'.) Alzheimer’s
Shock for &

Dementia

Alzheimers & Dementia: Translational Research & Clinical Interventions 5 (2019) 671-684

ELSEVIER

Featured Article

New insight into Alzheimer’s disease: Light reverses A3-obstructed
interstitial fluid flow and ameliorates memory decline in APP/PS1 mice

Xiangpei Yue™', Yufei Mei*"™', Yun Zhang*', Zheng Tong™, Dehua Cui', Jun Yang', Aibo Wang',
Rui Wang Xuechao Fei®, Li Ai", Yalan Di", Hongjun Luo®, Hui Li®, Wenhong Luo®, Yu Lu",
Rui Li", Chunli Duan', Ge Gao', Hui Yang', Binggui Sun”, Ronggiao He™/, Weihong Song®**,

Hongbin Hanl k#% Zhigian Tong™™*
“Laboratory of Alzheimer’s Optoelectric Therapy, Alzheimer’s Disease Center, Beijing Institute for Brain Disorders, Capital Medical University, Beijing, China
School of Basic Medical Sciences, Zhejiang University, Hangzhou, China
“Department of Psychiatry, Townsend Family Laboratories, The University of British Columbia, Vancouver, Canada
4School of Engineering, Mechanical Engineering with Renewable Energy. Old College, The University of Edinburgh, Edinburgh, United Kingdom
“Nanjing University of Aeronautics and Astronautics, Institute of Aeronautics and Astronautics, Aircraft Design and Engineering, Nanjing, China
fDepartment of Radiology, Peking University Third Hospital, Key Laboratory of Magnetic Resonance Imaging Equipment and Technique, Beijing, China
8Central Laboratory, Shantou University Medical College, Guangdong, China
hSection of Environmental Biomedicine, Hubei Key Laboratory of Genetic Regulation and Integrative Biology, College of Life Sciences, Central China Normal
University, Wuhan, China
Department of Neurobiology, School of Basic Medical Sciences, Capital Medical University, Beijing, China
IState Key Laboratory of Brain & Cognitive Science, Institute of Biophysics, CAS Key Laboratory of Mental Health, University of Chinese Academy of Sciences
(UCAS), Beijing, China

Abstract Introduction: Pharmacological therapies to treat Alzheimer’s disease (AD) targeting “AB” have
failed for over 100 years. Low levels of laser light can disassemble AP. In this study, we investigated
the mechanisms that AB-blocked extracellular space (ECS) induces memory disorders in APP/PS1
transgenic mice and addressed whether red light (RL) at 630 nm rescues cognitive decline by
reducing AB-disturbed flow of interstitial fluid (ISF).

Methods: We compared the heating effects on the brains of rats illuminated with laser light at 630,
680, and 810 nm for 40 minutes, respectively. Then, a light-emitting diode with red light at 630 nm
(LED-RL) was selected to illuminate AD mice. The changes in the structure of ECS in the cortex
were examined by fluorescent double labeling. The volumes of ECS and flow speed of ISF were quan-
tified by magnetic resonance imaging. Spatial memory behaviors in mice were evaluated by the Mor-
ris water maze. Then, the brains were sampled for biochemical analysis.

Results: RL at 630 nm had the least heating effects than other wavelengths associated with ~49%
penetration ratio into the brains. For the molecular mechanisms, A could induce formaldehyde
(FA) accumulation by inactivating FA dehydrogenase. Unexpectedly, in turn, FA accelerated AP
deposition in the ECS. However, LED-RL treatment not only directly destroyed AP assembly
in vitro and in vivo but also activated FA dehydrogenase to degrade FA and attenuated FA-
facilitated AP aggregation. Subsequently, LED-RL markedly smashed AP deposition in the ECS,
recovered the flow of ISF, and rescued cognitive functions in AD mice.
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Discussion: AB-obstructed ISF flow is the direct reason for the failure of the developed medicine de-
livery from superficial into the deep brain in the treatment of AD. The phototherapy of LED-RL im-
proves memory by reducing Ap-blocked ECS and suggests that it is a promising noninvasive

approach to treat AD.

© 2019 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

The brain is a dynamic structure with the extracellular
space (ECS) accounting for almost a quarter of its volume
[1,2]. The interstitial fluid (ISF) in the ECS provides a sur-
vival environment for nerve cells, delivers neurotransmitters
and pharmaceutical agents, and removes toxic metabolites
[3]. In fact, neurons and glial cells release neuroactive sub-
stances, which then diffuse in the ECS to reach their target
receptors in the membrane of neurons [4]. Physiologically,
a smooth flow of ISF in the ECS is required for maintaining
brain functions such as sleep [5] and development [6].
Disruption of the ISF flow has been found to be related
with aging [3] and neuropsychiatric and degenerative dis-
eases [7].

