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Introduction

Abstract. g-Amyloid (Ag) plaque, representing the progressive accumulation of the protein that mainly consists
of Ap, is one of the prominent pathological hallmarks of Alzheimer's disease (AD). Label-free imaging of Ap
plaques holds the potential to be a histological examination tool for diagnosing AD. We applied label-free multi-
photon microscopy to identify extracellular Ag plaque as well as intracellular Ag accumulation for the first time
from AD mouse models. We showed that a two-photon-excited fluorescence signal is a sensitive optical marker
for revealing the spatial-temporal progression and the surrounding morphological changes of A deposition,
which demonstrated that both extracellular and intracellular Ag accumulations play an important role in the pro-
gression of AD. Moreover, combined with a custom-developed image-processing program, we established a
rapid method to visualize different degrees of Ag deposition by color coding. These results provide an approach

for investigating pathophysiology of AD that can complement traditional biomedical procedures. © The Authors.
Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.NPh.6.4.045008]
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amyloid-binding dyes, such as Congo red, Thioflavin S, and

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease characterized by decline of memory, learning, thinking,
and other cognitive functions and is the most common cause of
dementia in the elderly.! Given the prevalence and poor prog-
nosis of the disease, the development of transgenic mouse mod-
els has improved our understanding of the disease pathogenesis
and has led to new therapeutic approaches.? The most prominent
pathological hallmark of AD is senile plaques, representing the
progressive accumulation of the protein that mainly consists of
the f-amyloid (Af).>* Therefore, direct imaging of Af plaques
holds the potential to be a powerful tool for diagnosis and early
detection of AD. The clinical imaging technique of positron
emission tomography (PET) is able to image Af deposits in
transgenic mouse models and humans in vivo after intravenous
administration of tracer Pittsburgh compound B.>® Magnetic
resonance imaging also has been demonstrated to visualize
in vivo individual AD plaques without the use of a contrast agent
in transgenic mice, showing great promise for imaging Af
plaques in living human Alzheimer patients noninvasively.’
However, these techniques are limited by low spatial resolution,
and PET depends on radioactive ligands, although in only
trace amounts. Histologically, the common method often uses
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methoxy-X04.,%° yet these staining methods still rely on
time-intensive procedures that require skilled technicians to pro-
duce slides in a significant amount of time. More importantly,
some studies have reported that amyloid-binding compounds
may interfere with the formation of amyloid structures.'®!! To
complement these limitations of traditional methods, label-free
optical imaging techniques have been developed in brain imag-
ing. Optical coherence microscopy (OCM) has provided three-
dimensional, high-resolution images of individual A plaques
in the brain parenchyma and vasculature.'? Cryo-micro-optical
sectioning tomography (cryo-MOST) has visualized senile
plaques at a micrometer-level resolution in the whole brain.'
It is generally known that Af oligomer toxicity can cause neuro-
nal death and loss.'* Nevertheless, OCM and cryo-MOST are
not applied to simultaneously visualize Af plaques, neurons,
or blood vessels. Moreover, OCM images have only a single
channel, which could not provide enough contrast or informa-
tion. Although some groups have observed autofluorescence
and second-harmonic generation (SHG) at senile plaques by
multiphoton microscopy (MPM),'3!6 they only have imaged
extracellular Af plaques in the hippocampal regions of elderly
mice, and they are unable to reveal brain-wide mapping of
plaque distribution and intracellular Af accumulation.
Label-free MPM, based on two-photon-excited fluorescence
(TPEF) and SHG, two kinds of different mechanisms, has the
ability to visualize different intrinsic fluorophores in biological
tissues, such as collagen, elastic fiber, nicotinamide adenine
dinucleotide (NADH), flavin adenine dinucleotide (FAD), and
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retinol.!”-1 Recently, label-free MPM has demonstrated the abil-
ity to visualize a wide range of brain diseases features in rodents
and humans at the cellular level, such as the Purkinje cell layer
of cerebellar hemangioblastomas,'® the diagnosis of pituitary
adenoma,” neuronal injury of cerebral infarctions,?' and abnor-
mal cortical lamination of focal cortical dysplasia.”> MPM can
create pathology-like images from multiple endogenous fluoro-
phores in brain tissue, which is suitable for detecting the
changes of brain tissue structures with high resolution and high
sensitivity. Therefore, this approach shows the ability to offer
additional metrics for neuropathologists’ observations and even
surgeons’ decisions.

