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Abstract

A single 1-h session (or 7 d of daily 1-h sessions) of noninvasive visual stimulation with LED light flickering at
40Hz, but not at 20 or 80Hz, was reported to increase microglial size and decrease amyloid b (Ab ) load in
the 5xFAD mouse model of Alzheimer’s disease. To achieve better therapeutic benefits, we explored the ef-
fects of daily 1-h sessions of visual stimulation with continuous light or LED light flickering at 24, 40, or 80Hz
for a period of fiveweeks in 5xFAD mice. As expected, 33-week-old 5xFAD mice but not control wild-type
mice of the same age exhibited an abundance of swollen microglia and Ab plaques in the visual cortex and
hippocampus. Unexpectedly, however, compared with similar session of stimulation with continuous light or a
light flickering at 24 or 80Hz, daily sessions of stimulation with LED light flickering at 40Hz for fiveweeks
failed to further increase the microglial size and could not noticeably decrease the Ab load in the visual cortex
and hippocampus of the 5xFAD mice. In conclusion, contrary to previous findings based on shorter treatment
periods, our data showed that daily noninvasive exposure to a light flickering at 40Hz for a period of
fiveweeks is not effective in reducing Ab load in the 5xFAD mouse model of Alzheimer’s disease.

Key words: 40-Hz flickering light; 5xFAD mouse model; Alzheimer’s disease; amyloid b ; g entrainment;
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Significance Statement

The recent discovery that a short session of noninvasive visual stimulation with a light flickering at 40Hz can
decrease amyloid b (Ab ) load in a mouse model of Alzheimer’s disease gave hope to the idea that this
chronic debilitating disease can be managed by daily sessions of staring at a flickering light. However, we
found in this study that daily 1-h sessions involving exposure to a light flickering at 40Hz for fiveweeks had
no effect on Ab load in the same mouse model. Our data suggest that visual stimulation alone may not be
sufficient for long-term management of Alzheimer’s disease.

Introduction
Noninvasive visual stimulation with LED light flicker-

ing at 40Hz, but not flickering at 20 or 80 Hz, for 1 h has
been reported to entrain g oscillations and decrease

the levels of the amyloid b (Ab )1–40 in the visual cortex
in mouse models of Alzheimer’s disease (Iaccarino et
al., 2016). Importantly, the decreases in soluble and
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insoluble Ab 1–40 levels and plaque size and number
were enhanced when the 1-h visual stimulation ses-
sions were repeated daily for 7 d (Iaccarino et al., 2016).
In addition to decreasing Ab 1–40 levels, experimental
interventions involving daily exposure to LED light flick-
ering at 40Hz, but not flickering at 80Hz, for 1 h for
a total of 22 d or six weeks have been shown to be neu-
roprotective in several mouse models of neurodegen-
eration (Adaikkan et al., 2019). Likewise, repeated
twice-daily exposure to a light flickering at 30–50 Hz,
but not flickering at 10 or 80 Hz, for 1 h immediately
after global ischemia was found to protect the mouse
hippocampus against neurodegeneration (Zheng et al.,
2020). However, despite these histologic findings in
mice, no significant effect of visual stimulation at 40Hz
on clinical outcome in human subjects with Alzheimer’s
disease has yet been observed (Ismail et al., 2018; Agger
et al., 2023).
Similar to visual stimulation at 40Hz, auditory stimu-

lus at 40Hz has been shown to reduce amyloid load in a
mouse model of Alzheimer’s disease, and impressively,
combined visual and auditory stimulation at 40Hz was
found to provide more widespread benefit than either
visual or auditory stimulation alone (Martorell et al.,
2019). Importantly, a recent phase 2A clinical study fur-
ther demonstrated clinical benefits in patients who re-
ceived threemonths of combined visual and auditory
stimulation at 40 Hz (Chan et al., 2022).
Given that video playbacks from cathode ray tube

(CRT) TV displays can entrain the primary visual corti-
ces of macaques and humans (Williams et al., 2004), we
were initially interested in exploring whether chronic
daily movie watching from a CRT display at certain re-
fresh rates exerts similar beneficial effects in reducing
Ab load as stimulation with LED light flickering at 40Hz
as a positive control (grant #AS-HLGC-110-05). However,
we failed to replicate the effect of exposure to LED light
flickering at 40Hz in reducing Ab load even when mice
were treated daily for fiveweeks. Consistent with our
study, another study also failed to reliably demonstrate
the benefit of visual stimulation with a light flickering at
40Hz in mouse models of Alzheimer’s disease (Soula et
al., 2023).

