons migrated from the explant; images are from the area 0.5 mm up and down, left and right
of the schematically illustrated explant. (B) Typical time-lapse images of neurites retracted in 10 uM Ap1-42
(time-lapse images were taken at 1, 2, 3, 4, 5, and 13 h from left to right). The soma is shown by the arrows. (C)
A typical shrunken neuron in 3 uM AP1-42 for three days is positive for tubulin BIII (left) and superimposed
on the DIC image (right). Neurons in the control medium in the same notation (lower panels). (D) TB-positive
shrunken cells in the explant culture in the Aps. DIC images of explant culture of the control (upper), Ap1-42
(3 uM, middle), and AP1-40 (3 uM, lower). Live (green) and dead (red) cell staining of neurons superimposed
on the DIC images (10 pM AB1-42 for four days, bottom) on the cilia side (left column) and non-cilia side
(right column). (E) A typical explant culture treated with AB1-42 (10 uM) and RAP1-42 (0.4 uM). (a) DIC
image of an explant culture. The yellow arrow shows a typical shrunken cell. (b) Fluorescence image of RAB1-
42. The shrunken cell positive for RAB1-42 is pointed by the arrow. (c) Neurons on the ciliated side are positive
for MAP-2 (blue). Small fraction of neurons positive for RAB1-42 (magenta) shown by an arrow. (d) Neurons
on the non-ciliated side are positive for MAP-2 and RAP1-42. The green line shows the ependymal cilia cells
(aandb). (F) (a)The distribution of RAP1-42 plotted in the polar coordinate system of the explant culture;

the fluorescence intensity of RAB1-42 in the area 100 pm from the edge of the explant culture was plotted.

N =3 culture wells. The inset is an illustration of an explant culture and RAB1-42 positive cells (red dots) and
the assignment of the angle; the polar coordinate system of the explant culture is divided into 12 sections [
0,30), [ 30, 60) ..., [ 330, 360); the center of the ciliated area is assigned 180 degrees. (b) The individual bar
denotes the distribution of beating cilia. The fluorescence intensity of RAB1-42 on the non-ciliated area is
significantly higher than that on the ciliated area control (p=0.006, one-way ANOVA test, Origin ver. 2020b).
(G) fluorescence image of RAP1-42 positive cells of an explant culture that had no ciliated cells. Bars are 50 pm
(panel a) and 30 pm (panels C), 100 pm (panels B and D), 500 pm (panels E a and b), 50 um (panels E c and d),
and 300 pm (panel G). N denotes the number of culture wells.

Round-shaped neurons with shrunken soma (named shrunken cells) on the non-ciliated side of the explant
culture (Fig. 2C) were stained with rhodamine-labeled AB1-42 (RAP1-42) (Fig. 2E). The RAP1-42-positive
neurons were distributed on the non-ciliated side (Fig. 2Ed), and the chance to find RAP1-42-positive neurons
was diminished on the ciliated side (Fig. 2Eb and F). In addition, the RAP1-42 inside the explant brain tissue
showed neurons near the beating cilia were less stained than neurons in the other parts of the explant tissue
(Fig. 2Eb). This suggests that AB1-42 is taken up by the neurons on the non-ciliated side, while AB1-42 is less
efficiently taken up by neurons on the ciliated side (Fig. 2Ec and d). When the brain explant cultures of the non-
ciliated part of the brain near the ventricle wall were treated with RAB1-42, RAB1-42-positive shrunken cells
were uniformly distributed inside and outside the explants (Fig. 2G).

Analysis of the medium flow by cilia and its effect on the neurotoxic action of AB1-42. On the
ciliated side of the explant culture, the speed of the flow at 10 um above the migrated neurons was 22 pm/s in the
vicinity of the beating cilia (Fig. 3A), which is in the same order of magnitude as reported recently”. The flow
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Figure 3. Analysis of the toxic effect of AP1-42 diminished on the ciliated side of the explant culture. (A) A flow map
of the medium around a brain explant with beating cilia. The flow directions are indicated by arrows. The length of the
arrow denotes the speed of flow estimated by particle tracking at 110 um above the substrate for 1 s. (B) The speed of
the flow along the x-axis at 10 um above the substrate; the speed is high near the beating cilia (x=0) and declines with
distance from the explant. N=3. Bars denote the standard deviation of the mean. (C) The distribution of the speed of
the flow at 10 um above the substrate plotted in the polar coordinate system of the explant culture (inset). N=3. Bars
denote the standard deviation of the mean. (D) The neurotoxic effect of AB1-42 was augmented by phosphoramidon
(20 uM). The number of TB-positive cells in mm? in 10 WM AB1-42 on the ciliated side of the explant culture (10c),
in 10 pM AB1-42 on the non-ciliated side of the explant culture (10nc), the number of TB-positive cells in 10 uM
AP1-42 with 20 uM phosphoramidon on the ciliated side (10cP), and that on the non-ciliated side (10ncP). The
number of TB-positive cells in 1 mm? on the non-ciliated side is higher than that on the ciliated side, and that in
phosphoramidon is significantly higher than that in the control (p=0.04, two-way ANOVA test). (E) The dose-
dependent increase in the neurotoxicity of AB1-42 on the non-ciliated (blue triangle), ciliated side (black squares),
and the intermediate area (red circles) between the ciliated and non-ciliated sides of the explant culture. These regions
are shown in the inset; “c” cilia, “I” intermediate (20 degrees in the polar coordinate system), and “n” non-cilia regions.
The number of data points is shown in the figure. The number of shrunken cells in 1 mm? on the ciliated, non-
ciliated, and intermediate area was significantly different (p=9.6x 1077, two-way ANOVA test), supporting the idea
that the flow affects the AB1-42 neurotoxic action. (F) Time-dependent increase in the neurotoxicity of AB1-42 on
the non-ciliated (blue triangle), ciliated side (black squares), and the intermediate (red circles) region. The number