In this study, we demonstrated the capability of label-free
MPM to visualize extracellular and intracellular Af accumu-
lations in brain tissue from the APP/PS1 and APP/PS1/Tau
transgenic mouse model of AD. We then focused on the spatial—
temporal progression and the surrounding morphological
changes of Af deposition, demonstrating that both extracellular
and intracellular Af accumulations play an important patho-
physiological role in the progression of AD. Finally, combined
with a custom-developed image-processing program, we estab-
lished a rapid method to visualize different degrees of Ap
deposition by color coding.

2 Materials and Methods

2.1 Experimental Animals

A total of 32 male APP/PS1 double-transgenic mice [B6C3-Tg
(APPswe, PSENIdE9) 85Dbo/MmJNju] and 4 male wild-
type mice were obtained from Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China). Four male
APP/PS1/Tau mice [B6; 129-Tg (APPSwe, tauP301L) 1Lfa
Psenltm1Mpm/Mmjax] were purchased from the Jackson
Laboratory. Mice were housed in groups of three per cage on
a 12:12-h light/dark cycle with access to food and water
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ad libitum. All of the animal experiments were approved by the
Institutional Animal Ethics Committee of Fujian University of
Traditional Chinese Medicine, and all experiments were per-
formed in accordance with relevant guidelines and regulations.
The experimental design is illustrated in Fig. 1(a).

2.2 Sample Preparation

APP/PS1 mice (aged 2.5, 3, 4, 6, 9, 12 months), wild-type mice,
and APP/PS1/Tau mice (aged 15 to 16 months) were euthanized
by 1% sodium pentobarbital (50 mg/kg, i.p. Sigma-aldrich) and
then perfused transcardially with 0.9% saline and 4% para-
formaldehyde chilled to 4°C. The brain was removed and fixed
at 4°C in 4% paraformaldehyde for 24 h. Each brain was
embedded in paraffin and cut into five consecutive coronal sec-
tions of 8-um thickness using a rotary microtome (RM2235,
Leica, Germany). Importantly, the MPM-imaged sections were
fully deparaffinized by alcohol and xylene before MPM imag-
ing. All sections were mounted onto adhesive glass slides
(Matsunami Glass Ind., Japan). Four of five consecutive sections
were used for MPM imaging. The middle sections were stained
with Af staining. During the MPM imaging experiment, a
small volume of phosphate-buffered saline (PBS) solution was
dripped onto the tissue specimen to avoid dehydration or
shrinkage. Then, a coverslip was placed on the PBS-moistened
specimens.

2.3 Immunofluorescence/Immunochemistry Staining

To confirm that observed structures in amyloid-laden brains are
indeed Ap plaques, immunofluorescence staining and immuno-
chemistry staining were performed on the adjacent serial slices.
The slices were retrieval using heat-mediated antigen retrieval
with sodium citrate buffer (pH 6) for 10 min.

For immunofluorescence, the slices were washed in PBS and
then blocked in 5% bovine serum for 1 h. Afterward, the slices
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Fig. 1 The diagram of (a) experimental design and (b) the image-processing approach for visualizing

Ap deposition.
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were incubated overnight at 4°C with the primary antibodies
anti-Af (6E10, 1:1000, Biolegend). Subsequently, the slices
were washed in PBS to clear out excess primary antibodies
and were incubated with secondary antibodies conjugated to
fluorophores Alexa Fluor 488 (1:500, Life Technologies) for
2 h at room temperature. After being series washed in PBS,
nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(1:1000; Santa Cruz). The tissue slices were mounted in mount-
ing medium (Solarbio, China) and then mounted onto cover
slides. The immunofluorescence images were obtained using
a confocal laser scanning microscope (Axio Examiner. Z1,
Zeiss LSM 880 META, Jena, Germany).

For immunochemistry, the slices were incubated with the pri-
mary antibodies anti-Af (6E10, 1:1000, Biolegend) overnight at
4°C. After being series washed in PBS, the slices were developed
with diaminobenzidine substrate using the avidin—biotin—horse-
radish peroxidase system. The tissue slices were mounted in neu-
tral balsam (Solarbio, China) and then mounted onto cover
slides. The immunochemical images were obtained using a light
scanning microscope (Aperio VERSA 8, Leica, Germany).

