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Pathological axonal enlargement in connection with 
amyloidosis, lysosome destabilization, and bleeding is a 
major defect in Alzheimer’s disease

Abstract  
Alzheimer’s disease is a multi-amyloidosis disease characterized by amyloid-β deposits in brain blood vessels, microaneurysms, and senile plaques. How amyloid-β 
deposition affects axon pathology has not been examined extensively. We used immunohistochemistry and immunofluorescence staining to analyze the forebrain 
tissue slices of Alzheimer’s disease patients. Widespread axonal amyloidosis with distinctive axonal enlargement was observed in patients with Alzheimer’s disease. 
On average, amyloid-β-positive axon diameters in Alzheimer’s disease brains were 1.72 times those of control brain axons. Furthermore, axonal amyloidosis 
was associated with microtubule-associated protein 2 reduction, tau phosphorylation, lysosome destabilization, and several blood-related markers, such as 
apolipoprotein E, alpha-hemoglobin, glycosylated hemoglobin type A1C, and hemin. Lysosome destabilization in Alzheimer’s disease was also clearly identified in 
the neuronal soma, where it was associated with the co-expression of amyloid-β, Cathepsin D, alpha-hemoglobin, actin alpha 2, and collagen type IV. This suggests 
that exogenous hemorrhagic protein intake influences neural lysosome stability. Additionally, the data showed that amyloid-β-containing lysosomes were 2.23 times 
larger than control lysosomes. Furthermore, under rare conditions, axonal breakages were observed, which likely resulted in Wallerian degeneration. In summary, 
axonal enlargement associated with amyloidosis, micro-bleeding, and lysosome destabilization is a major defect in patients with Alzheimer’s disease. This finding 
suggests that, in addition to the well-documented neural soma and synaptic damage, axonal damage is a key component of neuronal defects in Alzheimer’s disease.
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Introduction 
The pathological hallmarks of Alzheimer’s disease (AD) include senile plaques, 
neurofibrillary tangles, and neuritic dystrophy (Hardy and Higgins, 1992; 
Lane et al., 2018), the latter of which refers to the dystrophy of axons and 
dendrites. Previously, we identified cerebral microaneurysm rupture and 
hemorrhagic amyloid-β (Aβ) leakage as a pathological mechanism underlying 
senile plaque formation (Fu et al., 2023). However, the impact of chronic 
hemorrhagic leakage on other pathological phenotypes of AD, such as axonal 
dystrophy, is poorly understood. Previous studies have implicated both Aβ 
and tau phosphorylation in the axonal defects observed in AD (Cras et al., 
1991; Tsai et al., 2004; Braak and Del Tredici, 2013; Blazquez-Llorca et al., 
2017; Salvadores et al., 2020). The widespread axonal enlargement associated 
with Aβ deposition may significantly influence AD pathology. In natural animal 
species, axons with larger diameters have higher transduction speeds, as 

demonstrated in the squid giant axon (Hartline and Colman, 2007). However, 
in the case of AD, enlarged axons are not natural but pathological, and are 
filled with toxic Aβ, hemorrhagic proteins, and enlarged and destabilized 
lysosomes. In addition, lysosomal leakage can induce axonal structural damage 
and increase axolemmal permeability, which can further damage the myelin 
sheath. Both human and mouse studies have indicated that axon diameter 
increases with age and cognitive decline (Fan et al., 2019; Parandavar et al., 
2024). Moreover, the velocity of action potential transmission is reduced 
in AD patients and AD-model transgenic mice (Gelman et al., 2020; Qian et 
al., 2022). Diffusion tensor imaging studies have also shown that structural 
damage and disconnection in the white matter are prominent in patients 
with AD (Fellgiebel and Yakushev, 2011; Chen et al., 2023). Therefore, axonal 
amyloidosis and enlargement in AD are likely linked to transduction velocity 
reduction and white matter damage phenotypes. In addition to the basic 
axonal enlargement phenotype of AD, spheroid formation is frequently 
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Graphical Abstract
Hemorrhagic amyloidosis is associated with lysosome destabilizaiton, axonal enlargement, 