Materials and Methods
Mice
Male hemizygous 5xFAD (B6SJL-Tg(APPSwFlLon,

PSEN1*M146L*L286V)6799Vas/Mmjax, stock #006554,
MMRRC #34 840-JAX; Oakley et al., 2006) mice were pur-
chased from The Jackson Laboratory, and control C57BL/6
male mice were purchased from the National Laboratory
Animal Center (Taiwan). The animals were cared for in ac-
cordance with the ARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines and the Institutional Guidelines
of the China Medical University (CMU) for the Care and Use
of Experimental Animals (IGCMU-CUEA), and all experiments
were approved by the Institutional Animal Care and Use
Committee (IACUC) of CMU (Taichung, Taiwan; protocol No.
CMUIACUC-2021-316).

Visual light stimulation
For each 1-h visual stimulation session, a mouse was

placed in a box with bedding; the front-facing wall of the box
was transparent to allow light input from a 38-bulb LED light
source, and the other three walls were black and opaque to
minimize diversion of visual attention from the light source.
The ceiling was also transparent to allow for video recording
andmonitoring of mouse behavior during each visual stimula-
tion session. The light source was preprogrammed by an
Arduino single-board microcontroller and generated either
continuous light or light flickering at 24, 40, or 80Hz. The fre-
quency of light flickering was confirmed bymanually counting
flickers from slow-motion video recordings of selected ses-
sions. The 5xFAD mice subjected to visual light stimulation
were 28weeks of age at the first session of visual stimulation
and were euthanized at 33weeks of age after fiveweeks of
daily 1-h visual stimulation sessions.

Immunofluorescence
Immunofluorescence staining of microglia and Ab was per-

formed with primary antibodies against Iba1 (1:500; GeneTex,
catalog #GTX100042) and Ab (1:500; Cell Signaling, catalog
#8243), respectively, followed by an anti-rabbit secondary anti-
body (1:1000; Abcam, catalog #ab150080), as described pre-
viously (Wu and Lai, 2021). The area occupied by microglia
and Ab were measured using the image analysis software
ImageJ (NIH) by an investigator blinded to the treatment
groups.

Statistical analysis
The data are presented as the mean6 SEM. The area oc-

cupied by microglia and Ab plaques in the visual cortex and
hippocampus was compared between control C57BL/6 mice
and 5xFADmice by unpaired t test. The effects, or lack there-
of, of daily 1-h visual stimulation with continuous light or light
flickering at 24, 40, or 80Hz for fiveweeks were analyzed by
one-way ANOVA.

Results
Chronic visual stimulation with light flickering at 40Hz
failed to increase the area occupied by microglia in
the visual cortex and hippocampus of 5xFADmice
A hallmark of Alzheimer’s disease in mice is neuroinflam-

mation associated with enlarged and activated microglia in
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the brain; notably, it has been reported that visual stimulation
by light flickering at 40Hz can further increase the microglial
cell body diameter, indicating enhanced Ab engulfment, in
the visual cortex of 5xFADmice (Iaccarino et al., 2016). To ex-
plore the abovementioned phenomenon, we compared mi-
croglia in the visual cortex and hippocampus between 33-
week-old control C57BL/6 mice and 5xFAD mice of the
same age (Figs. 1A,B, 2A,B). Consistent with the observation
of neuroinflammation in the brains of Alzheimer’s disease
mice, we found an abundance of large swollen microglia in
5xFAD mice but not in control mice (Figs. 1A, 2A); therefore,
the area occupied bymicroglia in the visual cortex and hippo-
campus was significantly larger in 5xFADmice than in control
mice (n¼ 4 mice per group; p¼ 0.0235 for the difference in
the area occupied by microglia in the visual cortex and
p¼ 0.0104 for the difference in the area occupied by micro-
glia in the hippocampus, unpaired t tests; Figs. 1B, 2B). To
confirm whether chronic exposure to light flickering at 40Hz
can further increase the microglial cell body diameter, we