2.4 Multiphoton Microscopy System

The MPM system used in this study has been previously
described in detail.>> Briefly, an upright laser scanning micro-
scope (Axio Examiner. Z1, Zeiss LSM 880 META, Jena,
Germany) was equipped with an external mode-locked Ti:
sapphire laser (140 fs, 80 MHz), tunable from 690 to 1064 nm
(Chameleon Ultra, Coherent, Inc., Santa Clara, California). In
our experiment, samples were excited at an excitation wave-
length of 810 nm. The average power after the objective was
5 to 10 mW. The emitted fluorescence was either spectrally sep-
arated by passing through a grating onto the 32-channel gallium
arsenide phosphide photomultiplier tube (PMT) array detectors
to obtain the TPEF signal and onto a flanking PMT detector to
get the SHG signal. The images were collected in two indepen-
dent channels simultaneously: one channel covered the wave-
length range from 395 to 415 nm for collection of SHG
signals (color-coded green) and the other channel covered the
wavelength range from 430 to 690 nm for collection of TPEF
signals (color-coded red). For large-scale imaging, a Plan-
Apochromat 20 X /N.A. 0.8 objective (Zeiss) was used. The
frame size was set to 1024 x 1024 pixels, and mean average
mode was used so that the image information was generated
by adding up all scans pixel by pixel and then calculating the
mean value. The HIP2SLSM motorized microscope stage (Prior
Scientific Instruments Ltd., Cambridge, UK) was applied to
scan across large sample areas. All frames were automatically
stitched by Zeiss software. For high-resolution Z-stack imaging,
a Plan-Apochromat 63 X /N.A. 1.4 oil immersion objective
(Zeiss) was performed. We match the findings at different scales
by zooming in on the region of interest (ROI) in images or
switching to different objectives. All images had a 12-bit pixel
depth. Bidirectional scanning doubles the scanning rate to a
maximum of 13 frames/s (512 X 512 pixels). In addition, emis-
sion spectrum was obtained by the lambda mode setting of the
laser scanning microscopic imaging system (LSM 510 META,
Zeiss, Jena, Germany) equipped with a mode-locked femto-
second Ti:sapphire laser (110 fs, 76 MHz) at 810 nm (Coherent
Mira 900-F).”> The lambda mode, which was used to obtain
the emission spectrum intensity by the META detector, covered
a spectral width ranging from 377 to 716 nm, and the spectral
resolution was 10.7 nm.
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2.5 Image Processing

To rapidly visualize the degree of Af deposition, the digital
image processing technique was exploited to highlight the
Ap deposition in the unstained brain slices. The detail of the
processing pipeline is illustrated in Fig. 1(b). First, the raw
image is sampled from the unstained brain slice by MPM.
Owing to the nonuniformed intensity distribution, the region-
wise intensity is adjusted first and a normalized operation is fol-
lowed. Second, we achieve the corresponding mask image by
combining a coarse binary image with a background image.
To get the binary image, a top-hat operation is implemented
on the normalized image first and then the image is converted
into a binary image with a reasonable threshold value. Subse-
quently, the binary image is fed into a group of open and close
morphology operations to eliminate outliers and fill small
objects. To achieve the background image, we dilate the normal-
ized image and erode it sequentially with a ball-shaped structur-
ing element first. Then a thresholding operation is employed to
remove some small objects. The threshold value for converting
the binary image is 0.616. The small objects in the background
are cleared when their areas are <5 pixels. Third, to directly
visualize the Af accumulation, we record the coordinate and the
area of each connected region in the mask image. Then the mask
image is color-coded according to the area of each connected
region whose logical value is equal to 1. Finally, the output
image is obtained via merging the colored mask image with
the raw image. All image processing and algorithm execution
were carried out using MATLAB (The MathWorks, Natick,
Massachusetts).

2.6 Statistical Analysis

We measured extracellular Af plaque’s number, cell number,
and nuclear area by LSM 880 software (Zen blue, Zeiss,
Germany). The representative series sections of the whole brain
were selected for statistical analysis by SPSS software (version
21.0, IBM, New York). A two-tailed Student’s t-test was per-
formed to determine significant differences between any two
groups. One-way analysis of variance (ANOVA) was used to
compare more than two groups of data. The final results were
presented as the mean value * standard deviation (mean 4
SD). The confidence level was set to 0.05 (p value). The sig-
nificance level is displayed as asterisks ("p < 0.05, “p < 0.01,
“*p < 0.001; NS, not significant).