Alzheimer’s disease (AD) is the most common neurode-
generative disease, leading to progressive cognitive decline
[8,9]. Deposition of AB to form senile plaques (SPs) in the
hippocampus and cortex is a pathological hallmark of AD
[10,11]. However, over the past decades, targeting A} pro-
duction, aggregation, and clearance by antibodies, vaccines,
or small-molecule drugs have not resulted in desirable clin-
ical efficacy [12]. An interesting study showed that trans-
genic AD model mice exhibited a marked decrease in ISF
flow and an increase in ECS volume [13]. We speculated
that the blockage of ISF flow by A deposits may be a crucial
reason for the failure of the developed medicine delivery
from superficial into the deep brain in the treatment of AD.

A previous study showed that low-level laser lights disas-
semble AP in vitro for it could break the second structure of
AP [14]. In this study, we investigated the effects of the light-
emitting diode with red light (LED-RL, 630 nm) on Af} de-
posits and its obstruction of ISF flow in APP/PS1 transgenic
AD model mice. The results showed that phototherapy of
LED-RL could penetrate into the skull, recover ISF flow
by smashing AP deposition in the ECS, and alleviate cogni-
tive deficits.

2. Methods
2.1. Animals

All protocols involving the use of animals were conduct-
ed in accordance with the Biological Research Ethics Com-
mittee, Capital Medical University, China. C57BL/6 mice

(25 = 5 g) were obtained from the Experimental Animal
Center of Capital Medical University, China; and APP/PS1
male adult mice at the age of 4 and 6 months were provided
by the Institute of Zoology, Chinese Academy of Medical
Sciences, China. All the animals were maintained in cages
at room temperature (25°C) under an alternating 12-hour
light/dark cycle (lights on at 7: 00), with ad libitum access
to food and water.

2.2. Illumination of red light on the skull and abdominal
cavity of APP/PS1 mice

One group of APP/PS1 mice (n = 10) at the age of 4
months were confined in a mouse sleeve (Lucite pipe), and
the skulls and abdomen were illuminated for 40 minutes at
a light intensity of 0.55 mW/cm” emitted from a LED-RL
(630 nm) for 5 days per week over two consecutive months.
Another group of APP/PS1 mice, used as the control, were
confined similarly with a sunlight lamp. A group of healthy
adult male C57BL/6 was used as a negative control. The
mean optical power density and the light penetration through
the skull and abdominal cavity of APP/PS1 mice were exam-
ined as described previously [15].

2.3. Detecting red light—irradiated thermal temperature of
bone

A 1-cm bone was put into a hermetically sealed box and
irradiated by low levels of laser light at 630, 680, and 810 nm
for 40 minutes, respectively. The distance between bone and
light sources was 2 cm. Then, the temperature of reverse side
of bone was detected by a portable digital thermometer (Zhi-
hui, Model: TC-01; Sanxing Technology Co., Ltd., Beijing,
China), Accuracy: =0.1°C. The hole of the data wire in the
box was sealed to maintain box temperature.

2.4. Imaging formaldehyde fluorescence probe in mice

To measure brain formaldehyde (FA) levels, we used a
fluorescence formaldehyde-RFAP-1 probe to detect FA
[16]. The whole body of these mice was scanned using the
in vivo imaging system 30 minutes after the probe was in-
jected to the brain. To obtain clear FA fluorescence images,
the brains of these mice were rapidly taken out and then used
for animal imaging in a culture dish.
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2.5. Intraperitoneal injection of FA and Thioflavin S—
staining SPs in APP/PSI mice

To examine whether FA enhances A aggregation and
subsequent SP formation, APP/PS1 mice were intraperitone-
ally injected with FA at 0.5 mM for one month [17]. The
detection for SPs was performed using a method of Thiofla-
vin S (Th S) staining as described previously [18].

2.6. The Morris water maze test

Spatial memory behaviors were assessed by the Morris
water maze (MWM) test, as described previously [17].
Briefly, all mice were trained to mount a hidden/submerged
escape platform in a restricted region of the pool for 6
consecutive days. After this learning phase, mice were sub-
jected to a 60-second trial in the escape platform on day 7.
The water maze activity was recorded with a video tracking
system (Xinyuan Information Technology Co., Ltd.,
Shanghai, China).

2.7. AQ aggregation examined by transmission electron
microscopy

Fibrils were scanned by a transmission electron micro-
scope as described previously [19].

2.8. Detection of FA and AB concentrations in tissues

All samples were collected and immediately placed on
ice, before storing at —70°C until further processing. After
centrifugation (8000 X g, 4°C, 10 min), FA concentrations
in the blood and brain and liver homogenates were measured
by high-performance liquid chromatography with fluores-
cence detection [20,21].

2.9. Intracellular FA analysis

The cultured N2a cells were scraped off petri dishes, the
cell mixtures were centrifuged, and supernatants were dis-
carded. The precipitate cells were harvested for intracellular
FA measurements [20,21].