of data points is 5 (except 3 on day 12). The interaction between the time-dependent increase in the toxic effect of
AP1-42 and the flow level was not significant, suggesting that the time delay of the AB1-42 neurotoxic action was not
apparently affected by the medium flow. (G) When the explant brain tissue was removed from the bottom and 25 yM
AP1-42 was applied, a nearly uniform distribution of shrunken cells was seen in the polar coordinate system of the
explant culture. Inset image, the circle denotes the position of the pre-existing explant, and the green line denotes the
distribution of pre-existing beating cilia. Bar denotes 500 um. The number of shrunken cells within the area 100 um
from the edge of the explant culture was counted. N=6. Inset graph, the number of shrunken cells increased from 7
to 14 days culture within 350 um from the edge. The horizontal bars at the bottom denote the distribution of beating
cilia in the polar coordinate system. These distributions of the number of shrunken cells are not dependent on the
pre-existing cilia of the removed explant. (H) The distribution of shrunken cells in the polar coordinate system of

the explant culture in 25 uM AP1-42. The number of shrunken cells in the area 100 um from the edge of the explant
culture was counted. The inset shows the polar coordinate system and the assignment of the angle. (I) The distribution
of shrunken cells in the area 100-350 pm from the edge of the same set of explant cultures in (H). N=6. (J) The
horizontal bars denote the distribution of beating cilia in the polar coordinate system. The number of shrunken cells
in the ciliated area is lower than that of the non-ciliated direction in panel (H) (p=5.8x 10>, two-way ANOVA test).
N denotes the number of culture wells. Statistical analyses by Origin ver. 2020b.
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Figure 4. Effects of artificially generated medium flow to neurons migrated from the explant brain tissue
culture with Ap1-42. (A) The flow map of the medium along the z-axis of the explant brain tissue culture with
beating cilia shows that the speed of flow in the vicinity (ca. 10 um) of the beating cilia is high at around 100 um
from the bottom where the beating of cilia was detected and is low at the bottom of the culture plate. N=3. (B)
(a) A schematic drawing of the parallel plate flow chamber and an explant culture. H=1 mm, R=2 mm, and
L=3 mm. The arrow shows the position of the brain explant. (b) A 4-mm square coverslip was placed 1 mm
above the neurons. (C) The distribution of shrunken cells in 10 uM AB1-42 under 1 mPa shear stress in the
area 100 um from the edge of the explant culture in the polar coordinate system. The inset in panel (C) shows

a typical DIC image of the explant culture in 10 uM AB1-42 under shear stress for four days. The inset in (D)
shows the explant culture of the sham control. Red dots denote the location of the shrunken cells. The green line
denotes the area of ciliary cells found. Bar, 500 um. The distribution of shrunken cells on the ciliated or on the
non-ciliated side was significantly different. The distribution of shrunken cells in the presence or absence of the
artificial flow was also significantly different (p =0.04, two-way ANOVA test, Origin ver. 2020b). (E) Shear force
dependent decrease in the neurotoxic action of AP1-42 (10 pM). Vertical axis, number of dead cells/mm? on
the non-ciliated side (red circles) and ciliated-side (black circles), and horizontal axis, shear stress. N =3, except
N =1 at 0.3 mPa (N denotes the number of culture wells).

was greatly diminished at 300 um away from the beating cilia (Fig. 3A) and was not detected on the non-ciliated
side (Fig. 3B, C). The neurotoxic effects of AB1-42 were observed in neurons on the non-ciliated side and were
reduced in neurons on the ciliated side when migrated neurons within 100 um from the explant tissue exposed
to flow (> 15 um/s) were examined (Fig. 3H). On the other hand, the neurotoxicity of AB1-42 was almost uni-
formly observed (Fig. 3I) in neurons 100-350 pm away from the explanted tissue exposed to a lower magnitude
of flow. The distribution of beating cilia is shown in Fig. 3].

When explant tissue with beating cilia was removed from the culture plate and Ap1-42 was applied, AB1-42
neurotoxicity was uniformly detected (Fig. 3G). This indicates that neurons migrated from regions of the
explanted brain tissue are sensitive to AB1-42 irrespective of the original position of neurons before migration.

The dose-dependent effect of AB1-42 was detected in neurons in areas with or without cilia and the inter-
mediate area (see illustration in Fig. 3E). The dose-dependent toxic effect of AB1-42 was detected with nearly
the same half-maximum concentration (Fig. 3E). The time-dependent effect of AP1-42 was examined in the
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same way; the time dependent development of the toxic effect was nearly the same in all three areas (Fig. 3F),
suggesting that the time dependent process of the AB1-42 neurotoxic action was not apparently affected by the
medium flow.