spheroid formation, and axon breaks in Alzheimer's disease (AD)
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observed. Previous studies have demonstrated that spheroid formation on 
axons also slows down the speed of action potential transduction (Kolaric et 
al., 2013; Yuan et al., 2022). Taken together, these findings provide strong 
evidence that patients with AD have serious axonal defects, with transduction 
speed decline as a central phenotype. Understanding how and to what extent 
Aβ deposition in enlarged axons impacts the function of the whole brain 
connectome requires large-scale quantitative analysis and in vivo animal and 
human studies. Therefore, in the current study, we analyzed the pathological 
phenotypes of the axons of AD brain tissues using immunohistochemistry, 
histochemistry, and fluorescent imaging methods to identify axonal defects 
linked to Aβ deposition. 
 

Methods   
Tissue sections
Frontal lobe paraffin tissue sections of AD patients were purchased from 
GeneTex (Irvine, CA, USA). Additionally, AD patient and control frontal lobe 
paraffin tissue sections were provided by the National Human Brain Bank 
for Development and Function, Chinese Academy of Medical Sciences, and 
Peking Union Medical College, Beijing, China. The study does not involve 
live human samples or clinical human experiments, and all experiment 
procedures were performed in accordance with the ethical standards of the 
Helsinki Declaration of 1975 and the Committee on Human Experimentation 
of Shanghai Jiao Tong University.

Immunohistochemistry 
Immunohistochemistry was performed as described previously (Fu et al., 
2016). Briefly, paraffin sections were deparaffinized with xylene and washed 
with 100% ethanol (EtOH), 95% EtOH, 75% EtOH, 50% EtOH, and phosphate-
buffered saline (PBS). Sections were then treated with 10 mM of either a pH 
6.0 sodium citrate solution or pH 9.0 Tris-ethylenediaminetetraacetic acid 
antigen retrieval solution in a microwave at high power for 5 minutes to reach 
boiling point, followed by low power for a further 15 minutes. The sections 
were allowed to naturally cool down to room temperature (approximately 20–
25°C). The slides were then blocked with Tris-buffered saline with 0.1% Tween 
and 3% bovine serum albumin solution for 1 hour at room temperature. 
After blocking, the samples were incubated with primary antibodies at room 
temperature for 2 hours, followed by five washes of Tris-buffered saline with 
0.1% Tween. Subsequently, the samples were incubated with fluorescent 
secondary antibodies overnight at 4°C. The treated samples were washed 
again with Tris-buffered saline with 0.1% Tween five times on the second day 
and mounted with PBS + 50% glycerol supplemented with Hoechst nuclear 
dye (1 μg/mL; Sigma-Aldrich, St. Louis, MO, USA, B2261), ready for imaging. 
Immunohistochemistry without primary antibodies was used as a negative 
control. All experiments were repeated to verify the reproducibility of the 
results. The following primary antibodies and dilutions were used: Aβ (1:200, 
Abcam, Cambridge, UK, Cat# ab201061, RRID: AB_2722492), Aβ/AβPP (1:200, 
CST, Danvers, MA, USA, Cat# 2450, RRID: AB_490857), phos-tau (1:200, 
Abcam, Cat# ab151559, RRID: AB_2893278), microtubule associated protein 
2 (MAP2; 1:200, Proteintech, Rosemont, IL, USA, Cat# 17490-1-AP, RRID: 
AB_2137880), apolipoprotein E (ApoE; 1:200, Abcam, Cat# ab183597, RRID: 
AB_3331650), Sortilin1 (1:200, Abcam, Cat# ab263864, RRID: AB_2884942), 
alpha-hemoglobin (HBA; 1:200, Abcam, Cat# ab92492, RRID: AB_10561594), 
Cathepsin D (1:200, Abcam, Cat# ab75852, RRID: AB_1523267), lysosome-
associated membrane protein 2 (Lamp2; 1:100, Proteintech, Cat# 66301-1-Ig, 
RRID: AB_2881684), Cathepsin D (1:100, Proteintech, Cat# 66534-1-Ig, RRID: 
AB_2881897), glycosylated hemoglobin type A1C (HbA1c; 1:100, OkayBio, 
Nanjing, Jiangsu, China, Cat# K5a2), hemin (1:100, Absolute Antibody, Redcar, 
UK, Cat# 1D3), advanced glycation end products (AGE; 1:200, Abcam, Cat# 
ab23722, RRID: AB_447638), collagen type IV (ColIV; 1:200, Abcam, Cat# 
ab236640), and smooth muscle actin alpha 2 (ACTA2; 1:400, Proteintech, Cat# 
23081-1-AP, RRID: AB_2815024). We used the following secondary antibodies 
and dilutions: donkey anti-mouse Alexa Fluor 594 secondary antibody 
(1:400, Jackson ImmunoResearch, West Grove, PA, USA, Cat# 715-585-150, 
RRID: AB_2340854), donkey anti-rabbit Alexa Fluor 488 secondary antibody 
(1:400, Jackson ImmunoResearch, Cat# 711-545-152, RRID: AB_2313584), 
donkey anti-rabbit Alexa Fluor 594 secondary antibody (1:400, Jackson 
ImmunoResearch, Cat# 711-585-152, RRID: AB_2340621), and donkey anti-
mouse Alexa Fluor 488 secondary antibody (1:400, Jackson ImmunoResearch, 
Cat# 715-545-150, RRID: AB_2340846).