3 Results

3.1 Imaging of Extracellular Ap Plaques
in the APP/PS1 Mouse Model

To validate the imaging capability of label-free MPM for Ap
plaques, we first imaged unstained brain slices from the
9-month-old male APP/PS1 transgenic AD mice model.
Figure 2(a) shows a stitched large-scale SHG/TPEF image and
a corresponding Af immunofluorescence-labeled image of a
representative half hippocampal coronal plane. In the SHG/
TPEF image [Fig. 2(a)], Ap plaques can be clearly distinguished
by a distinct pattern of SHG and TPEF signals, which appear
as spherical objects that emit a diffuse intrinsic fluorescence.
In detail, Fig. 2(d) displays enlarged images of the white dashed
box indicated in Fig. 2(a), showing that MPM has the capacity
to identify Af plaques in corpus callosum (CC), pial vessel,
hippocampus (HC), and cortex (CTX). Notably, the strong
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Fig. 2 Imaging of extracellular Ag plaques in APP/PS1 mouse model. (a) Representative large-scale
SHG/TPEF images and a corresponding Ap immunofluorescence image of a half hippocampal coronal
plane. CC, corpus callosum; BV, blood vessel; HIP, hippocampus; CTX, cortex. (b) Enlarged images
from yellow dashed box in (a). Yellow arrows, Ag plague with strong TPEF signal and weak SHG signal.
White arrows, A plaque with no SHG signal. (c) Emission spectrum from A plaque region (blue line) and
adjacent region with no plaque (pink line). (d) Enlarged SHG/TPEF images from white dashed box in (a).
Arrowhead, Ap plaque detected near the pial vessel. SHG, color-coded green. TPEF, color-coded red.

SHG signal along the vascular wall [blood vessel in Fig. 2(d)],
a similar signal compares with Af plaque detected near the pial
vessel, which is contributed to collagen fiber.!” These observa-
tions are confirmed by the corresponding A immunofluores-
cence image, verifying that the plaques detected by MPM are
Ap plaques. Significantly, we find that all of the Af plaques can
emit strong TPEF signals. However, not all plaques can show
strong SHG signals [Fig. 2(b)]. Some of the plaques emit weak
and even no SHG signals [white arrows in Fig. 2(b)]. The rel-
atively strong SHG signals of plaque are mainly attributed to the
plaque center [yellow arrow in Fig. 2(b)].

To further confirm the feasibility that Af plaques can be
effectively detected by TPEF signals, we next obtained typical
emission spectrum of individual Af plaque from the same trans-
genic mouse model [Fig. 2(c)]. Qualitatively, SHG at 405 nm
has much weaker signals than TPEF (430 to 690 nm) in the
plaque region (blue line). However, in an adjacent region with
no plaque (pink line), the detected emission is significantly
weaker and there are no SHG signals at 405 nm. The strong
TPEF signals are mainly attributed to NADH (peak at ~475 nm)
and FAD (peak at ~540 nm). The peak around 630 nm is
assigned to porphyrin derivatives.!”!'® Notably, lipofuscins, an
autofluorescent lipopigment that contributes to the formation
of AD senile plaques and neurodegeneration, presents a very
wide spectra ranging from 400 to 700 nm, with a broad major
peak centered at ~578 nm, which is spectral overlapped with
FAD fluorophores.'® To further verify the optimal TPEF signals
for Ap plaque imaging, we also compared the emission spec-
trum from different unstained slice types (Fig. S1 in the
Supplementary Material). The molecular origin of autofluores-
cence in Af plaques is addressed in detail in Sec. 4. As a result,
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our data not only demonstrate the ability of label-free MPM to
visualize the extracellular Af plaque, but also illustrate that the
TPEF signal is a more sensitive optical marker for detecting
Ap plaques when compared with the SHG signal.

3.2 Characterization of Extracellular A Deposition
in the APP/PS1 Mouse Model

To characterize the spatial-temporal progression of Af deposi-
tion in APP/PS1 transgenic mice, we first visualized the distri-
butions of Af plaques from 10-month-old APP/PS1 mice by
TPEF signals. Figure 3(a) shows a series of coronal images
along the anterior—posterior axis of the entire mouse brain.
Moreover, representative sagittal and coronal cerebellum images
are also shown in Fig. 3(b).