The neurotoxic effect of Ap1-42 was augmented by phosphoramidon (20 uM), a neprilysin inhibitor, on both
the ciliated and non-ciliated side of the explant culture (Fig. 3D), supporting that oligomerized AB1-42 was toxic
in the explant cuture as has been reported®.

Effects of the artificial flow on the AB1-42 neurotoxicity. The profile of the flow speed of the
medium generated by beating cilia was measured at heights of 10-200 um above the migrated neurons (at a
distance of 10 um from the beating cilia) in order to estimate the shear stress to the neuron on the glass surface.
The flow speed increased with increasing distance from the bottom in the range of 0-100 um and decreased
(100-200 pum) as shown in Fig. 4A. The flow speed was 15 pm/s at 10 um above the bottom of the culture dish,
which corresponds to a shear stress of 1 mPa (drag force acts on the cell surface). Shear stress (0-1 mPa) was
artificially generated by the parallel-plate flow chamber system to mimic the flow by cilia (Fig. 4B), and the effect
of shear stress on neurons was examined.

When the explant culture neurons were subjected to a shear stress of 1 mPa for 4 days, the shape of the
explant culture, beating frequency of the cilia, and the distribution of neurons migrated from the brain explant
were not affected. In the presence of Ap1-42, the density of the shrunken cells on the non-ciliated side was
decreased (Fig. 4C) compared with the sham controls that underwent the same protocol except for rotating
the rod (Fig. 4D). The neurotoxic effect of agitated AB1-42-containing medium used to apply shear stress was
observed after 4 days of treatment, indicating that AB1-42 retained its neurotoxicity even under shear stress, but
neurotoxic action on neurons was weakened by the artificial flow. A dose-dependent reduction in the neurotoxic
effects of AB1-42 was seen at shear stresses ranging from 0.03 to 0.3 mPa, with the effect saturating at shear stress
above 0.3 mPa (n=3) (Fig. 4E).

The conformation of AB1-42 might be changed by flow®’, which may affect the AB-neurotoxicity for short
period of time (e.g., minutes to hours). The experimental setup was modified as shown in Fig. 4Bb to apply
1 mPa of shear stress not to the neurons but to the AB1-42-containing medium. In this setup, AB1-42 spread
diffusively over the neurons placed behind the coverslip within 5 min. The neurotoxic effect of Ap1-42 was
observed (Supplemental Fig. 1S) in a similar way to the sham control, supporting the idea again that the agitated
AP1-42 retained its neurotoxic action.

Discussion

The circadian rhythm of the ciliary beating frequency (CBF) of rat ependymal cilia of an explant brain tissue
culture was detected. The beating frequency was high during the period of sleep (midday) and was low during
the period of being awake (midnight), if rats were assumed to be alive. AB1-42 reduced the peak frequency of the
beating at midday, resulting in the circadian rhythm becoming obscure. AB1-40 also reduced the amplitude of
the circadian rhythm but with less potency. AB1-42 exhibited neurotoxicity to neurons on the non-ciliated side
of the explant culture, while the neurotoxicity was less evident on neurons on the ciliated side. This observation
was reinforced by the fact that neurons on the non-ciliated side were stained by rhodamine-labeled AB1-42 but
neurons on the ciliated side were less stained. The neurotoxic effect of AB1-42 on neurons on the non-ciliated
side was diminished when neurons were exposed to shear stress of 1 mPa generated artificially by the parallel-
plate flow chamber system, which mimics the medium flow by cilia. These results demonstrate that Ap1-42
affects the circadian rhythm of the ciliary beating of the ependymal cilia, and decreases the beating frequency of
the cilia approximately 10% during sleeping period, which decreases the fluid flow. These observations suggest
the possible enhancement of the Ap1-42 neurotoxicity by Ap1-42 itself in the brain explant culture by reducing
the medium flow. These AP effects may play a role in the brain in vivo as discussed below.

Brain-derived AP can be transported into the peripheral pool via the brain blood barrier (BBB), blood-CSF
barrier, arachnoid villi, or the glymphatic-lymphatic pathway’. The AP concentration in the brain is ca. 10° times
higher than CSF>7*. When a certain fraction of Ap is transported to the peripheral pool via CSE, brain-derived
AR is diluted in CSF and transported/diffused to the CSF absorption clearance system (e.g., via arachnoid villi,
the blood-CSF barrier, or the glymphatic-lymphatic pathway). Therefore, at least the following three factors are
important for AP clearance from the brain (1) the total volume of CSF (or production of CSF by choroid plexus)
for AP dilution, (2) mixing of CSF by ciliary beating for Ap diffusion/dilution, and (iii) the CSF absorption/
clearance system. Ideas (1) and (2) are supported by the observation that the transplantation of choroid plexus
epithelial cells into an AD model mouse brain, which revealed a significant reduction in brain Ap deposits'>. The
motile cilia beating generates localized CSF flow. It has been proposed that local CSF flow generated by highly
motile cilia clears debris from the ventricle walls as well as enhances mixing®’.