subjected 5xFAD mice to daily 1-h visual stimulation
with continuous light or light flickering at 24, 40, or
80 Hz for five weeks (Figs. 1C,D, 2C,D). However, there
was no apparent effect of flickering light on the micro-
glia cell body diameter in these mice (Figs. 1C, 2C),
and therefore, there was no significant difference in
the area occupied by microglia in the visual cortex or
deeper brain structures such as the hippocampus
(n¼ 4 mice per group; p¼ 0.6999 for the difference in
the area occupied by microglia in the visual cortex and
p¼ 0.9194 for the difference in the area occupied by
microglia in the hippocampus, one-way ANOVA; Figs.
1D, 2D).

Chronic visual stimulation with light flickering at 40Hz
failed to decrease the Ab load in the visual cortex and
hippocampus of 5xFADmice
To explore whether chronic exposure to light flickering at

40Hz can significantly decrease the Ab load in 5xFAD mice,

Figure 1. Visual stimulation with light flickering at 40Hz had no effect the area occupied by microglia in the mouse visual cortex. A,
The relative area occupied by microglia in the visual cortex of 33-week-old control C57BL/6 and 5xFAD mice was determined by
Iba1 immunostaining. Bar indicates 200 mm. B, Summary of the results in A showing the relative area occupied by microglia in the
visual cortex. n¼4 mice per group. * indicates p, 0.05 when compared by unpaired t test. C, The relative area occupied by micro-
glia in the visual cortex of 5xFAD mice subjected to daily 1-h visual stimulation with continuous light or light flickering at 24, 40, or
80Hz for fiveweeks was determined by Iba1 immunostaining. Bar indicates 200mm. D, Summary of the results in C showing the rel-
ative area occupied by microglia in the visual cortex. n¼4 mice per group. n.s. indicates no significant difference when compared
by one-way ANOVA.
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we immunostained brain slices from the abovementioned
mice for Ab . Consistent with the observation of amy-
loidosis in mice with Alzheimer’s disease but not in
control mice, we found a large amount of Ab in the vis-
ual cortex and hippocampus of 5xFAD mice at
33 weeks of age but not in control C57BL/6 mice of the
same age (Figs. 3A,B, 4A,B). As a result, the relative
area of the visual cortex and hippocampus occupied
by Ab was significantly higher in 5xFAD mice than in
control mice (n¼ 4 mice per group; p¼ 0.0118 for the
difference in the area occupied by Ab in the visual cor-
tex and p¼ 0.0273 for the difference in the area occu-
pied by Ab in the hippocampus, unpaired t tests; Figs.
3B, 4B). However, in 5xFAD mice subjected to daily
1-h visual stimulation with continuous light or light
flickering at 24, 40, or 80 Hz for five weeks, we found
no apparent effect of light flickering in decreasing Ab
load (Figs. 3C, 4C) and thus no significant difference in

the area occupied by Ab in the visual cortex or deeper
brain structures such as the hippocampus (n¼ 4 mice
per group; p¼ 0.7682 for the difference in the area oc-
cupied by Ab in the visual cortex and p¼ 0.9415 for
the difference in the area occupied by Ab in the hippo-
campus, one-way ANOVA; Figs. 3D, 4D).

Discussion
A single session of 1-h noninvasive visual stimulation

with light flickering at 40 Hz was shown to be sufficient
to increase the average microglia size and decrease
the Ab load in 5xFAD mice, while similar sessions of
stimulation with continuous light or light flickering at
20 or 80 Hz was found to have no effect on the Ab load
(Iaccarino et al., 2016). Therefore, we anticipated that
five weeks of daily 1-h visual stimulation with light
flickering at 40 Hz would be even more effective than a

