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Abstract Amyloid deposits are one of the hallmark
pathological lesions of Alzheimer’s disease (AD). They
can be visualized by thioflavin-S, silver impregnation,
Congo red staining, and immunohistochemical reactions.
However, that amyloid deposits generate blue autofluores-
cence (auto-F) has been ignored. Here, we report that
visible light-induced auto-F of senile plaques (SPs) was
detected and validated with conventional methods. Brain
slices from APP/PS1 (amyloid precursor protein/presenilin
1) transgenic mice were mounted on slides, rinsed,
coverslipped and observed for details of the imaging and
spectral characteristics of the auto-F of SPs. Then the slices
were treated with the above classic methods for compar-
ative validation. We found that the SP auto-F was greatest
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under blue-violet excitation with a specific emission
spectrum, and was much easier, more sensitive, and
reliable than the classic methods. Because it does not
damage slices, observation of auto-F can be combined with
all post-staining techniques in slices and for brain-wide
imaging in AD.

Keywords Alzheimer’s disease - Amyloid deposits - Se-
nile plaques - Autofluorescence - Spectral imaging - Glial
activation

Introduction

Alzheimer’s disease (AD) has become one of the most
common types of dementia, the most common cause of
progressive cognitive decline in the aged population [1].
The clinical hallmarks are progressive impairment of
memory, judgment, decision-making, and language [2].
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As one of the pathological hallmark lesions in AD, senile
plaques (SPs) can be visualized by several methods,
including silver impregnation, Congo red, thioflavin-S
(Th-S), and immunohistochemical reactions [3-5]. How-
ever, each method has its disadvantages, such as low
sensitivity and lack of specificity, and each is also
laborious, time-consuming, and variable between tests.
Therefore, there are strong incentives to develop more
reliable, simple, and inexpensive methods for SP detection.
Indeed, these conventional staining techniques have under-
gone several modifications with the aim of improving their
sensitivity, specificity, and reliability. However, that SPs
generate blue autofluorescence (auto-F) has been ignored
[6-8].

Since the first paper was published in the 1980s, there
have been several reports on auto-F from AD-related
lesions. The earliest paper by Dowson described SP auto-F
in brain tissue from AD patients by irradiating unstained
paraffin wax-embedded sections with ultraviolet light [6].
This observation was confirmed by another study on human
AD tissue showing that UV light-induced auto-F is
restricted to amyloid plaques and is also seen in blood
vessels affected by cerebral amyloid angiopathy [7]. In AD
model mice, one study has reported that intrinsically
fluorescent SPs occurred in acute slices from four different
transgenic models [8]. Recently, using cryo-micro-optical
sectioning tomography (cryo-MOST), the whole-brain
distribution of SP auto-F was visualized in AD transgenic
mice [9]. However, so far, SP auto-F has not been widely
used, perhaps due to the uncertainty and lack of details of
its characteristics. Fortunately, the high sensitivity and
resolution of confocal fluorescence microscopy provide the
details of SP auto-F, which may be a well-suited and potent
diagnostic method for AD. In the present study, we tried to
clarify the imaging and spectral characteristics of SP auto-
F in brain slices from the APP/PS1 mice.

Materials and Methods
Mice and Tissues

All surgical and experimental procedures were approved
by the Animal Care and Use Committee at the Wuhan
Institute of Physics and Mathematics, Chinese Academy of
Sciences. The experiments were performed on APPswe/
PS1AE9 (amyloid precursor protein/presenilin 1) mice
aged 7-8 months and their wild-type littermates (n = 6
mice per genotype), because transgenic mice at this age
already show abundant and apparent amyloid deposits.
Mice were maintained on a 12/12 h light/dark cycle, and
had unrestricted access to food and water. Mice were
weighed and deeply anesthetized with urethane (1.4 g/kg

i.p.), transcardially perfused with 200 ml saline and then
100 ml 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS). The brains were post-fixed in 4% PFA at 4°C
overnight and then cryoprotected in 30% sucrose solution
at 4°C for 72 h. Finally, the brains were cut coronally at
30 um on a freezing microtome (Leica, CM 1850, Nuss-
loch, Germany) and the sections were stored at — 20°C
until use.