Rhodanine staining 
Rhodanine staining was performed as described previously (Fu et al., 2023). 

Briefly, paraffin sections were first deparaffinized as described above. After a 
quick wash in 95% ethanol, the slides were stained with rhodanine staining 
solution (0.01% p-dimethylaminobenzalrhodanine; Baso Diagnostics Inc., 
Zhuhai, China, BA4346) and incubated at 37°C for 30 minutes. After staining, 
the slides were quickly washed in 95% ethanol, followed by washing in water 
five times, and then mounted with PBS + 50% glycerol solution for imaging 
analysis. 

Alizarin red staining
Paraffin sections were deparaffinized as described above. The slides were 
stained in the Alizarin red staining solution (2% Alizarin red, pH 4.2, Beyotime 
Biotechnology, Shanghai, China, C0138) for 5 minutes at room temperature. 
After staining, the sections were washed five times with water and mounted 
with PBS + 50% glycerol solution for imaging. 

Imaging and morphometry analysis
Fluorescent images were captured with a CQ1 confocal fluorescent 
microscope (Yokogawa, Ishikawa, Japan), and the color images of sections 
with histological stains were acquired with an Olympus IX71 fluorescent 
microscope (Olympus Co., Tokyo, Japan). Exposure settings for imaging axonal 
staining and senile plaque staining are distinct. To image axonal Aβ staining 
clearly, the exposure time needs to be increased significantly. The blue 
autofluorescence of senile plaques and axons (MetaBlue) was imaged with 
a standard 4′,6-diamidino-2-phenylindole (DAPI) blue fluorescence channel 
using the CQ1 confocal microscope at an excitation wavelength of 405 nm 
and an emission spectrum of 447–460 nm. Images were then analyzed with 
the ImageJ software (version 1.54f; National Institutes of Health, Bethesda, 
MD, USA) (Schneider et al., 2012). When comparing signal intensities with 
the same exposure settings, we used the mean area density parameter to 
define marker densities. The perimeter of enlarged AD axons in the transverse 
orientation was measured to simplify axon diameter estimation using the 
formula: diameter = perimeter/3.14. The diameter of control brain axons was 
measured directly using the ImageJ line tool with the microscopy scale as a 
reference. 