Figure 2. Visual stimulation with light flickering at 40Hz had no effect on the area occupied by microglia in the mouse hippocampus.
A, The relative area occupied by microglia in the hippocampus of 33-week-old control C57BL/6 and 5xFAD mice was determined
by Iba1 immunostaining. Bar indicates 200 mm. B, Summary of the results in A showing the relative area occupied by microglia in
the hippocampus. n¼4 mice per group. * indicates p, 0.05 when compared by unpaired t test. C, The relative area occupied by
microglia in the hippocampus of 5xFAD mice subjected to daily 1-h visual stimulation with continuous light or light flickering at 24,
40, or 80Hz for fiveweeks was determined by Iba1 immunostaining. Bar indicates 200mm. D, Summary of the results in C showing
the relative area occupied by microglia in the hippocampus. n¼ 4 mice per group. n.s. indicates no significant difference when com-
pared by one-way ANOVA.
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single session in increasing microglial size and de-
creasing the Ab load in 5xFAD mice, whereas similar
treatment with continuous light or light flickering at 20
or 80 Hz would have no effect. Unexpectedly, however,
we found no difference in microglial size or Ab load in
5xFAD mice chronically treated with either continuous
light or light flickering at 24, 40, or 80 Hz. One possible
explanation for the difference between the effects of
chronic visual stimulation in our study and the effects
of a single session of visual stimulation reported previ-
ously (Iaccarino et al., 2016) is tolerance to the thera-
peutic effects of light flickering at 40 Hz on Ab load
after repeated daily treatments. Notably, however, this
explanation contradicts other recent studies showing
that chronic daily 1 h or twice-daily visual stimulation
with light flickering at 30–50Hz, but not similar treat-
ment with light flickering at 80Hz, for up to sixweeks is neu-
roprotective in many mouse models of neurodegenerative

diseases (Adaikkan et al., 2019; Zheng et al., 2020).
Interestingly, consistent with our study, another re-
search group reported no significant change in micro-
glial size and Ab plaque load in 5xFAD mice subjected
to either a single 1-h session of visual stimulation with
light flickering at 40 Hz or 7 d of daily 1-h sessions of
visual stimulation with light flickering at 40 Hz (Soula et
al., 2023). Additionally, it is worth noting that these
negative results for stimulation with light flickering at
40 Hz in 5xFAD mice are consistent with data from
early clinical trials in which human subjects with
Alzheimer’s disease showed no clinical benefit from
visual stimulation with light flickering at 40 Hz (Ismail et
al., 2018; Agger et al., 2023).
The explanation for why the effect of light flickering

at 40 Hz on microglia and Ab load in 5xFAD mice
could not be replicated by our laboratory and another
laboratory may be multifactorial (see Table 1, which

Figure 3. Visual stimulation with light flickering at 40Hz had no effect on endogenous levels of amyloid b (Ab ) in the mouse visual
cortex. A, The endogenous levels of Ab in the visual cortex of 33-week-old control C57BL/6 and 5xFAD mice were determined by
Ab immunostaining. Bar indicates 200 mm. B, Summary of the results in A showing the relative area occupied by Ab in the visual
cortex. n¼ 4 mice per group. * indicates p, 0.05 when compared by unpaired t test. C, The endogenous levels of Ab in the visual
cortex of 5xFAD mice subjected to daily 1-h visual stimulation with continuous light or light flickering at 24, 40, or 80Hz for
fiveweeks were determined by Ab immunostaining. Bar indicates 200 mm. D, Summary of the results in C showing the relative area
occupied by Ab in the visual cortex. n¼ 4 mice per group. n.s. indicates no significant difference when compared by one-way
ANOVA.
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compares the experimental protocols and animals
used between this and other studies). For instance, to
minimize diversion of attention of the treated mouse
from the light source, we made all of the walls of the
treatment box opaque except for the transparent
wall facing the light source to limit other visual input
from the surroundings. However, we cannot ensure
that the mice were not closing their eyes or looking at
the floor or opaque walls. Indeed, it has been shown
that when given the choice, mice would prefer to
spend time in a compartment with continuous light
rather than a compartment with light flickering at
40 Hz (Soula et al., 2023). In addition, the very large
variability in microglial morphology and Ab load be-
tween individual 5xFAD mice in this and similar stud-
ies could also obscure the effects of light flickering
at 40 Hz, particularly if the effects are modest in
magnitude.