Autofluorescence Detection

The sections were rinsed in 0.01 mol/L. PBS (pH 7.4) for
5 min, mounted on glass slides, dried for 10 min, and
mounted with 90% glycerin in PBS. A fluorescence
microscope (Olympus, BX-53, Tokyo, Japan) and a laser
scanning confocal microscope (LSCM, Leica, TCS SP8
MP, Heidelberg, Germany) were used for SP auto-F
detection. Three channels of the BX-53 (U-FUN, BP
360-370, BA 420IF; U-FBW, BP 460-495, BA 510IF,;
U-FGW, BP 530-550, BA 575IF) and four laser wave-
lengths on the Leica TCS SP8 MP (405 nm, 488 nm,
552 nm, and 638 nm) were used.

Measurement of Excitation/Emission Spectra

The SP auto-F excitation/emission spectra in the brain
sections were measured using the two-photon laser scan-
ning microscope (Leica, TCS SP8 MP) based on a mode-
locked laser system operating at 700 nm—1040 nm (equiv-
alent to a single-photon at 350 nm—520 nm) in 20-nm
steps. This microscope equipped with a 63 x oil-immer-
sion objective was used to collect the emission fluores-
cence in the 400 nm—500 nm and 500 nm—-600 nm bands.
The average laser power on the surface of the samples was
maintained at 8.3 mW. The auto-F optical images were
processed with ImagelJ. To examine the spectrum of the
auto-F signal, the shortest wavelength in the single-photon
confocal microscope (405 nm) was chosen for the excita-
tion of SPs, and the average laser power on the surface of
the samples was maintained at 3.6 pW. The corresponding
emission spectra of SPs and nearby control background
regions without amyloid deposits were acquired using
spectral imaging in the LSCM. For the excitation the lasers
passed through a beam splitter BS20/80, and Aem was
410 nm—700 nm at 5-nm intervals. After Th-S staining, the
emission spectrum for AP deposition was scanned with a
488-nm laser. The power was 31 pW under a 63 x objec-
tive, and Aem was 570 nm-750 nm. The statistics for
optical density were calculated with the Leica software,
and mapped after normalization with Origin 9.0 software
(OriginLab Corporation, Northampton, USA).
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Histochemical Staining

For Th-S staining, after auto-F measurements, the cover-
slips were removed and the sections were washed in
0.01 mol/L PBS (pH 7.4) for 2 min, stained in 1% Th-S (in
50% ethyl alcohol) for 10 min, and then rinsed 3 times in
50% ethyl alcohol for 5 min each. Finally, the slices were
mounted with 90% glycerin/PBS.

For modified Bielschowsky’s silver staining, after auto-
F detection, the coverslips were removed and the slices
were rinsed 3 times in ddH,O for 2 min each, then stained
with 3% silver nitrate for 30 min (37°C in the dark). After
rinsing 3 times in ddH,O for 2 min each, sections were
reduced for 5 min with 10% formaldehyde until they
became light brown and then were rinsed 3 times again.
Then the slides were immersed in ammonium silver
alcohol solution for 5 min, in 8% formaldehyde until they
became dark brown, and then rinsed 3 times. Subsequently,
they were immersed in 5% sodium thiosulfate solution for
5 min, dehydrated, cleared, and mounted with xylene-
based medium.

For Congo red staining, after auto-F detection, the
coverslips were removed and the sections were rinsed in
ddH,O for 2 min, stained in Congo Red solution for
15 min, and then differentiated quickly (10 s) in alkaline
alcohol solution. After the sections were washed in ddH,O
for 2 min and counterstained in hematoxylin for 2 min,
they were differentiated in 1% hydrochloric acid ethanol
for 3 s, and then blued in 0.2% ammonia water for 30 s.
Finally, the sections were dehydrated, cleared, and
mounted with xylene-based medium.