In live mice, natural sleep is associated with a 60% increase in the interstitial space, resulting in a marked
increase in convective exchange between CSF and ISF, which increased the rate of Ap clearance during sleep®.
This presumably causes the amount of AP levels in the ISF to be high while awake and low while asleep®. Our
observations of the circadian rhythm in the CBF of rat ependymal cilia is consistent with the above idea that the
high-frequency beating during the sleep period of the rat (midday) is associated with an increase in the rate of
AP clearance. The low-frequency beating during the awake period (midnight) is associated with a decrease in
the rate of clearance, causing the accumulation of Ap1-42 and reduction in the CSF medium flow. These changes
will lead to a decrease in the ISF/CSF circulatory system, which may enhance AB1-42 toxicity. These ideas are
supported by the fact that the stasis of flow is observed in the brain of the animal model of hydrocephalus, and
deposits of Ap1-42 is facilitated®.
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Increased APs in CSF during the very early phase of cerebral AB deposition in mouse AD models has been
recently reported®. The AB1-42 concentration in APP24 AD model mice increases from 10,000 to 13,000 pg/
mL*, which corresponds to an increase from 2.2 to 2.8 nM. This increase in the AP1-42 concentration may affect
the circadian rhythm of the ciliary beating, according to our observations, and we consider a new possibility that
the increase in AP1-42 in the early phase of AD reduces the peak frequency of the cilia beating and decreases the
rate of AP clearance during sleep, and leads to accumulation of AP1-42 in the brain as well as it enhances the Ap
neurotoxicity. If the circadian rhythm in CSF flow affects the awake and sleep pattern, then the inhibitory effect
of AP1-42 on the circadian rhythm in the ciliary beating may also be involved in the sleep pattern disturbance
in AD model animals* and in AD patients®*®. With the technological development of non-invasive recording of
ependymal cilia beating® in vivo, where a very small magnetic particle is attached to the beating cilia and the
movement of the particle is detected with a very sensitive magnetic sensor, SQUID magnetic gradiometer placed
above the animal’s head. With this system and injection of Af into the brain ventricles, we will be able to study
the relationship between the disruption of the circadian rhythm in ependymal cilia beating by AP, sleep disrup-
tion, and AP accumulation in the brain parenchyma under in vivo conditions. At present the precise cellular and
molecular mechanism of the circadian rhythm of CBF has not been elucidated. Our specimen did not contain
the suprachiasmatic nucleus, the circadian center of the brain. Thus, the rhythm may be driven by astrocytes®®
or by ciliated ependymal cells themselves.

AB1-42 is neurotoxic, but the neurotoxicity was reduced on the ciliated side, where neurons were exposed
to flow generated by the beating of cilia or by the parallel-plate flow chamber system. AB1-42 retained its neu-
rotoxic effect under shear stress under our experimental conditions. These results suggest that neurons exposed
to the flow become resistant to the neurotoxicity of AB1-42. The diminished neurotoxic action of AB1-42 was
detected under the artificial flow causing shear stress more than 0.1 mPa (1.5 um/s at 10 um above the substrate).
The average velocity of the fluid flow in the paravascular spaces of the mice brain is directly estimated at 17 um/
s'2, and the fluid flow across the glial boundary of the brain tissue is estimated at 2 um/s". Assuming the flow
in the brain tissue is 2 pm/s at 10 pm above the substrate (the steepest part of the dose-response curve), slight
flow decline (ca. 10%) by APs possibly enhances the neurotoxic action of APs. A recent investigation of the fine
structure of live brain extracellular space shows 80-270 nm between cells*’, and the flow rate (2-200 nm/s)?*’
through the narrow space is estimated*’, which suggest that neurons exposed to fluid shear stress in the 0.04 to
4 mPa range, assuming the radius of the cylindrical path, 140 nm. Thus, the shear stress (0.1 to 1 mPa) exam-
ined in this study may affect the neurotoxic action of AB1-42 in the in vivo brain. Neurons are very sensitive
for shear stress compared with well-studied endothelial cells, since large chronic shear stress (sub Pa) affects the
endothelial cells*"2,

The concentration in the medium is considered to be relatively stable and uniform due to the following
reasons; oligomers of AB1-42 have large diffusion constants due to their small size (roughly in the range of a
few nm, size of low-molecular-weight proteins)*}; neurons are uniformly distributed, and AB1-42 was taken up
almost exclusively by neurons; in addition, no significant adsorption of Ap to the glass surface (cell substrate)
was observed in this study. Neurons are uniformly distributed, and Ap1-42 was accumulated almost exclusively
in neurons with/without media flow. We did not find that certain types of neurons were selectively damaged
by AP1-42 under these experimental conditions (Fig. 2D and E). The distribution of rhodamine-Af1-42 on
the coverslip was examined. Two pL of culture medium from the explant cultured for four days with 0.4 uM
rhodamine-labeled Af1-42 and 10 pM unlabeled AP1-42 was added to a small observation chamber. AB1-42
bound to the coverslip and fluorescent spots corresponding to monomer and oligomer of rhodamine-labeled
AB1-42 were detected. The fluorescent spots of AB1-42 were randomly distributed and covered the surface of
the coverslip (Supplemental Fig. 2S), supporting the idea that AB1-42 was uniformly distributed in the culture
medium, thus AB1-42 was probably homogeneously distributed in the culture medium, and bound to the neu-
rons at the bottom of the culture dish. Therefore, it is not likely that the uneven distribution of A in the culture
medium could cause high neuronal cytotoxicity on the non-ciliated side by increasing the local concentration
of AP1-42. The oligomers of AB1-42 (especially small ones) mentioned above may interact with a high-affinity
receptor for AP1-42 as reported in the preceding study** and may have neurotoxic effects.