2.10. Measurement of FDH enzymatic activity in tissues

The activity of alcohol dehydrogenase 3 (ADH3, also
named FDH) was measured by a commercially available
kit according to the manufacturer’s instructions (K787-
100; BioVision, USA).

2.11. Double immunofluorescence analysis

Brain sections were prepared from APP/PS1 and control
C57BL/6 mice. First antibodies—Mouse anti-GSNOR
(ADHS, monoclonal antibody, 66193-1-Ig; Proteintech,
USA), antibody-AB42 (AB5078P, Millipore, USA), rabbit
Polyclonal antibody-Al11 (1:100, TA326459; OriGene,
USA), anti-ADH5S (FDH) Polyclonal  Antibody

(TA327239; OriGene)—and second antibodies—Goat
Anti-Rabbit IgG H&L (Alexa Fluor 488) at a 1:500 dilution
(ab150077; Abcam, UK), Goat Anti-Mouse IgG H&L
(Alexa Fluor 594) at a 1:500 dilution (ab150116; Ab-
cam)—were used in this study.

The synapse expressions of the sections from the hippo-
campus were strained by using MAP2 antibody (E2A7025,
1:100; EnoGene, China). Second antibody: IgG H&L
(Fluo R594), 1:500 (Abcam, UK). Astrocytes were strained
by using GFAP antibody (556328, 1:20; BD Pharmingen,
USA). Second antibody: IgG H&L (Fluo m488), 1:500 (Ab-
cam). Microglia were stained by using CD45 antibody
(E2A6839, 1:100; EnoGene). Second antibody: IgG H&L
(Fluo R594), 1:500 (Abcam). Finally, these cells were
analyzed under a confocal microscope.

2.12. Brain IL-( and TNFa. levels were detected by ELISA
kits

The productions of AB-induced inflammatory including
IL-B and TNFa were analyzed by ELISA Kkits according to
the manufacturer’s instructions (#H002, Interleukin-1§3
Assay Kit; #H052, Tumor Necrosis Factor-o Assay Kit;
Nanjing Jiancheng Bioengineering Institute).

2.13. Purification of recombinant hFDH and
measurement of FDH activity in vitro

The full-length, recombinant human FDH (hFDH) was
provided by the Institute of Zoology, Chinese Academy of
Medical Sciences, China. The purification of recombinant
hFDH was performed as described previously [15]. FDH ac-
tivity was tested at 25°C by monitoring the production of
NADH at 340 nm for FA oxidation. Briefly, FDH was
measured at pH 8.0 in 0.1 M sodium pyrophosphate, with
S-(hydroxymethyl)glutathione (formed by mixing FA and
glutathione) and NAD™. Kinetic constants for NAD " and
NADH were determined with 1 mM of glutathione and
1 mM of FA. Kinetic constants for S-(hydroxymethyl)gluta-
thione were determined with 2.4 mM NAD+. Kinetic con-
stants were calculated with the nonlinear regression
program GraFit (version 3.0; Erithacus Software) as
described previously [22].

2.14. Molecular simulation of FA-binding with A( and AB-
binding with hFDH

The three-dimensional crystal structures of human AR
(PDB ID: 1IYT) was downloaded for free (Protein Data
Bank). FA-binding with AP or mutations was simulated us-
ing AutoDockTools 1.5.6 and the MGLTools software
(http://mgltools.scripps.edu/). The hydrogen bonds between
FA and A were simulated using the PyYMOL 1.7 software,
which can be downloaded for free (http://sourceforge.net/
projects/pymol/).

The crystal structures of human AP42 (PDB ID:
1Z0Q, hFDH (PDB ID: (PDB ID: ITEH and IMCS5)
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were acted as molecular simulation template, which can
be downloaded freely (Protein Data Bank, http://www.
resb.org/pdb/home/home.do). To simulate the molecular
structure of AB-binding with hFDH, the .pdb files of
1TEH-A, 1TEH-B, or 4W6Z and 1Z0Q were opened in
the same window of Discovery Studio 3.0. Then, the
structures of the simulated complex were deleted the wa-
ter and atom, and selected the Dock Proteins (ZDOCK)
of macromolecules. Next, run the process for several mi-
nutes. Next, we selected the result with the highest clus-
ter versus ZDock score and further performed the
docking optimization configuration root mean square de-
viation using refine docked proteins. The docking config-
uration with the lowest score was selected for the
equilibrium stage and carried out for molecular dy-
namics. Finally, the hydrogen bond between hFDH and
AP of the simulated AP/hFDH complex was further
analyzed using the PyMOL 1.7 software.