Immunohistochemistry

Following auto-F detection, the coverslips were removed
and the sections were washed in 0.01 mol/L PBS (pH 7.4),
then treated with 70% formic acid before triple-labeling
immunohistochemistry for AB1-16 (1:1000, monoclonal
mouse, 6E10, Signet, Dedham, MA, USA), GFAP (1:2000,
goat, Abcam, Cambridge, MA, USA), and Ibal (1:1000,
rabbit, Wako, Osaka, Japan). The sections were incubated
in 1% bovine serum albumin and 0.2% Triton-PBS for 1 h
at room temperature, and finally incubated in diluted
primary antibody mixture at 4°C for 24 h. Then after
washing 3 times for 5 min each, the sections were
incubated with donkey anti-mouse Alexa Fluor 647,
donkey anti-rabbit Alexa Fluor 488, and donkey anti-goat
Cy3 (Jackson ImmunoResearch, Biomeda, Foster City,
CA) for 1 h at 37°C. Two control sections were processed
simultaneously. For immunohistochemical detection, neg-
ative controls were processed in every immunohistochem-
istry run.
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Quantitative Comparison

Quantitative comparison of the different SP-detecting
methods for amyloid plaque area, intensity, and detection
rate was done as follows (n = 3 sections for each method).
For amyloid plaque area, we chose SPs from the same
section before (auto-F) and after one staining method, and
compared the relative size of each plaque (area after
staining/auto-F area). For amyloid plaque intensity, we also
chose SPs from the same section before (auto-F) and after
one staining method, measured the intensity of SP auto-F
and the background region, and obtained the signal-to-
noise ratio (SNR,yo.p, intensity of SP auto-F/intensity of
background), then the SNRi.q Of the same plaque after
one staining method (intensity of stained SP/intensity of
stained background), and calculated the relative intensity
(SNRuined/SNRyo.p). For amyloid plaque number, we
first checked whether SP auto-F was present when an SP
was detected by one of the staining methods, and found
that SP auto-F was always present. Then, we checked
whether there an SP was detected by one of the staining
methods in the same place as SP auto-F, and then
calculated the percentage (Detection rate, SP number after
one staining method/SP auto-F number). All results are
expressed as the mean + SEM, and the significance of
differences was determined by comparison with 1 using the
one-sample t-test, A P value < 0.05 was regarded as
statistically significant.

Results

Strong Autofluorescence of Senile Plaques Excited
by Visible Light

Based on previous reports, we first observed the auto-F in
sections of the hippocampus from 7-month-old APP/PS1
transgenic mice under a fluorescence microscope at
360 nm—-370 nm excitation (blue-violet) (Fig. 1A). We
found that strong blue auto-F was clearly visible against
the background fluorescence, exhibiting the characteristic
morphology of the “classical” SP with a roughly circular
outline and a central core [6]. Furthermore, auto-F was also
seen under visible light at other wavelengths (460 nm—
495 nm, Fig. 1B, and 530 nm—550 nm, Fig. 1C), but it was
very weak and loosely halo-shaped. When we merged the
auto-F signals from the three different channels (U-FUN
(BP 360-370, BA 420 IF), U-FBW (BP 460495, BA
510IF), and U-FGW (BP 530-550, BA 575IF)), the
densely-packed blue auto-F signal was surrounded by
halo-shaped green and red signals, which were almost the
same shape (Fig. 1D). Similar auto-F was also seen in
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piriform cortex under different wavelengths of visible light
(Fig. 1E-H).

In order to check the characteristics of the auto-F
images, we observed the same brain sections under the
laser scanning confocal microscope. In accordance with the
results using the conventional fluorescence microscope, the
intensity of the auto-F was maximum when excited at
405 nm under the confocal microscope (Fig. 2A). When
the excitation wavelength was increased (from 488 nm to
552 nm and 638 nm), the auto-F still occurred, but with a
smaller dense core and a clearer halo than the blue auto-F
(Fig. 2B-D). Moreover, when the images acquired at
different wavelengths were overlaid, the auto-F signals
induced at 488 nm, 552 nm, and 638 nm were very similar
(Fig. 2E), but were quite different from that at 405 nm
excitation (Fig. 2F).