As shown in Fig. 3, Af plaque distributions have spread to
the whole brain and even cerebellum, which can be clearly visu-
alized without exogenous dye. In detail, the plaques can be
detected in both gray matter (yellow arrows in Fig. 3) and white
matter (white arrows in Fig. 3). Most plaques are distributed in
CTX; some lay in HC, especially in dentate gyrus (DG) region.
A minority spread to other areas, such as corpus striatum and
thalamus (THA). Furthermore, the magnified shape of the indi-
vidual Ap plaque is displayed in Fig. 3(c). Figure 3(c) is a
Z-stack TPEF image at an orthogonal view, which presents the
XY, XZ, and YZ planes at a certain spot. The plaques show a
dense core that has more A accumulation than the peripheral
plaque region, where stronger TPEF signals appear. In addition,
we also observe some spots within the plaque. These spots may
be the result of concentrated NADH in the mitochondria®* or a
synaptic marker.”> Imaging was performed at Z intervals of
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Fig. 3 Distribution of extracellular Ag plaque. (a) A series of TPEF coronal images along the anterior—
posterior axis of the entire mouse brain in 10-month-old APP/PS1 mice. (b) Typical TPEF images of
sagittal and coronal cerebellum. (c) A Z-stack TPEF image of Ag plaque at an orthogonal view, which
presents the XY, XZ, and YZ planes at a certain spot. Yellow arrows, Ag plaque in gray matter. White

arrows, Ag plaque in white matter.

1 ym, and a penetration depth of 60 ym was recorded. The
acquisition time for the Z-stack image is 25 s.

Then, we proceeded to characterize the progression of Af
deposition from 2.5- to 12-month-old APP/PS1 transgenic mice,
which focused on CTX, hippocampal cornu ammonis-1 (CA-1),
and DG regions because they are progressively damaged during
AD and are well known to be associated with learning and
memory. As shown in Fig. 4(a), Af plaques are identified in
a series of coronal brain images at different stages. We find that
the plaque can be detected in the CTX as early as 2.5 months of
age by label-free MPM imaging [arrow in Fig. 4(a)]. In contrast,
the corresponding image of a wild-type mouse (6 months of age)
shows no plaque signal [Fig. 4(b)]. Moreover, there is a
progressive increase in amyloid burden with age, which is a
function of increases in both Af plaque number and mean
plaque area. Four coronal planes with HC and parietal associ-
ation CTX were selected as ROIs, depicting that the plaque
number increases significantly with age [Fig. 4(c)], whereas
they show no significant difference among 2.5- to 4-month-old
mice groups. In addition, the small area of Af plaques (diameter
~10 pm) can be seen in mice groups aged from 2.5 to 4 months
old. Some large area plaques with diameter ~35 to 70 ym
appear increasingly in 6-month-old mice. Therefore, combined
with the quantitative results, Af plaques’ deposition displays an
increasing tendency, which is observed obviously in the brain of
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6-month-old APP/PS1 mice. These results indicate that MPM
can be used to evaluate Af plaque distribution and progression
in APP/PS1 mice at different months of age, similar to previ-
ously reported studies on Af-stained sections of the same trans-
genic model.***’

3.3 Identification of Structural Alterations around
Extracellular Ap Plaques

Growing evidence suggests that Af deposition is associated
with the surrounding structural abnormalities, which might
evolve in the pathogenesis in AD. As shown in Fig. 5, we could
readily observe the white matter and gray matter structural alter-
ations in the vicinity of Af plaques by MPM. Compared with
wild-type mice (6 months of age), CC of white matter shows a
relatively sparse microstructural abnormality in APP/PS1 mice
[Fig. 5(a)]. Enlarged images further clearly compare the changes
in white matter structures, revealing the fiber tract reduction in
the CC region. Meanwhile, cells could be identified by nonfluor-
escent nuclei (white dashed circles) and TPEF signals of peri-
nucleus. In contrast, we observe obvious neuronal loss region
near the plaque in CTX [asterisk in Fig. 5(b)]. Moreover, the
abnormalities of cortical lamination [Fig. 5(c)] are also found
when A plaques are observed in CTX of APP/PS1 mice. It can
be seen that layers 2 to 5 are less distinguishable in comparison
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Fig. 4 Progression of Aj deposition with age. (a) TPEF images of extracellular A plagues in CTX and
HC from 2.5- to 12-month-old APP/PS1 mice. Arrow, A plaque. (b) TPEF image from wild-type mouse.
(c) Statistical analysis revealed that Ap plague number increases significantly with age. We performed
ANOVA within groups. 2P < 0.01, versus 2.5-month-old group. °P < 0.01, versus 3-month-old group.
°P < 0.05, versus 4-month-old group. 9P < 0.001, versus 6-month-old group. °P <0.001, versus