2.15. Liquid chromatography-tandem with mass
spectrometry for the identification of the disulfide bond
formation in AB/hFDH complexes

Human FDH (0.29 pg/uL) in 10 mM sodium phosphate
buffer (pH 7.5, buffer A) was treated with AB42 for
24 hours. The protein samples were then digested with
chymotrypsin or trypsin (Roche Diagnostics, Indianapolis,
IN) at an enzyme-to-substrate ratio of 1:40 (w/w) in
100-uL NH4HCOj5 buffer at 37°C overnight. To map the
interpeptide disulfide linkage, the chymotryptic digestion
mixture was separated using high-performance liquid
chromatography and the fraction containing the
disulfide-linked peptide was reduced with 20 mM dithio-
threitol (DTT) at 56°C for 30 min and alkylated with
50 mM N-ethylmaleimide for 30 min. The resulting reac-
tion mixture was then subjected to liquid
chromatography-tandem with mass spectrometry analyses
as described previously [15].

2.16. Statistical analysis

In the MWM experiment, measures of performance
during acquisition trials (i.e., escape latency) were aver-
aged for each day for each animal. To determine the dif-
ference between different days, data were analyzed using
repeated-measures analysis of variance, with day as a
within-subjects factor and treatment as a between-
subjects factor. The difference between the treatment
groups within each day were analyzed with one-way anal-
ysis of variance, and Fisher’s least significant difference
was used for post hoc comparisons. SPSS 16.0 (SPSS
Inc., Chicago, IL, USA) was used for all analyses. For
other experiments, statistical significance was determined
by means of Student’s 7-test (for independent or depen-
dent samples, as appropriate) with P << .05 (two-tailed)

considered to be statistically significant. All data are re-
ported as mean * standard errors.

3. Results

3.1. Red light at 630 nm smashes A@ deposition associated
with the least heating effects

To avoid the heat-induced headache or hemorrhage
induced by light irradiation in clinical trials, we used a 1-
cm bone (equal to the thickness of human skull) to mimic hu-
man head treated by phototherapy with 2-cm distance and
compared the heating effects of low levels of laser light at
630, 680, and 810 nm for 40 minutes in a sealed box
(Fig. 1A). Near-infrared (NIR) or red light (RL) over
650 nm has a strong side effect “heating effect,” [23,24]
and sometimes resulted in headache, sleep disturbances,
and insomnia [25]. We found that 40-minute illumination
of 680 and 810 nm elevated the temperature of bone from
37°Cto ~38 and ~40°C, respectively, which was approached
to the temperature at which a high fever occurs (Fig. 1B).
Therefore, 630-nm RL of LED was selected to apply for
phototherapy on AD mice in this study.

To investigate whether RL at 630 nm penetrates into the
skull and abdomen of mice, LED-RL was applied to illumi-
nate APP/PS1 transgenic mice for consecutive two months,
and sunlight lamp was used as a light control. Approxi-
mately 49% and 43% of the light penetrated into the mandib-
ular region and liver, respectively (Fig. 1C, D and
Supplementary Fig. 1).

Because AP deposition in the ECS induced neuron death,
we investigate whether vibration photons of RL could pre-
vent or slow down the formation of AB-mediated SPs. The
AD mice at the age of 4 months were illuminated with
LED-RL for consecutive 2 months. The results of staining
4G8 antibody showed that AD mice at 6 months of age ex-
hibited higher levels of plaque formation (5.32 = 0.23 vs.
3.87 = 0.14; 3.47 £ 0.16; P < .01) than 4-month-old AD
mice (Fig. 1E, F). However, 2 months of LED-RL treatment
significantly decreased the numbers of SPs in 6-month-old
AD mice (5.32 = 0.23 vs. 0.7 = 0.02; P <.01) (Fig. 1E, F).

Using Th-S dye to detect the formation of SP, we found
that there was significantly increased numbers of SPs in
AD mice at 6 months of age compared with 4-month-old
AD mice (from 2.48 *= 0.16 to 4.73 = 0.24, P < .01)
(Fig. 1G, H). However, LED-RL treatment significantly
decreased the number of SPs (4.73 £ 0.24 vs. 1.33 £ 0.11;
P <.01; Fig. 1G, H). Meanwhile, the sizes of SP were also
markedly diminished after LED-RL illumination in 6-
month-old AD mice (Fig. 1G). These results indicate that
RL treatment reduces age-related SP deposition in vivo.

3.2. Red light at 630 nm reduces aging-associated FA
accumulation by activating FDH

Previously, we reported that FA was abnormally accumu-
lated in brains of AD patients and in the brains of AD animal
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Fig. 1. Two-month LED-RL treatment reduces AP deposition associated with low heating effects. (A) Detection of the heating effects on 1-cm bone illumi-
nated by low levels of laser light at 630, 680, and 810 nm for 40 minutes in a sealed box. (B) The changes in the temperature of bone (n = 3, P <.01). (C, D)
Detection of the light penetration ratio into the brain and liver using spectrometer. (E, F) Representative immunohistochemical images of SPs stained with 4G8
antibody (E, brown) and quantification of SPs (F) in the cortex. Scale bar, 500 um. n = 3-6 sections from 3—4 mice each. Con: wild C57BL/6 mice; AD-4M:
4-month-old APP/PS1 mice; AD-6M: 6-month-old APP/PS1 mice; RL + AD-6M: 6-month-old APP/PS1 mice with 2 months of RL illumination. (G, H)
Representative immunohistochemical images of SPs (green) stained by Th S (G) and quantification of SP (H). The data are expressed as the
mean * standard deviation (s.e.m.). **P < .0l. Abbreviations: AD, Alzheimer’s disease; RL, red light; SP, senile plaque; Th S, thioflavin S.