Before performing more detailed fluorescence confocal
microscopy, the excitation spectrum of the auto-F under the
two-photon confocal laser scanning microscope was exam-
ined (Fig. 2G). We used 700 nm—1040 nm excitation (in
20-nm steps), and collected the emitted light within
400 nm—500 nm and 500 nm-600 nm. We found that the
auto-F could be excited within a very broad range, and the
strongest emission signal was detected at an excitation
wavelength of 700 nm (limited by our two-photon micro-
scope; the continuous excitation wavelength was only from
700 nm to 1040 nm, probably equivalent to 350 nm-—
520 nm excitation in single-photon microscopy). More-
over, we found that the emission intensity in the 400 nm—
500 nm range was higher than that at 500 nm-600 nm for
excitation at < 830 nm, but lower for excitation at

Fig. 1 Autofluorescence (auto-F) detected by visible light in brain
slices from APP/PS1 transgenic mice under a conventional fluores-
cence microscope. A Intense blue auto-F was induced in the
hippocampus using U-FUN (UN, BP 360-370, BA 420IF). B,
C Only faint auto-F in the hippocampus was excited by U-FBW (BW,

> 830 nm, indicating that the excitation should be
< 830 nm (415 nm in single-photon confocal microscopy)
to better detect auto-F. The emission intensity in both
ranges decreased as the excitation wavelength increased. In
other words, the shorter wavelength the excitation, the
stronger the auto-F. Therefore, we chose the shortest
excitation wavelength of 405 nm in our single-photon
confocal microscope for the following experiments.

Then we collected the 3D images of the auto-F at
405 nm. We obtained continuous images at different foci
from the superficial layer to the core of the auto-F, and this
showed more clearly that the auto-Fs were irregularly
spherical, with an intensely dense core in the center and a
faint, loose corona at the surface (Fig. 3A). The auto-F was
then identified to be from SPs when the sections were
stained with the plaque-specific dye Th-S from both
superficial (Fig. 3B, B’) and core (Fig. 3C, C’) images of
the auto-F. We then observed auto-Fs in the brain sections
from APP/PS1 mice at different ages (Fig. S1). This
showed that, at 3—4 month old, there was no detectable SP
auto-F in the dorsal hippocampus, while at 6-7 month,
there were some scattered SP auto-Fs, and these showed a
significant tendency to increase in number with age,
consistent with the previous reports in APP/PS1 mice
using conventional staining methods [10].

Source of Senile Plaque Autofluorescence
With regard to the composition of the SP, Miklossy

reported that it may reflect the DNA in the SP [11]. To test
this, we first captured the auto-F images (Fig. 4A) and then

Overlay

BP 460-495, BA 510IF) and U-FGW (GW, BP 530-550, BA 575IF).
D Overlapped images showing a blue dense core surrounded by halo-
shaped green and red signals. E-H Amyloid plaque auto-F in piriform
cortex under visible light at different wavelengths. Scale bars, 50 pm;
insets, 10 pm.
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Fig. 2 Auto-F visualized under a laser scanning confocal microscope
and their excitation spectra in the AD mouse brain sections. A-F The
intensity of auto-F was maximum at 405 nm excitation (A); the
plaque core showed strong auto-F, whereas the corona was only
faintly fluorescent. As the excitation wavelength increased from
488 nm to 552 nm and 638 nm (B-D), the SP auto-F showed smaller

Fig. 3 Auto-F identified to be senile plaques by thioflavin-S staining.
The 3D images of auto-F at 405 nm showed that it was irregularly
spherical with a dense core and loose halo, which was then identified

stained the sections with 4’,6-diamidino-2-phenylindole
(DAPI), which binds selectively to DNA. We found
strongly fluorescent DNA-DAPI complexes in the cell
nuclei (Fig. 4B), and the SP auto-F was somewhat
weakened after DAPI staining compared with the unstained
section (Fig. 4A). Furthermore, we treated the sections
with DNase I and found that the fluorescence of the nuclei
was decreased (Fig. 4C) with the duration treatment
(Fig. S2), but strong fluorescence was still detected in the
locations where auto-F had occurred, which were further
identified to be SPs with Th-S staining (Fig. 4D).

Then we obtained the emission spectra of SP auto-F. We
first measured the emission spectra of the SP and nearby
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dense cores and loose halos. They were very similar when overlaid
(E), but were quite different from that at 405 nm excitation (F).
G Typical excitation spectra of the auto-F in AD mouse brain sections
excited from 700 nm to 1040 nm in 20-nm steps using a two-photon
confocal microscope. The emission intensity at 400 nm-500 nm (red)
and 500 nm—-600 nm (black) bands were obtained. Scale bars, 20 pm.

to be a senile plaque by Th-S staining from both superficial (B, B’)
and core (C, C’) images of the auto-F. Auto-F, autofluorescence; Th-
S, thioflavin-S staining; scale bars, 20 pm.