9-month-old group. Each group has three mice.

with  structurally normal six-layer cortical lamination.
Interestingly, we further found that there are few cells near
Ap plaques. The surrounding cells and the plaque exhibit a
halo-like structures [Fig. 5(d)]. To quantitatively describe the
spatial impact of the halo structures surrounding the A plaque
cores, the cell number per unit area defined by concentric bands
spaced at 17-um intervals from the border of individual plaques
was measured in CTX [Fig. 5(d), middle and right; n =8
plaques per mouse. Each group has three APP/PS1 mice.].
Quantitatively, the percentage of cell numbers is significantly
decreased in the areas adjacent to plaques. These phenomena
are consistent with previous studies,”®*’ demonstrating that
MPM can not only detect the Af plaques but also reveal the
surrounding structural alterations in AD brain tissues.

3.4 Imaging of Intracellular A Accumulation

in the APP/PS1/Tau Mouse Model

In addition to the extracellular Af accumulation in the paren-
chyma, emerging evidence indicates that intracellular Af also
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plays a potential biomarker for the onset of AD.*° Moreover,
there are no label-free optical imaging techniques that show the
ability to visualize intracellular A accumulation. Therefore, we
imaged intracellular Af accumulation in unstained brain slices
from the 15-month-old male APP/PS1/Tau transgenic AD mice
model. Figure 6(a) displays the typical SHG/TPEF image and
corresponding immunofluorescence image of intracellular ApS
in the cortical region [yellow dashed circle in Fig. 6(a)].
Intracellular Af accumulation shows bright granules within the
perinuclear region, which appears as a thin ring around cell
nuclei from strong TPEF signals and no SHG signals. In com-
parison with the cortical neuron without Af deposition [white
arrows in Fig. 6(a)], most of Af-loaded cells exhibit an irregular
shape as well as shrunken and even pyknosis nuclei. The Af-
loaded cell nuclei become blurred and show weak TPEF signals.
To quantitatively characterize the morphological changes of
Ap-loaded cells, we measured mean cell nucleus area of normal
cells and Ap-loaded cells in cortical layer 4 and hippocampal
CA-1 region, respectively [Fig. 6(b)]. Consistent with our obser-
vation, in both of these regions, mean cell nucleus area of Ap-
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Fig. 5 Identification of structural alterations around extracellular Ag plaques. (a) White matter damage.
(b) Neuronal loss near Ap plaques in CTX. White dashed circles, cell nuclei. Asterisk, neuronal loss
region. (c) Abnormalities of cortical lamination. Arrows, Aj plaque. L1, cortical layer 1. (d) Left: halo struc-
tures surrounding the Ag plaque cores. (d) Middle and right: the percentage of cell number within areas
defined by concentric bands spaced at 17-um intervals from the border of individual plaques.

loaded cells shows a significant decrease compared with normal
cells. This finding demonstrates that intracellular AS accumula-
tion is associated with cellular structural changes. Moreover, we
also show typical intracellular Af located within the cornu
ammonis (CA) field of the hippocampal region [Figs. 6(d) and
6(e)]. Some of intracellular Af are dispersed in the surrounding
extracellular space, which is due to the lysis of Ap-loaded
neurons.’! Finally, to compare the sensitivity between histology
analysis and multiphoton imaging results, the number of intra-
cellular Af accumulation between SHG, TPEF, and correspond-
ing immunohistochemistry (IHC) images (100 x 100 gm?) is
measured [Fig. 6(c)]. Our quantitative and qualitative results
show that TPEF is a sensitive tool for identifying intracellular
Ap accumulation. There are slight structural differences
between TPEF images and Af staining images because the
serial sections are very thin.
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3.5 Rapid Visualization of A Deposition