models [17]. FA was found to promote AB40 aggregation
in vitro [26]. To examine brain FA metabolism in AD
mice, a FA fluorescence probe, RFAP-1, was used to image
the levels of FA using an in vivo animal imaging system [16]
(Fig. 2A-C). After 2 months of LED-RL treatment, FA fluo-
rescence intensity in the whole brain of 6-month-old AD
mice was significantly reduced (from 189.32 % to 121.67
%; P <.01) (Fig. 2D, E). To confirm aforementioned results,
FA concentrations were further quantified by high-
performance liquid chromatography with a fluorescence de-
tector. LED-RL treatment decreased brain FA levels in both
the brain and liver of AD mice (n = 6, P <.01) (Fig. 2F and
Supplementary Fig. 2A). We selected liver to be illuminated
because FDH is widely distributed in the liver and rapidly
functionally degrades FA [27]. FDH activity was markedly
reduced in 6-month-old AD mice compared with 4-month-
old AD mice; however, LED-RL treatment significantly

increased FDH activity in the brain and liver of these AD
mice (n 6, P < .01; Fig. 2G and Supplementary
Fig. 2B). Notably, brain FA levels were positively correlated
with the numbers of AP plaques (Fig. 2H). These data sug-
gest that LED-RL illumination enhances FA metabolism
and reduces A deposition.

3.3. Red light at 630 nm activates FDH by dissociating
AQ-binding with FDH

Our aforementioned data indicated that the higher FA
levels were associated with the more numbers of AP plaques
in the brains, suggesting that AR most likely disturbs FA
metabolism. FDH inactivity leads to FA accumulation
[28,29]; we speculated that AP42 inhibits hFDH activity.
To investigate whether AP directly inactivates FDH and
leads to FA generation, AB42 at different concentrations
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were added into the culture medium of N2a cells. We found
that RL at 630 nm could improve FDH activity in N2a cells
(Fig. 3A), which was also our previous study of FDH in the
pure protein solutions [15]. However, Af incubation induced
a dose-dependent FDH inactivity and FA accumulation
intracellularly; as expected, LED-RL treatment reversed
AB-inhibited FDH activity (n = 6, P < .01) (Fig. 3A, B).
Thus, AB42 may directly inhibit FDH activity.

To test aforementioned speculation, we simulated the
structure of AP42-binding with FDH. The three-
dimensional crystal structure of hFDH showed that the
cysteine 45 (CYS45) residue bound to catalytic Zn>" and
that CYS97, CYS100, CYS103, and CYSI11 residues
were connected to structural Zn>* (Fig. 3C). The simulated
AB42-hFDH complex showed a hydrogen bond formation
between ASP1 (D, yellow) of AB42 and GLN96 (Q, purple)
of hFDH. GLN96 was connected with CYS97/CYS100 of
hFDH (Fig. 3D, Supplementary Fig. 3 and Supplementary
Table 1). The results suggest that AB42 binding GLN96
led to disulfide (S-S) bond formation between CYS97 and
CYS100 (Fig. 3E).

To identify the simulated results, we extracted and puri-
fied hFDH as our previous report [15]. Using the liquid
chromatography-tandem mass spectrometry, we found that
AP42 increased S-S bond formation between CYS97 and

CYS100 by ~1.4% (Fig. 3F) but reduced S-S bond formation
between CYS103 and CSY111 by ~5.9% (Fig. 3G and
Supplementary Tables 2—5). CYS111 is connected with cat-
alytic ARG115, which is essential for FDH activity [30].
These data indicate that the breakage of S-S bonds between
CYS103 and CSY111 induced by AP42 leads to the dissoci-
ation of catalytic ARG115, which then inactivates hFDH.
However, LED-RL illumination reduced AB4,-induced for-
mation of S-S bonds between CYS97 and CYS100 and
partially rescued S-S bond formation between CYS103
and CYS111 of hFDH (Fig. 3F-H). These data indicate
that 630-nm RL could reverse Ap-inactivated FDH.

3.4. Red light at 630 nm reduces FA-promoted AB
deposition in vitro and in vivo

To address whether FA directly facilities AP aggregation
and SP formation, FA at different concentrations was added
into the solutions of pure AB. We found that incubation of
FA with A for 48 hours induced a dose-dependent increase
in A fibril formation as assessed by transmission electron
microscopy (Fig. 4A). However, LED-RL treatment
degraded A fibrils in vitro (Fig. 4B).