control regions without amyloid deposits excited at
405 nm, and found two peaks of SP auto-F at 440 nm
and 465 nm (Fig. 5A, A’). After DAPI treatment, there
were still two peaks at ~ 440 nm and 463 nm for SPs, and
one peak at ~ 460 nm for the DNA-DAPI complexes
(Fig. 5B, B’). After the sections were treated with DNase I
for 7 h at 37°C, two similar peaks for SPs and near zero
background fluorescence were detected (Fig. 5C, C’). After
acquiring the spectra, these sections were stained with Th-
S, and the maximum emission wavelengths (Amax) of the
emission spectra of the Th-S-stained SP moved to 539 nm
and 560 nm (Fig. 5D, D’), distinct from the auto-F
emission spectra obtained from unstained sections
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Fig. 4 SP auto-F was not attributable to DNA. A, B The blue SP
auto-F was weakened after DAPI staining compared with the
unstained section. C, D After DNase I treatment, strong blue SP
fluorescence still occurred (C), which was further confirmed by Th-S

(Fig. 5A, A’). That is to say, the two peaks were both red-
shifted by ~ 100 nm. Compared with the untreated SP
auto-F, the Th-S-stained SP fluorescence intensity excited
at 405 nm became weaker (Fig. SE’), but that at 488 nm
was much stronger (Fig. 5SE’*), with a shape similar to the
blue auto-F excited at 405 nm (Fig. 5E).

Th-S is a dye that fluoresces when it binds to the folds of
B-pleated sheet structures. To determine whether the SP
auto-F is attributable to the folding of B-pleated sheet
structures, we used formic acid treatment, and found that
the auto-F of small plaques and fibrous structures almost
disappeared, only the auto-F of large dense plagues
remaining; this was much smaller but still highlighted

staining (D), but the fluorescence of the cell nuclei diminished
significantly (C). Auto-F, autofluorescence; Th-S, thioflavin-S stain-
ing; scale bars, 20 pm.

(Figs. 6A, B, S3). Then we incubated the sections with
6E10, GFAP, and Ibal primary antibodies for immunohis-
tochemistry. This showed prominent aggregates of Ibal
expression, with microglial proliferation and activation,
and the cell body became hypertrophic, and the processes
shortened and gathered around the SP core (Fig. 6C). Also,
the GFAP expression remarkably increased in response to
amyloid deposits, accompanied by other reactive changes,
which included astrocytic hypertrophy, hyperplasia, and
process extension surrounding SPs, with some process
extended even deep into SPs (Fig. 6D), and the 6E10-
positive signal was much broader with a looser periphery
(Fig. 6E) than the residual SP auto-F (Fig. 6B). In addition,
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Fig. 5 SP fluorescence emission spectra under different conditions.
The SP auto-F spectrum imaging (A, A’), after DAPI staining (B, B’),
after DNase I treatment (C, C”), and after Th-S staining (D, D’). Th-
S-stained SP fluorescence excited at 488 nm (E’’) was significantly

when the four corresponding images were overlaid, it was
evident that the auto-F was in the center, the 6E10 signal
closely wrapped round with a certain overlap, and then
surrounding reactive microglia, and outermost were the
activated astrocytes (Fig. 6F).

Comparison of the SP Auto-F with Classical
Demonstration Methods

Moreover, we compared the auto-F images with the
classical histological staining methods for SPs. We chose
three adjacent sections of piriform cortex from APP/PS1
transgenic mice, and observed the SP auto-F in each slice
first, then performed modified Bielschowsky’s silver stain-
ing, Congo red staining, and Th-S staining, separately. We
chose three SPs from each section, and found that they
showed features different from their auto-F when stained
by different methods (Fig. 7) and more details were seen in

@ Springer

brighter than that excited at 405 nm (E’) and the auto-F in unstained
brain slices (E). Ex 405 nm, excited at 405 nm; Ex 488 nm, excited at
488 nm, scale bars, 20 pm (A’-D’) and 200 pm (E-E”’).

the magnified images (Fig. S4). The SP auto-F has a high
signal-to-background ratio, with loosely distributed fibrous
structures surrounding large plaques (Fig. 7A-C). How-
ever, after modified Bielschowsky’s silver staining, the SPs
with strong auto-F still showed strong signals but with a
very high background, and the SPs with faint auto-F were
even weaker against the high background (Fig. 7A, D). The
SPs stained by Congo red showed a strong signal with a
relative low background, but were much smaller than the
auto-F and might be the core of the SP (Fig. 7B, E). The
pattern of SPs stained by Th-S was similar to their auto-F,
with a strong signal but also a high background (Fig. 7C,
F).