In our imaging results, identification of Af deposition often
depends on the difference of TPEF signal intensity between
A deposition and background signals, which all display the
color code red. Therefore, to rapidly visualize extracellular and
intracellular Af depositions, we developed the digital image-
processing method based on the MPM image (see Sec. 2).
As shown in Fig. 7(a), it illustrates the representative extracel-
lular and intracellular Af depositions in 9-month-old APP/PS1
mouse and 15-month-old APP/PS1/Tau mouse. By combining a
coarse binary image with a background image from MPM
image, we generate a mask that indicates the locations of object
regions. Once these regions are identified, a color-coded mask is
created to directly evaluate Af accumulation according to the
difference of each object region’s area. From yellow to magenta,
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Fig. 6 Imaging of intracellular Ag accumulation in APP/PS1/Tau mouse model. (a) Typical SHG/TPEF
image and corresponding A immunofluorescence images of intracellular Ag accumulation in CTX from
APP/PS1/Tau mice. White arrows, normal cell. Yellow dashed circles, Ag-loaded cell. (b) Quantitative
characterization of mean cell nucleus area of normal and Ag-loaded cells in cortical layer 4 and hippo-
campal CA-1 region. CTX L4, cortical layer 4; CA-1, cornu ammonis-1. Each group measures 23 cells
from two APP/PS1/Tau mice. ~"P < 0.001. (c) Quantitative comparison of the number of intracellular Ag
accumulation between SHG, TPEF, and corresponding IHC images (100 x 100 um?2) (n = 8). (d) and
(e) Typical SHG/TPEF images and corresponding immunohistochemical images of intracellular Ag in

CTX and hippocampal CA region.

different colors represent the different degrees of the Af depo-
sition (um?). We could clearly identify a few yellowish small Aj
in extracellular matrix, as well as some magenta plaques around
neuronal nuclei in the enlarged images of intracellular Ap.
Furthermore, severe deposition of extracellular A plaques can
directly be observed. As a result, the merged images, which are
obtained by combining the color-coded mask image with the
raw MPM image, show increased imaging contrast. Then, we
compare the number of extracellular Af plaques in CTX,
HC, CC, and THA regions from three 10-month-old APP/
PS1 mice. Four representative hippocampal planes are selected
as ROIs. Figure 7(b) displays a part of the representative
hippocampal plane. Combined with the quantitative results
[Fig. 7(c)], we can find that CTX is the most severe deposition
area. Moreover, large plaques color-coded with magenta are
mainly distributed in both the CTX and HC regions. With the
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combination of MPM and the custom-developed image-process-
ing method, these results show the feasibility of our data, which
can serve as an automated tool for rapidly visualizing Ap
deposition.

4 Discussion

The accumulation of Af from senile plaques has been consid-
ered one of the prominent neuropathological hallmarks of AD.>*
Transgenic mice models carry disease-linked forms of genes
associated with AD that have successfully replicated extracellu-
lar and intracellular Af accumulations.>*? Despite there being
several dyes and imaging techniques that visualize Af plaque,
these techniques or antibodies have different sensitivities and
specificities for identifying Af plaque. Consequently, histologi-
cal examination of a label-free imaging method is a powerful
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Fig. 7 Rapid visualization of A deposition. (a) Representative extracellular and intracellular A depo-
sitions. Enlarged images were zoomed in from yellow dashed box. From yellow to magenta, different
colors represent the different degrees of A deposition. (b) A part of representative hippocampal plane
from 10-month-old APP/PS1 mouse. (c) Comparison of the number of extracellular Ag plaques in CTX,

HC, CC, and THA regions.

tool for the investigation of AD, which can complement tradi-
tional biomedical procedures.

Here, we have established a label-free optical method for the
investigation of Af accumulation by MPM. First, we demon-
strate that the TPEF signal is a more sensitive optical marker
for visualizing A accumulation, revealing the spatial-temporal
progression of extracellular Af deposition, as well as structural
alterations around the plaques in APP/PS1 mice. More impor-
tantly, we identify intracellular Af without any exogenous dye
for the first time in APP/PS1/Tau mice, evaluating the associa-
tion between the distribution of intracellular Af accumulation
and nuclear morphological changes. These results demonstrate
that both extracellular and intracellular A accumulations play
an important pathophysiological role in the progression of AD.

According to previous studies,!”** the molecular origin of
SHG signals is likely attributable to microtubules in neurites
of senile plaques. As a result, the changes of SHG signals in
extracellular A plaques are probably due to microtubules in
some nascent senile plaques that do not have enough high den-
sity or complete noncentrosymmetric structures during the
increasing of the Af deposition. By contrast, FAD, lipofuscins,
and other compounds in extracellular A plaques can generate
TPEF signals,'*!> revealing the sensitivity of TPEF to detect Af
plaques compared with SHG. On the other hand, Af can also be
produced inside the cell, which exists in multiple assembly
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states including monomers, oligomers, protofibrils, and fibrils.>*
Given our identification of intracellular Af, we find that Ap
accumulation can emit TPEF signals and lack SHG signals.
This finding further reveals the molecular origin of autofluores-
cence in Af plaques. Moreover, it confirms that the SHG signals
from extracellular A plaque are noncentrosymmetric micro-
tubules rather than Af accumulation. In addition, according to
the senile plaque composition and the known endogenous fluo-
rophores,!”1835 we suggest that proteoglycans (such as keratin)
and metal ions (such as Fe) also contribute to intrinsic TPEF
signals for extracellular Af plaques.