The results in Fig. 4 suggest that flow itself does not interfere with the neurotoxicity of Ap. Flow rather
increases the chance of the binding agonist and receptors in a certain cases®. Thus, these observations regarding
flow cannot account for the decrease in the accumulation of AP in neurons on the ciliated side.

The cellular and molecular mechanism behind this inhibitory action of medium flow are not known at pre-
sent. However, several possible effects of gentle flow on neurons are known. When cells were cultured under
continuous flow, the neurite outgrowth during the differentiation of neural progenitor cells is augmented*®. The
continuous media flow may facilitate the supply of oxygen and nutrients, thereby protecting neurons from the
neurotoxicity of Ap1-42.

Amyloid-B-induced neuronal hyperexcitability is reported*”*%. The neurons migrated from explant brain
tissue may include CSF-c neurons which express GABA and somatostatin'®. The fluid flow elicits action poten-
tials in these neurons. Combining these studies suggest a possibility that ciliary beating elicit fluid flow, activate
CSF-c neurons, diminish the Ap1-42 induced hyperexcitation in neurons which receive GABAergic inhibitory
input from the CSF-c neurons. It may be worth pointing out other possible mechanisms, which include: (1) the
association of exosomes with AB*, crucial for Ap-neurotoxicity, might be inhibited by flow; (2) flow may modify
the AB1-42 (or the AB-exosome) binding to neurons, uptake at the cell surface, and diminish the Ap1-42 neu-
rotoxicity. These possibilities should be explored in future studies.

In this study, cilia maintained their rhythm for as long as 14 days in vitro. ATP-dependent sliding of micro-
tubules and beating is demonstrated in the Triton-extracted axoneme®, and ATP-dependent ciliary beating was
also observed in Triton-treated rat ependymal cells in long-term culture. These suggest that the ciliary beating
mechanism functions stably under long-term culture conditions and is dependent on ATP-dependent sliding,
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and generally ATP levels are stably regulated in cells. These may explain why cilia maintain their rhythm for days
in vitro. Little is known about the regulation of ciliary beating by endogenous biomolecules, e.g., neurotransmit-
ters and peptides®. The present study adds new knowledge to the limited scientific literature on the regulation
of ciliary beating.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 2 December 2022; Accepted: 16 August 2023
Published online: 21 August 2023

References

1.

Toledo, J. B. et al. Factors affecting Abeta plasma levels and their utility as biomarkers in ADNI. Acta Neuropathol. 122, 401-413.
https://doi.org/10.1007/s00401-011-0861-8 (2011).

2. Dahlgren, K. N. et al. Oligomeric and fibrillar species of amyloid-beta peptides differentially affect neuronal viability. J. Biol. Chem.
277, 32046-32053. https://doi.org/10.1074/jbc.M201750200 (2002).

3. Wang, J., Gu, B. J., Masters, C. L. & Wang, Y. J. A systemic view of Alzheimer disease—Insights from amyloid-beta metabolism
beyond the brain. Nat. Rev. Neurol. 13, 612-623. https://doi.org/10.1038/nrneurol.2017.111 (2017).

4. Shaw, L. M. et al. Cerebrospinal fluid biomarker signature in Alzheimer’s disease neuroimaging initiative subjects. Ann. Neurol.
65, 403-413. https://doi.org/10.1002/ana.21610 (2009).

5. Sunderland, T. et al. Decreased beta-amyloid1-42 and increased tau levels in cerebrospinal fluid of patients with Alzheimer disease.
JAMA 289, 2094-2103. https://doi.org/10.1001/jama.289.16.2094 (2003).

6. Nakamura, A. et al. High performance plasma amyloid-beta biomarkers for Alzheimer’s disease. Nature 554, 249-254. https://doi.
org/10.1038/nature25456 (2018).

7. Mawuenyega, K. G. et al. Decreased clearance of CNS beta-amyloid in Alzheimer’s disease. Science 330, 1774. https://doi.org/10.
1126/science.1197623 (2010).

8. Iliff, J. J. et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes,
including amyloid beta. Sci. Transl. Med. 4, 147111. https://doi.org/10.1126/scitranslmed.3003748 (2012).

9. Goriely, A. et al. Mechanics of the brain: Perspectives, challenges, and opportunities. Biomech. Model Mechanobiol. 14, 931-965.
https://doi.org/10.1007/s10237-015-0662-4 (2015).

10. Narita, K., Kawate, T., Kakinuma, N. & Takeda, S. Multiple primary cilia modulate the fluid transcytosis in choroid plexus epithe-
lium. Traffic 11, 287-301. https://doi.org/10.1111/j.1600-0854.2009.01016.x (2010).

11. Del Bigio, M. R. Ependymal cells: Biology and pathology. Acta Neuropathol. 119, 55-73. https://doi.org/10.1007/s00401-009-0624-y
(2010).

12. Bedussi, B., Almasian, M. & de Vos, J. Paravascular spaces at the brain surface: Low resistance pathways for cerebrospinal fluid
flow (vol 38, pg 719, 2017). J. Cerebr Blood Flow Met. 38, 746-746. https://doi.org/10.1177/0271678x18758266 (2018).