We then quantitatively compared the different SP-
detecting methods in terms of amyloid plaque area,
intensity, and detection rate (Table 1). The results showed
significant differences between auto-F and these conven-
tional staining methods in area (relative size, all P < 0.01);
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Fig. 6 Relationships between amyloid deposits and reactive micro-
glia and astrocytes. Brain sections were pretreated with formic acid,
and then triple-labeled with 6E10, GFAP, and Ibal for immunohis-
tochemistry. The SP auto-F was diminished after formic acid
treatment (A, B). The Ibal- (C), GFAP- (D), and 6E10-positive

Overlay

(E) signals all occurred in the vicinity of SP auto-F. When the images
were overlaid, it was evident that the auto-F was in the center, then
the 6E10 signal was closely wrapped round with a certain overlap,
then surrounding reactive microglia, and outermost were the activated
astrocytes (F). FA, formic acid; scale bars, 50 pm.

Table 1 Characteristics of

senile plaques detected by dif- Method

Relative size P

Relative intensity P Detection rate P

ferent staining methods relative g 073 £0.03 <0.001%* 1.07 + 0.02 <0.001%5 0,99 + 0.01 0.391

to autoﬁuorescence.
Congo Red 0.59 + 0.03 < 0.001%%% 0.28 =+ 0.01 <0.001%%* 088 + 001 < 0.001%%*
Silver stain  2.62 + 048 < 0.01** 025 + 0.01 <0.001%%* 056+ 002 < 0.05*
6E10 2634022 <0.001%% .89 + 0.04 <001% 094 +001 < 0.05*

Data shown as mean + SEM.

*#*P < 0.05; ¥*P < 0.01; ***P < 0.001.

the SP auto-F had enough signal-to-noise ratio to be
visible, much higher than that after Congo red, silver
staining, and 6E10 immunohistochemistry (relative inten-
sity, all P < 0.01); and the SP auto-F had a detection rate
similar to that after Th-S staining, much higher than that
after Congo red, silver staining, and 6E10 immunohisto-
chemistry (all P < 0.05).

Besides amyloid plaques, cerebral amyloid angiopathy
is another pathological hallmark in AD patients. We
observed the auto-F in sections with cortical vessel walls,

cortex, and pia mater under blue-violet light, and found
evident auto-F in all these areas (Fig. 8A, B), but not in
control mouse brain (Fig. 8C). The auto-F in cortical vessel
walls and pia mater, which had thick plate-like aggregates
(Fig. 8A’, A’’, B’), was quite different from the spherical
auto-F in cortex. To further confirm that the auto-F was
specifically from the amyloid deposits, after auto-F detec-
tion (Fig. 8D), the sections were stained with Th-S
(Fig. 8E), and the results showed that the auto-F in cortical
vessel walls and pia mater were indeed amyloid deposits.

@ Springer



1134 Neurosci. Bull. December, 2019, 35(6):1126-1137

Fig. 7 Comparison of modified Bielschowsky’s silver staining, smaller with a low signal-to-noise ratio after Congo red staining (B,
Congo red staining, and Th-S staining with auto-F images of SP. E), and were similar to their auto-F images with a high signal-to-noise
SPs had a low signal-to-noise ratio with very high background after ratio after Th-S staining (C, F). Auto-F, autofluorescence; Th-S;
modified Bielschowsky’s silver staining (A, D). SPs were much thioflavin-S staining; scale bars, 100 pm.

Auto-E. Auto-F

1

Fig. 8 SP auto-F in sections from AD mouse brain with cortical thick plate-like aggregations that were identified with Th-S (D, E).
vessel walls, cortex, and pia mater at 405 nm excitation (A, B), and Auto-F, autofluorescence; Th-S, thioflavin-S; scale bars, 200 pm (A-
no SP auto-F was detected in control mice (C). The magnified C), 20 um (A’, A”’, B’, D, E).

horizontal (A’), coronal (A”), and surrounding (B’) images showed
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Discussion

Since the first description of the auto-F of amyloid deposits
in the 1980s [6], auto-F detection has undergone several
modifications with the aim of improving sensitivity,
specificity, and reliability [7, 8]. However, it has not been
commonly used yet, perhaps due to the uncertainty and the
limited knowledge of SP auto-F.