In conclusion, although we cannot rule out the possi-
bility that the failure to replicate the effects of flickering
light in 5xFAD mice could be because of the very large
variability in Ab load between individual 5xFAD mice,
lack of visual attention to and focus on the light source
during treatment sessions, or both, our study high-
lights the need to further explore this subject and
question whether the lack of changes in Ab load in
mice could explain the lack of clinical benefit in early
clinical trials. Moreover, in comparison to visual stimu-
lation alone, combined visual and auditory stimulation
at 40 Hz have shown greater therapeutic efficacy in
mouse models and promising results in a recent phase
2A clinical trial (Martorell et al., 2019; Chan et al.,
2022). Therefore, it is possible that the lack of experi-
mental and clinical benefit of visual stimulation alone
in some studies is because the effects are too subtle to
be reliably observed and quantified.

Figure 4. Visual stimulation with light flickering at 40 Hz had no effect on endogenous levels of amyloid b (Ab ) in the mouse
hippocampus. A, The endogenous levels of Ab peptides in the hippocampus of 33-week-old control C57BL/6 and 5xFAD
mice were determined by Ab immunostaining. Bar indicates 200 mm. B, Summary of the results in A showing the relative
area occupied by Ab in the hippocampus. n¼4 mice per group. * indicates p, 0.05 when compared by unpaired t test. C,
The endogenous levels of Ab in the hippocampus of 5xFAD mice subjected to daily 1-h visual stimulation with continuous
light or light flickering at 24, 40, or 80 Hz for five weeks were determined by Ab immunostaining. Bar indicates 200 mm. D,
Summary of the results in C showing the relative area occupied by Ab in the hippocampus. n¼4 mice per group. n.s. indi-
cates no significant difference when compared by one-way ANOVA.
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Table 1: Comparison of experimental protocols, animals used, and findings between previous studies and the present
study

Iaccarino et al. (2016), Nature 540:230–235 Soula et al. (2023), Nature Neuroscience 26:570–578 Present study

Alzheimer’s disease

model 5xFAD mice TauP301S mice 5xFAD mice

5xFAD and APP/PS1

mice 5xFAD mice

Animal gender Male Male Male and female Not specified Male

Animal age 3 months old 6 months old 4 months old 4 months old 7 months old 7 months old 1

Visual stimulation

protocol

LED light flickering at

40Hz for 1 h

LED light flickering at

40Hz for 1 h

LED light flickering at

40Hz for 1 h

LED light flickering at

40Hz for 1 h

LED light flickering at

40Hz for 1 h

LED light flickering at

40Hz for 1 h

LED light flickering at

40Hz for 1 h

Number of sessions A single session Repeat daily for 7 d Repeat daily for 7 d A single session Repeat daily for 7 d A single session Repeated daily for

5weeks

Effect on microglial

cell body diame-

ter and the area

occupied by

microglia

Increase in microglial

cell body diame-

ter and the area

occupied by mi-

croglia in the vis-

ual cortex

Not determined Increase in microglial

cell body diame-

ter and the area

occupied by mi-

croglia in the vis-

ual cortex

Not determined Not determined No difference in mi-

croglial cell body

diameter and the

area occupied by

microglia in the

visual cortex

No difference in the

area occupied by

microglia in the

visual cortex and

hippocampus

Effect on Ab plaque

load

Not determined Decreased Ab

plaque number

and size by

.60% in the

visual cortex

Not determined No difference in the

area occupied by

Ab load in the

visual cortex and

hippocampus

No difference in the

area occupied by

Ab load in the

visual cortex and

hippocampus

No difference in the

area occupied by

Ab load in the

visual cortex

No difference in the

area occupied by

Ab load in the

visual cortex and

hippocampus

Number of animals

tested

n¼4 mice per group

� 2 groups

n¼ 8 mice per group

� 2 groups

n¼8 mice per group

� 2 groups

n¼20–22 mice per

group � 2 groups

n¼11–12 mice per

group � 2 groups

n¼3–7 mice per

group � 2 groups

n¼ 4 mice per group

� 4 groups

Statistical analysis

used

Unpaired t test Unpaired t test Unpaired t test Two-sided Wilcoxon

test

Two-sided Wilcoxon

test

Two-sided Wilcoxon

test

One-way ANOVA

1Seven-month-old at the first visual stimulation session, and eight-month-old after the last session.
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