13. Romano, E, Suresh, V., Galie, P. A. & Grotberg, J. B. Peristaltic flow in the glymphatic system. Sci. Rep. 10, 21065. https://doi.org/
10.1038/541598-020-77787-4 (2020).

14. Rubenstein, E. Relationship of senescence of cerebrospinal fluid circulatory system to dementias of the aged. Lancet 351, 283-285.
https://doi.org/10.1016/S0140-6736(97)09234-9 (1998).

15. Bolos, M. et al. Choroid plexus implants rescue Alzheimer’s disease-like pathologies by modulating amyloid-beta degradation.
Cell. Mol. Life Sci. CMLS 71, 2947-2955. https://doi.org/10.1007/s00018-013-1529-4 (2014).

16. Jalalvand, E., Robertson, B., Wallen, P. & Grillner, S. Ciliated neurons lining the central canal sense both fluid movement and pH
through ASIC3. Nat. Commun. 7, 10002. https://doi.org/10.1038/ncomms10002 (2016).

17. Roh, J. H. et al. Disruption of the sleep-wake cycle and diurnal fluctuation of beta-amyloid in mice with Alzheimer’s disease
pathology. Sci. Trans. Med. 4, 150ral22. https://doi.org/10.1126/scitranslmed.3004291 (2012).

18. Kang, J. E. et al. Amyloid-beta dynamics are regulated by orexin and the sleep-wake cycle. Science 326, 1005-1007. https://doi.
org/10.1126/science.1180962 (2009).

19. Rusznak, C., Devalia, J. L., Sapsford, R. J. & Davies, R. J. Circadian rhythms in ciliary beat frequency of human bronchial epithelial
cells, in vitro. Respir. Med. 88, 461-463 (1994).

20. Repic, T., Madirazza, K., Bektur, E. & Sapunar, D. Characterization of dorsal root ganglion neurons cultured on silicon micro-pillar
substrates. Sci. Rep. 6, 39560. https://doi.org/10.1038/srep39560 (2016).

21. Gabrion, J. B. et al. Ependymal and choroidal cells in culture: Characterization and functional differentiation. Microsc Res. Tech.
41, 124-157. https://doi.org/10.1002/(SICI)1097-0029(19980415)41:2%3c124:: AID-JEMT3%3e3.0.CO;2-U (1998).

22. Humpel, C. Organotypic brain slice cultures: A review. Neuroscience 305, 86-98. https://doi.org/10.1016/j.neuroscience.2015.07.
086 (2015).

23. Meste, O., Brau, FE. & Guyon, A. Robust estimation of the motile cilia beating frequency. Med. Biol. Eng. Comput. 53, 1025-1035.
https://doi.org/10.1007/s11517-015-1345-0 (2015).

24. Mironova, E. V,, Evstratova, A. A. & Antonov, S. M. A fluorescence vital assay for the recognition and quantification of excitotoxic
cell death by necrosis and apoptosis using confocal microscopy on neurons in culture. J. Neurosci. Methods 163, 1-8. https://doi.
org/10.1016/j.jneumeth.2007.02.010 (2007).

25. Bekard, I. B., Asimakis, P, Bertolini, J. & Dunstan, D. E. The effects of shear flow on protein structure and function. Biopolymers
95, 733-745. https://doi.org/10.1002/bip.21646 (2011).

26. Kiling, D., Gallo, G. & Barbee, K. Poloxamer 188 reduces axonal beading following mechanical trauma to cultured neurons. Annu.
Int. Conf. IEEE Eng. Med. Biol. Soc. 5395-5398, 2007. https://doi.org/10.1109/IEMBS.2007.4353562 (2007).

27. Ray, L., Iliff, J. J. & Heys, J. J. Analysis of convective and diffusive transport in the brain interstitium. Fluids Barriers CNS 16, 6.
https://doi.org/10.1186/s12987-019-0126-9 (2019).

28. Hemming, M. L. et al. Reducing amyloid plaque burden via ex vivo gene delivery of an Abeta-degrading protease: A novel thera-
peutic approach to Alzheimer disease. PLoS Med 4, €262. https://doi.org/10.1371/journal.pmed.0040262 (2007).

29. Dunstan, D. E., Hamilton-Brown, P., Asimakis, P., Ducker, W. & Bertolini, J. Shear flow promotes amyloid-{beta} fibrilization.
Protein Eng. Des. Sel. 22, 741-746. https://doi.org/10.1093/protein/gzp059 (2009).

30. Roher, A. E. et al. Amyloid beta peptides in human plasma and tissues and their significance for Alzheimer’s disease. Alzheimers
Dement 5, 18-29. https://doi.org/10.1016/j.jalz.2008.10.004 (2009).

31. Siyahhan, B. et al. Flow induced by ependymal cilia dominates near-wall cerebrospinal fluid dynamics in the lateral ventricles. J.
R. Soc. Interface 11, 20131189. https://doi.org/10.1098/rsif.2013.1189 (2014).

32. Xie, L. et al. Sleep drives metabolite clearance from the adult brain. Science 342, 373-377. https://doi.org/10.1126/science.12412
24 (2013).