Consistent with previous reports, in this study we
visualized the auto-F elicited by visible light under a
conventional fluorescence microscope in brain sections
from APP/PSI1 transgenic mice (Fig. 1), and found mor-
phology similar to “classical” SPs [6]. To define the details
of the SP auto-F, we further observed them under a laser
scanning confocal microscope and analyzed the excitation
spectrum of the auto-F (Fig. 2). We found that, in accord
with previous reports, the most evident auto-F was excited
under the shortest wavelength in our confocal microscope,
405 nm (Fig. 2). They showed a characteristic strong and
clear blue signal against the background, irregularly
spherical with an intense core and loose corona. The
auto-F was then identified to be amyloid deposits by Th-S
staining (Fig. 3). Furthermore, we found that DNase I
treatment did not significantly affect the SP auto-F (Fig. 4),
and analyzed the emission spectrum of SP excited at
405 nm (Fig. 5). However, with formic acid pretreatment,
the SP auto-F was significantly diminished (Fig. 6).
Therefore, the auto-F was from B-pleated sheet amyloid
deposits composed of proteins with very different primary
amino-acid sequences. In consequence, this property makes
it very useful in studying cerebral and systemic amyloido-
sis as we found in cortical vessel walls, cortex, and pia
mater (Fig. 8).

The Material and Structural Basis of Senile Plaque
Autofluorescence

With regard to the details of SP auto-F, it has been reported
that the fluorescence of SPs stained with DAPI is due to the
DNA they contain [11]. Staining with DAPI is a common
method for the detection of DNA, so we used DNase I to
digest DNA and found that after the cell nucleus disap-
peared, the fluorescence of the SPs remained (Fig. 4),
showing that the SP auto-F cannot be attributed to DAPI-
DNA complexes. Moreover, we found that the excitation
spectrum of SP auto-F and DAPI-DNA complexes under
violet light had one peak in common at ~ 460 nm (Fig. 5),
which might be the reason for the previous conclusion that
DNA in SPs emits the fluorescence. Then the auto-F was
identified to be from amyloid deposits by staining with Th-
S, and both the excitation and emission spectra had been
red-shifted with the pattern unchanged (Fig. 5), indicating

that, the conformation of the SP changes when it combines
with Th-S. So we confirmed that it is not the DNA in SP
that emits the fluorescence, but the aggregated amyloid
deposits are the material basis of the SP auto-F. In our
study, the SP auto-F was also overlaid with the 6E10-
positive signal, which is consistent with the previous report
that full-length AP exhibits auto-F, but not the N-terminal-
truncated AP deposits [7].

Furthermore, our study showed that SP auto-F was
strong and clearly detectable with a characteristic emission
spectrum with peaks at 440 nm and 463 nm at 405-nm
excitation (Fig. 5), implying that there are two chemical
compounds, or the structure of one chemical changes in
response to AP pathology causing a shift of the emission
spectrum. Then, we found that the SP auto-F was
diminished by formic acid pretreatment (Fig. 6). Because
formic acid immediately destroys the secondary structure
of proteins (B-pleated sheet structure) without cleaving or
removing the protein, so the SP auto-F was due to their
secondary structure, which is the structural basis of the SP
auto-F.

It was interesting to note that the auto-F of amyloid
deposits at 405 nm had two emission peaks (440 nm and
463 nm), and Warren (2003) found in AD patients at
autopsy that neurofibrillary tangles have very strong auto-F
and a single emission peak at 460 nm [12]. Whether the SP
auto-F detected under the 405 nm laser has the same
components as neurofibrillary tangles needs further
investigation.