To explore the mechanism underlying FA-enhanced
AP assembly, the FA-AP binding structure was simulated.
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The three-dimensional crystal structure of Af (PDB ID:
1Z0Q) was obtained from PubMed. We found that FA was
bound with the residues of valine 18 (18V, purple), phenyl-
alanine 19 (19F, cyan), and glutamic acid 22 (22E, blue)
by three H-bonds (yellow line) (Fig. 4C). The mutation in
residue 22 from glutamic acid (E) to proline (P) is known
to lead to a marked increase in A} aggregation [31] and sug-
gests that the site of 22E is a critical residue for determining
AP assembly. Theoretically, FA-binding with 22E could
enhance Af} aggregation.

Moreover, to examine the structures of B-sheets of FA-
induced AP aggregation, the solutions of AP or A} mixed
with FA were added with Thioflavin T (Th T) dye. We
found that LED-RL illumination before and after FA in-
cubation in A solution had the same effects on degrad-
ing AB B-sheet formation (n = 6, P < .01; Fig. 4D).
These data again confirm that FA accelerates AP
aggregation.

To examine whether FA directly enhances AP aggrega-
tion in vivo, 4G8 antibody and Th S staining were used to
detect neuritic plaques, respectively. The results showed
that FA injection significantly increased numbers of SP
in AD mouse brains compared with non-FA injection
AD mice (from 8.78 = 1.02 to 16.79 = 2.41, P < .01,

Fig. 4E-H). However, LED-RL treatment significantly
decreased the number of SPs (16.79 =+ 241 vs.
433 £ 1.12; P < .01; Fig. 4E-H). Thus, the vibration
photons could reduce AP aggregation outside of neurons
in the cortex.

3.5. Red light at 630 nm smashes AB deposition in the ECS
and rescues neuron death

To examine the effects of AB and LED-RL on the volume
of ECS outside of neurons in the cortex, the changes in ECS
were used to quantify with double-staining method with Th
S (staining SP green) and 4’,6-diamidino-2-phenylindole (a
nuclear dye). The results showed that AD mice exhibited a
larger ECS volume, which was associated with greater
numbers of SPs located in the ECS and less neurons in the
cortex than that in wild-type (WT) mice (Fig. 5A). Interest-
ingly, after 2 months of LED-RL irradiation, the sizes and
numbers of SPs were markedly decreased; meanwhile, the
numbers of neurons around SPs were increased in AD
mice (Fig. 5A).

To test the relationship between SPs and cortical neuron
death, we used another double-staining method with
hematoxylin-eosin dye (dyeing nucleic acid to purple) and
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antibody-4G8 (staining SP to brown). The results showed
that AD mice had large-sized SP (brown) between two
cortical neurons associated with neuronal death (a karyopyk-
nosis in the neurons, purple) that were not evident in WT
mice (Fig. 5B). However, after 2 months of LED-RL treat-
ment, the morphology of neurons was recovered to normal
fusiform in AD mice (Fig. 5B). Thus, vibration photons
could rescue neuron viability.

To observe the changes in the ECS of the cortex in the
mice after 2 months of RL illumination, a probe of
gadolinium-diethylenetriamine  pentaacetic acid (Gd-

DTPA) was injected into the caudate nucleus in the prefron-
tal lobe and then examined by a real-time monitoring system
of magnetic resonance imaging for consecutive 4 hours
(Fig. 5C). This imaging technique is based on the principle
that free water molecules labeled by Gd-DTPA display
high signals in the ISF. When Gd-DTPA spreads into the
ECS, it is accompanied by a gradual decrease in the signal
intensity and an increase in the distribution area [32]. In
this study, AD mice showed a slower velocity of Gd-
DTPA diffusion than WT mice, as the white signal (red ar-
row) in the brains was still detectable at 4™ hour imaged
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by magnetic resonance imaging. However, RL illumination
improved the Gd-DTPA diffusion, as the Gd-DTPA signal
was disappeared in the group of AD with LED-RL treatment
(RL + AD) at 4™ hour, similar to the WT mice (Fig. 5D).
This result indicates that Gd-DTPA is directionally diffused
from the superficial cortex- caudate nucleus into the deep
brain- the 3" ventricle (V3) (Fig. SE), which is consistent
with previous report [32].

To further quantify the dynamic changes in the ECS of the
brains, we compared the critical parameters- local diffusion
rate (D¥), half-life of Gd-DTPA (r,)»,) and tortuosity ().