Scientific Reports|  (2023) 13:13586 | https://doi.org/10.1038/541598-023-40742-0 nature portfolio


https://doi.org/10.1007/s00401-011-0861-8
https://doi.org/10.1074/jbc.M201750200
https://doi.org/10.1038/nrneurol.2017.111
https://doi.org/10.1002/ana.21610
https://doi.org/10.1001/jama.289.16.2094
https://doi.org/10.1038/nature25456
https://doi.org/10.1038/nature25456
https://doi.org/10.1126/science.1197623
https://doi.org/10.1126/science.1197623
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1007/s10237-015-0662-4
https://doi.org/10.1111/j.1600-0854.2009.01016.x
https://doi.org/10.1007/s00401-009-0624-y
https://doi.org/10.1177/0271678x18758266
https://doi.org/10.1038/s41598-020-77787-4
https://doi.org/10.1038/s41598-020-77787-4
https://doi.org/10.1016/S0140-6736(97)09234-9
https://doi.org/10.1007/s00018-013-1529-4
https://doi.org/10.1038/ncomms10002
https://doi.org/10.1126/scitranslmed.3004291
https://doi.org/10.1126/science.1180962
https://doi.org/10.1126/science.1180962
https://doi.org/10.1038/srep39560
https://doi.org/10.1002/(SICI)1097-0029(19980415)41:2%3c124::AID-JEMT3%3e3.0.CO;2-U
https://doi.org/10.1016/j.neuroscience.2015.07.086
https://doi.org/10.1016/j.neuroscience.2015.07.086
https://doi.org/10.1007/s11517-015-1345-0
https://doi.org/10.1016/j.jneumeth.2007.02.010
https://doi.org/10.1016/j.jneumeth.2007.02.010
https://doi.org/10.1002/bip.21646
https://doi.org/10.1109/IEMBS.2007.4353562
https://doi.org/10.1186/s12987-019-0126-9
https://doi.org/10.1371/journal.pmed.0040262
https://doi.org/10.1093/protein/gzp059
https://doi.org/10.1016/j.jalz.2008.10.004
https://doi.org/10.1098/rsif.2013.1189
https://doi.org/10.1126/science.1241224
https://doi.org/10.1126/science.1241224

www.nature.com/scientificreports/

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Serot, J. M., Zmudka, J. & Jouanny, P. A possible role for CSF turnover and choroid plexus in the pathogenesis of late onset Alz-
heimer’s disease. J. Alzheimers Dis. 30, 17-26. https://doi.org/10.3233/JAD-2012-111964 (2012).

Maia, L. E et al. Increased CSF Abeta during the very early phase of cerebral Abeta deposition in mouse models. EMBO Mol. Med.
7, 895-903. https://doi.org/10.15252/emmm.201505026 (2015).

Wisor, J. P. et al. Sleep and circadian abnormalities in a transgenic mouse model of Alzheimer’s disease: A role for cholinergic
transmission. Neuroscience 131, 375-385. https://doi.org/10.1016/j.neuroscience.2004.11.018 (2005).

Burke, S. L., Maramaldi, P, Cadet, T. & Kukull, W. Associations between depression, sleep disturbance, and apolipoprotein E in
the development of Alzheimer’s disease: Dementia. Int. Psychogeriatr. 28, 1409-1424. https://doi.org/10.1017/S10416102160004
05 (2016).

Makibatake, R., Oyama, D., Kawai, J. & Tatsumi, H. Remote sensing of ciliary beating using a SQUID gradiometer. IEEE Trans.
Magn. 55, 1-5. https://doi.org/10.1109/tmag.2018.2887183 (2019).

Brancaccio, M. et al. Cell-autonomous clock of astrocytes drives circadian behavior in mammals. Science 363, 187-192. https://
doi.org/10.1126/science.aat4104 (2019).

Godin, A. G. et al. Single-nanotube tracking reveals the nanoscale organization of the extracellular space in the live brain. Nat.
Nanotechnol. 12, 238-243. https://doi.org/10.1038/nnano.2016.248 (2017).

Buchanan, C. E, Verbridge, S. S., Vlachos, P. P. & Rylander, M. N. Flow shear stress regulates endothelial barrier function and
expression of angiogenic factors in a 3D microfluidic tumor vascular model. Cell Adhes. Migr. 8, 517-524. https://doi.org/10.4161/
19336918.2014.970001 (2014).

Han, J. et al. Acute and chronic shear stress differently regulate endothelial internalization of nanocarriers targeted to platelet-
endothelial cell adhesion molecule-1. ACS Nano 6, 8824-8836. https://doi.org/10.1021/nn302687n (2012).

Gonzalez, B. A. et al. Physiologically relevant fluid-induced oscillatory shear stress stimulation of mesenchymal stem cells enhances
the engineered valve matrix phenotype. Front. Cardiovasc. Med. 7, 69. https://doi.org/10.3389/fcvm.2020.00069 (2020).
Vishvakarma, V. & Maiti, S. Measuring the size and spontaneous fluctuations of amyloid aggregates with fluorescence correlation
spectroscopy. Methods Mol. Biol. 2538, 35-54. https://doi.org/10.1007/978-1-0716-2529-3_4 (2022).

Ganzinger, K. A. et al. Single-molecule imaging reveals that small amyloid-beta(1-42) oligomers interact with the cellular prion
protein (PrPC). ChemBioChem 15, 2515-2521. https://doi.org/10.1002/cbic.201402377 (2014).