Advantages of Auto-F Over Classical Methods
of Detecting Amyloid Deposits

Here, we compared different staining methods with SP
auto-F. The SP auto-F signal manifested a densely-
highlighted core and loosely-distributed fibers (Figs. 1, 2,
3). However, the SP images after different staining
methods had different characteristics (Table 1). The sig-
nal-to-noise ratio of SPs was significantly lower, with a
very high background, after modified Bielschowsky’s
silver staining. This ratio was also not high after Congo
red staining, perhaps only showing the core of the SP. The
pattern of SPs stained by Th-S was quite similar to their
auto-F, with a high signal-to-noise ratio despite a stronger
background. Thus, auto-F allows the specific recognition of
amyloid deposits when excited by blue and violet light,
whereas classical staining visualization is not so sensitive.
With regard to detecting the presence of AB-deposits in a
given case, the sensitivity and specificity of auto-F
detection were 100% in our study. Auto-F observation
was the most reliable among the methods we used and
provided an almost selective demonstration of amyloid
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deposits. Of more importance is that this method is simple
and the cost is very low.

Moreover, we detected AP deposits with the 6E10
antibody, together with plaque-associated glial responses
as previously reported [13]. We found that the 6E10 signal
was much broader with a looser periphery than the SP auto-
F dense core after formic acid treatment. It is worth noting
that in our study, amyloid plaques were typically sur-
rounded by activated microglia and then astrocytes in
sequence, consistent with the recent report that neurotoxic
reactive astrocytes are induced by activated microglia [14].
Longitudinal imaging has shown that amyloid plaques
develop surprisingly rapidly and microglia become reactive
and are attracted to the sites of plaque formation within
24 h [15]. However, the roles of microglia and astrocytes
in the AD process remain controversial. Some studies have
suggested that microglia play protective roles, while others
have suggested that microglia cause secondary neuronal
injury [16]. It has also been reported that astrocytes and
microglia communicate with each other and this cross-talk
is important in promoting glial activation [17]. Moreover,
the microglial response to dense-core plaques is propor-
tional to plaque size, while the astrocytic response is not
correlated with plaque size [18]. Another report showed
that microglia act as a barrier that restricts the radial
expansion of plaques, and induce reactive astrocytes,
which could drive neurodegeneration [19]. Our results
support the idea that microglia are first recruited and then
astrocytes are chemotactic to amyloid deposits.

Application Prospects of SP Auto-F Observation

Previously, identification of AP, the major component of
senile plaques, in brain tissue was limited to static
histological approaches, such as silver staining, Congo
red staining, Th-S staining, and immunohistochemical
methods. Compared with these conventional methods of
pathological examination for amyloid deposition, auto-F
detection has absolute advantages: clear, specific, and
direct-viewing images can be obtained without any staining
of the specimen, so it can be used as a pre-protocol to either
specific staining or the immunohistochemical operations on
brain slices for SPs and cerebral amyloid angiopathy.
Moreover, multiphoton microscopy has become an
increasingly important tool for imaging the structures and
functions of the living brain. It has been widely used in
preclinical studies of animal models of AD, because it is
minimally invasive, provides high resolution, and can be
performed repeatedly in the same animal. It has already
been used to observe the dynamic progression of AP
aggregation in amyloid plaques and cerebral amyloid
angiopathy after staining in real-time in transgenic mouse
models of AD [20, 21], which can help us to understand the
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pathogenesis and pathogenicity of amyloid plaques in the
context of AD. Moreover, SP auto-F observation in acute
brain slices from AD transgenic mice has been demon-
strated using multiphoton microcopy combined with sec-
ond harmonic generation microscopy [8], and brain-wide
visualization of SP auto-F in AD transgenic mice has been
achieved using cryo-MOST [9]. Furthermore, although
microdissection of amyloid plaques after Th-S staining has
proved an effective method to demarcate amyloid plaques
for excision [22], auto-F can be better used to selectively
dissect SPs, and then fluorescent laser capture microdis-
section combined with liquid chromatography-mass spec-
trometry can be used to identify components in amyloid
plaques. Given that there were distinct differences between
the SP auto-F and that after Th-S staining, SPs dissected on
the basis of auto-F could be more reflective of their nature.

Auto-F observation, with no need for staining, causing
no damage to the samples, and keeping the morphology
and metabolic activity at a maximum, may be an ideal way
to detect AD pathology both in vitro and in vivo. We
anticipate that this work will be useful for paving the way
to using auto-F signals to investigate the pathological
mechanisms in AD.
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