Compared with WT mice, AD mice had a slower local diffu-
sion rate (2.19 £ 0.14 vs. 3.01 £ 0.03,n =3, P < .0l1),a
longer half-life of Gd-DTPA (55.83 £ 8.58 s.
18.43 = 1.56, n = 3, P < .01), and a larger tortuosity
(2.20 = 0.06 vs. 1.88 = 0.039, n = 3, P < .01) (Fig. 5F—
H). However, after 2 months of RL treatment, AD mice ex-
hibited a higher local diffusion rate (2.84 * 0.043 vs.
2.19 = 0.14, n = 3, P < .01), a shorter half-life of Gd-
DTPA (23.31 = 3.66 vs. 55.83 = 858, n = 3, P < .01),
and a smaller tortuosity (1.75 = 0.05 vs. 2.20, n = 3,
P < .01) than AD mice without LED-RL treatment
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(Fig. 5F—H). These data demonstrate that vibration photons
could scavenge AfB-blocked ECS, which may be contributes
to the rescue of ISF flow.

3.6. Red light at 630 nm recovers AB-obstructed ISF flow
and alleviates memory deficits

A smooth flow of ISF in the ECS is required for main-
taining brain functions [5], we speculated that vibration
photons-smashes SP in the ECS might improve ISF flow
and cognitive functions. Since free water molecules
labeled by Gd-DTPA display high signals in the ISF

[32], we examined the changes in the speed of ISF flow
by magnetic resonance imaging. The results showed that
Gd-DTPA in WT mice diffused more intensively and
rapidly than in AD mice in the maximum and next sagittal
continuous layer of the frontal cortex; this was based on
the fact that it had a shorter half-time of Gd-DTPA
(P < .01). These data indicated that AP indeed obstructs
ISF flow from the superficial to the deep cortex (vertical
direction), and it pushes ISF diffusion around neurons
(horizontal direction) (Fig. 6A, B). However, AD mice
treated with LED-RL exhibited a more intensive and rapid
diffusion than AD mice without RL illumination because
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the half-time was markedly reduced in the former
compared with the latter (P < .01), indicating that scav-
enging Ap-blocked ECS could recover ISF flow from
the superficial to deep cortex (vertical direction),
(Fig. 6B, C). Hence, AB-obstructed ISF flow could induce
neuron death in the deep cortex.

To address whether vibration photon-rescued ISF flow
contributes to memory improvement in the AD mice
model, the MWM test was performed to investigate the
behaviors of spatial memory. We found that 4-month-old
AD mice without LED-RL treatment exhibited longer
escape latency and shorter time in target quadrant than
WT mice. However, one-month of LED-RL treatment
on APP/PSI mice slightly improved the ability of spatial
learning compared with AD mice without treatments
(n = 10, P > .05, Supplementary Fig. 4). Notably, the re-
sults of the MWM test revealed a significant effect of
treatment—day 3 (F (5, 27y = 8.34, P = .005), day 4 (F
2, 27) = 1051, P = 001), day 5 (F 2, 27) — 679,

=.002), and day 6 (F (o, »7) = 8.91, P = .002), indi-
cating that 2-month LED-RL treatment rescued the ability
of spatial learning in AD mice (Fig. 6D). In the probe trial
on the last day of testing, LED-RL treatment significantly
improved the ability of spatial recall in the AD mice, as
these mice spent more time and traveled further distances
when searching for the platform in the third quadrant

where the platform had been removed (P < .01,
Fig. 6E, F). In addition, we found that there was a nega-
tive relationship between time in target quadrant and the
half-time (t;,,) of Gd-DTPA. This result suggests that
AB-obstructed ISF flow contributes neuron death and
memory deficits; however, LED-RL could enhance ISF
flow and cognition.

4. Discussion

In the present study, we found that AP induced FDH
inactivity and FA accumulation; FA in turn accelerated
ApB-mediated ECS blockage and ISF disorders. However,
vibration photons from LED-RL at 630 nm smashed A
deposition in the ECS and improved FDH activity, which
led to FA degradation, recovered ISF flow, and reversed
memory deficits in the AD animal model. Hence, this pho-
totherapy may be potentially used to treat patients with AD
(Fig. 7).

Recently, photobiomodulation with NIR light at 600—
1070 nm has been rapidly developed to the treatment of
patients with AD [33] and traumatic brain injury [34]. Inter-
estingly, NIR treatment can reduce the size and number of
AP plaques in APP/PS1 mice and improve cognitive func-
tion in patients with dementia [35]. However, NIR or RL
over 650 nm has been found to induce a strong side effect
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“heating effect” (the temperature of bone is over 38°C, i.e.,
fever) [24], which may be potentially related to headache or
hemorrhage in patients with AD. In fact, some side effects
of NIR have been reported in clinic, such as irritability,
headache, eye strain, sleep disturbances, and insomnia
[25]. In the present study, we also found that 40-minute illu-
mination of 680 and 810 nm elevated the temperature of 1-
cm bone in a sealed box; therefore, 630-nm RL without
heating effect was selected for phototherapy on AD mice.