In comparison with intracellular and extracellular Af accu-
mulations, similar to previous studies,*>* the accumulation and
distribution of intracellular A are consistent with the results of
extracellular Ap plaque. CTX and HC are the most easily and
severely deposited regions. Although it is presently unclear how
the AD features and the formation of plaques relate to the emer-
gence of cognitive impairments,>>*** there still exists a chain
effect that shows a relationship between intracellular and extrac-
ellular Af. On the other hand, we find that the neurotoxicity
of intracellular Af can change the morphology of a cell nucleus,
which may further cause neuronal apoptosis or death. This
process might be the previous step of extracellular Af plaque
formation. In addition, the presence of extracellular A is ac-
companied by changes in the surrounding structures, including
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white matter damage, neuronal loss, cortical lamination abnor-
malities, and halo-like structures. Although we did not continue
to study the toxicity of Ap, these results suggest that the patho-
logical changes in the brain microenvironment might be a cru-
cial reason for functional impairment, which can provide a
potential target and orientation for the treatment of AD.

Finally, we have combined MPM and the custom-developed
automated image-processing program to rapidly label A plaque
by color coding, providing a rapid method for recognizing dif-
ferent degrees of Af deposition for neuroscientists. Computer-
aided diagnosis algorithm methods have emerged to permeate
biomedical optics imaging. Ounkomol et al.>” have presented
a label-free method for predicting three-dimensional fluores-
cence directly from transmitted-light images. Liu et al.® have
established an automated method for quantifying the three-
dimensional organization of fiber-like structures in biological
tissues. In our future work, we will collect large volumes of raw
data for training the deep learning model to automatically iden-
tify the Af deposition in the brain and to predict the formation
rate in different regions.

In addition to Ap, neurofibrillary tangles (NFTs) are also a
significant neuropathological feature for AD. Unfortunately, we
did not find NFTs or Tau by label-free MPM in our experiment,
which may require fluorescent markers to accurately identify.
Label-free MPM has several unique advantages, including
inherent optical sectioning capability and low photobleaching
and phototoxicity outside the imaging plane, which utilizes the
endogenous contrast mechanisms to permit the exploration of
unstained specimens. Moreover, the rise of commercially avail-
able systems facilitates MPM being more accessible to biolo-
gists. However, before full practical translation to in vivo and
even clinical applications can occur, it is necessary to address
current limitations of MPM, such as the imaging volume, pen-
etration depth, user interface, and especially the size compati-
bility with biological problems and clinical practices. For
biological use, fiberscopes are a primary type of miniature
MPM, where a supple fiber bundle and a miniature compound
objective are mounted to the head of a freely behaving mouse.*
For clinical use, microendoscopy techniques are advancing and
could realize label-free, slide-free digital histopathology images
in real time. It is an invasive approach that often combines pho-
tonic crystal fibers with a gradient refractive index lens or micro-
prism technology to directly access the targeted deep brain
region.***! Collectively, combined with advanced biological
and clinical techniques of MPM, future MPM will integrate
multiple advantages to achieve more in vivo studies of AD in
common laboratories and hospitals.

5 Conclusion

In summary, we demonstrated the capability of label-free MPM
to identify extracellular A plaque as well as intracellular Ap
accumulation for the first time from AD mouse models,
revealing that the TPEF signal is a sensitive optical marker for
showing the spatial-temporal progression and the surrounding
morphological changes of A deposition. Moreover, we estab-
lished a rapid method to visualize different degrees of Ap dep-
osition combined with a custom-developed image-processing
program. Our results expanded the applications of label-free
MPM in AD, indicating the importance of extracellular and
intracellular Af accumulations in the progression of AD and
verifying the feasibility of MPM data in image-processing
procedures. With the technical development of MPM and its
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applications, we anticipate that our study may provide the
groundwork to push forward the practicality of label-free MPM,
which can complement biological and clinical procedures.
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