Sprague, E. A, Steinbach, B. L., Nerem, R. M. & Schwartz, C. J. Influence of a laminar steady-state fluid-imposed wall shear stress
on the binding, internalization, and degradation of low-density lipoproteins by cultured arterial endothelium. Circulation 76,
648-656. https://doi.org/10.1161/01.cir.76.3.648 (1987).

Choi, Y. J. et al. Neurotoxic amyloid beta oligomeric assemblies recreated in microfluidic platform with interstitial level of slow
flow. Sci. Rep. 3, 1921. https://doi.org/10.1038/srep01921 (2013).

Kurudenkandy, F. R. et al. Amyloid-beta-induced action potential desynchronization and degradation of hippocampal gamma
oscillations is prevented by interference with peptide conformation change and aggregation. J. Neurosci. Off. ]. Soc. Neurosci. 34,
11416-11425. https://doi.org/10.1523/JNEUROSCI.1195-14.2014 (2014).

Minkeviciene, R. et al. Amyloid beta-induced neuronal hyperexcitability triggers progressive epilepsy. J. Neurosci. Off. J. Soc.
Neurosci. 29, 3453-3462. https://doi.org/10.1523/TNEUROSCI.5215-08.2009 (2009).

Elsherbini, A. et al. Association of Abeta with ceramide-enriched astrosomes mediates Abeta neurotoxicity. Acta Neuropathol.
Commun. 8, 60. https://doi.org/10.1186/s40478-020-00931-8 (2020).

Shingyoji, C., Murakami, A. & Takahashi, K. Local reactivation of Triton-extracted flagella by iontophoretic application of ATP.
Nature 265, 269-270. https://doi.org/10.1038/265269a0 (1977).

Carroll, M. A. & Catapane, E. J. The nervous system control of lateral ciliary activity of the gill of the bivalve mollusc, Crassostrea
virginica. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 148, 445-450. https://doi.org/10.1016/j.cbpa.2007.06.003 (2007).

Acknowledgements

We thank Mr. Arakawa, H., Mr. Fukuda, T., Mr. Yokoyama T., Mr. Kawajiri, T., and Mr. Hayakawa, Y. (Kanazawa
Institute of Technology) for helping in the preparation of the explant culture, analysis of data and Dr. Masami
Kojima for discussing the early version of the manuscript. This work was supported in part by Grant-in-Aid
15K07025, 18K0616700 and JP 21K06102 from the Ministry of Education, Culture, Sports, Science, and Tech-
nology Japan, JP18gm5810021h0003 from Japan Agency for Medical Research and Development, and Nakatani
Foundation (to H. T.).

Author contributions

R.M, S.0,, Y.Y,, and H.T. designed the research; R.M., S.0., Y.Y.,, and H.T. performed the research; R.M., S.0.,
Y.Y., and H.T. contributed new reagents/analytic tools; R.M., S.0., Y.Y.,, and H.T. analyzed the data; and R.M.,
S.0, Y.Y,, and H.T. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40742-0.

Correspondence and requests for materials should be addressed to H.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:13586 | https://doi.org/10.1038/s41598-023-40742-0 nature portfolio


https://doi.org/10.3233/JAD-2012-111964
https://doi.org/10.15252/emmm.201505026
https://doi.org/10.1016/j.neuroscience.2004.11.018
https://doi.org/10.1017/S1041610216000405
https://doi.org/10.1017/S1041610216000405
https://doi.org/10.1109/tmag.2018.2887183
https://doi.org/10.1126/science.aat4104
https://doi.org/10.1126/science.aat4104
https://doi.org/10.1038/nnano.2016.248
https://doi.org/10.4161/19336918.2014.970001
https://doi.org/10.4161/19336918.2014.970001
https://doi.org/10.1021/nn302687n
https://doi.org/10.3389/fcvm.2020.00069
https://doi.org/10.1007/978-1-0716-2529-3_4
https://doi.org/10.1002/cbic.201402377
https://doi.org/10.1161/01.cir.76.3.648
https://doi.org/10.1038/srep01921
https://doi.org/10.1523/JNEUROSCI.1195-14.2014
https://doi.org/10.1523/JNEUROSCI.5215-08.2009
https://doi.org/10.1186/s40478-020-00931-8
https://doi.org/10.1038/265269a0
https://doi.org/10.1016/j.cbpa.2007.06.003
https://doi.org/10.1038/s41598-023-40742-0
https://doi.org/10.1038/s41598-023-40742-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:13586 | https://doi.org/10.1038/s41598-023-40742-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Amyloid-β slows cilia movement along the ventricle, impairs fluid flow, and exacerbates its neurotoxicity in explant culture
	Materials and methods
	Measurement of the ciliary beating frequency. 
	Reagents for experiments. 
	Staining of samples. 
	Devices for controlled shear stress. 
	Significance statement. 

	Results
	The inhibitory action of Aβs on the circadian rhythm of the beating frequency of ependymal cilia. 
	Neurotoxicity of Aβ1–42 was detected in neurons of the brain explant culture, but was less evident in neurons in the vicinity of beating cilia. 
	Analysis of the medium flow by cilia and its effect on the neurotoxic action of Aβ1–42. 
	Effects of the artificial flow on the Aβ1–42 neurotoxicity. 

	Discussion
	References
	Acknowledgements