An interaction between FA-promoted AP assembly
and Ap-inactivated FDH was investigated in this study.
There was a vicious circle between FA generation and
AP deposition. In agreement with this finding, excess
FA has been observed in the brains of AP-related AD
transgenic mice and also in postmortem hippocampi
from patients with AD [17]. FA itself also directly facil-
itated AP deposition in the ECS. In addition, brain aging
processes lead to reduced FDH expression and therefore
increased FA accumulation [28,29]. Excess FA can
directly induce mitochondrial toxicity [36,37], tau hyper-
phosphorylation, neuronal fibril tangle formation [38],
and spatial memory deficits in WT mice [17]. These
data indicate that FA elicited both AB-dependent and
Ap-independent neurotoxicity, suggesting that scav-
enging FA should be taken into account for developing
AD drugs for AP clearage.

The exchange between ISF flow in the ECS and ISF-
cerebrospinal fluid (CSF) in the superficial cortex has
been widely explored [39,40]. The blockage of ECS in
the cortex has been found to induce the accumulation of
ISF in the deep brain [32]. This accumulation manifests
as a slight decline in ISF flow velocity, which leads to a
marked increase in the volume fraction [41]. Obstruction
of the superficial cortical ECS blocks ISF flow from the
superficial to the deep brain. Notably, the ISF flow of
brain tissue and the CSF bathing the central neuronal sys-
tem are integral to the lymphatic system to carry out waste
clearance and medicine delivery (Fig. 5E) [42]. This is
inevitable that the less neuroactive substances reached
their target receptors in the membrane of neurons leading
to the slower formation of memory information, if ISF
flow is obstructed [4]. ISF flow and CSF play a critical
pathological role in the onset of AD [43]. In this study,
AP deposition in the ECS directly blocked ISF flow
from the superficial cortex-caudate nucleus into the deep
brain, to V3 and then disturbed the ISF-CSF cycle be-
tween the cortex and hippocampus in AD mice. Notably,
LED-RL illumination reversed these effects. Our findings
provide direct evidence that AB-blocked ISF flow contrib-
utes to the onset of AD. These findings also provide a
plausible explanation for the failure of medicine delivery
into the deep brain for the treatment of AD in recent de-
cades.

RL at 630 nm is widely used in traffic lights because the
human eye is substantially sensitive to 630-nm RL [44].
FDH (also named ADH3) is distributed in the retina [45]

and transfers retinol to the retina, which is required for visual
sensation [46]. In fact, our previous study had found that
FDH in hippocampal neurons was sensitive to 630-nm RL
[15]. The phototherapy using low-level laser lights is able
to break the secondary structure of AR in vitro [14]. In this
study, LED-RL illumination not only directly reduced AB-
mediated ECS blockage but also enhanced FDH activity
and attenuated FA-facilitated A toxicity. Equally impor-
tant, LED-RL could inhibit the phosphorylated tau-related
molecular pathway quantified by antibody p-taul8l,
PP2A, and GSK-3B, increased microtubule-associated pro-
tein (MAP)-2 immunoreactivity, and reduced GFAP-
positive reactive astrocytes and CD45-positive reactive
microglia (Supplementary Material and Supplementary
Fig. 5A-I). Subsequently, phototherapy reversed memory
deficits in APP/PS1 mice. More importantly, we also found
that LED-RL at 630 nm had a strong penetration rate into the
human cortex (approximately 48%; Supplementary Fig. 6).

In summary, this phototherapy of LED-RL reduces Ap-
obstructed ISF flow by smashing AP deposition in the ECS
and thereby reverses cognitive deficits in an AD mouse
model. This finding offers a promising opportunity to trans-
late into treatments for patients with AD.
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RESEARCH IN CONTEXT

1. Systematic review: The literature was reviewed using
PubMed and abstracts and presentations at national
meetings, including those of the Society for Neuro-
science and the Society for Research on the therapeu-
tic effects of light in Alzheimer’s disease (AD).
Relevant articles are cited appropriately.

2. Interpretation: Review of the literature revealed that
AD is associated with A aggregation in the extracel-
lular space (ECS) of cortex and AP indeed impairs
cognition. A smooth flow of interstitial fluid (ISF)
in the ECS is required for maintaining brain func-
tions. However, pharmacological therapies to treat
AD targeting AP have failed over 100 years. Low
levels of laser light can disassemble AP. These find-
ings led to the hypothesis that light-smashed AP in
the ECS would recover ISF flow and attenuate
memory deficits in an AD mouse model. Treatment
with 630-nm red light could degrade AP deposition
and rescue cognitive functions. Therefore, the current
work opens a promising opportunity to translate the
findings presented here into AD patient treatment.

3. Future directions: To further test the hypothesis,
several directions for further studies are proposed,
including further exploring (1) Whether red light en-
hances medicine delivery or not? (2) Which is the
most suitable size for medicines penetrating into
the ECS? and (3) Whether red light combined with
medicines improves cognition or not.
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