Colocalization analysis
Quantitation of the colocalization of paired markers was performed using the 
ImageJ “Colocalization Threshold” plugin. The area of interest (e.g., a senile 
plaque, axon, dystrophic neurite, or specific cell) was selected with a small 
rectangle. To increase the sensitivity of the analysis, the object of interest was 
further defined via a freehand region of interest selection. Paired RGB images 
from two different fluorescent channels were converted into 16-bit images 
and analyzed using the “Colocalization Threshold” plugin with the selected 
region of interest. The quantitation of colocalization was reported as M1 after 
threshold (tM1) or tM2 for the two respective markers. A merged picture 
highlighting the colocalized pixels was also produced using the software.

Statistical analysis 
All data were subjected to the Shapiro–Wilk normality test using the SPSS 
Statistics 19 software (IBM Corp., Armonk, NY, USA). Two-tailed unpaired 
t-tests were used to compare means of normally distributed data in Excel 
2007 (Microsoft, Redmond, WA, USA). For non-normally distributed data, we 
used the nonparametric Mann-Whitney U test to compare means using the 
SPSS Statistics 19 software. Spearman correlation analysis in SPSS Statistics 19 
was used to examine correlations. A P < 0.05 was considered significant.

Results
Axon amyloidosis and enlargement in Alzheimer’s disease brain tissues
In our previous work, we detected Aβ staining in senile plaques, cerebral 
amyloid angiopathy, neurons, and red blood cells (Fu et al., 2023, 2024). After 
careful re-examination of the Aβ staining patterns of AD brain sections under 
optimized staining conditions and longer exposure settings, we observed 
clear axon-specific Aβ staining patterns that were not detected previously 
(two overview images of Aβ staining of AD tissue axons in longitudinal and 
transverse orientations are provided in Additional Figures 1 and 2). In the 
current study, we focused primarily on axon fragments in the gray matter 
or at the gray matter/white matter boundary, which may be defined as 
proximal axons that are close to the neuronal soma. We extended the analysis 
to axons in the white matter because many aspects of white matter axon 
fragments showed similar changes as the proximal axons. Figure 1A and 
Additional Figures 1 and 2 show that axon amyloidosis was widespread in 
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AD brain tissues. Aβ immunostaining was distributed along the entire length 
of numerous axons. Aβ-positive axons were observed around senile plaques 
and in regions without senile plaques in the vicinity. Axonal amyloidosis 
was detected in axons in both longitudinal and transverse orientations. 
Furthermore, axons with Aβ staining were often observed as grouped 
clusters, which corresponded to the well-documented human cortical 
structural character of “axon bundles.” Axon bundles, also known as “axonal 
tracts” (van Groen et al., 2014; Katsuki and Hijioka, 2017), were frequently 
observed in Layer VI of the cerebral cortex, which comprises the gray matter/
white matter formation boundary. An image of MAP2-labeled axon bundles 
in the control brain is shown in Additional Figure 3. According to the 
literature, “axon bundles” derived from the neurons are the only neural cell 
process type that exhibits a “bundling” phenotype, different from astrocytic 
or microglial processes. These intracortical axon bundles had an average 
transverse diameter of 61.61 ± 9.88 μm (n = 11). Each bundle contained an 
average of 19.09 ± 4.61 axons (n = 11; Additional Figure 3). The enlarged 
and often bundled axons, but not unaffected axons, in AD brain tissues could 
be clearly identified via phase contrast microscopy owing to the enhanced 
contrast and darker appearance. These enlarged axons were not labeled 
with ionized calcium-binding adaptor molecule 1 (Iba1), a microglial marker, 
or glial fibrillary acidic protein (GFAP), an astrocyte marker (Additional 
Figure 4). Additionally, the enlarged axons could be identified with amyloid 
blue autofluorescence, an alternative marker of amyloidosis to Aβ antibody 
staining (Dowson, 1981; Gao et al., 2019), which we have previously referred 
to as “MetaBlue” (Fu et al., 2023, 2024). Blue autofluorescence is an intrinsic 
characteristic of Aβ homo- or hetero-oligomerization and is not abolished by 
copper sulfate quenching treatment. From cortical surface to white matter, 
we observed axon bundles at both transverse and longitudinal orientations 
within the same pathological section, which indicated different axon bundle 
populations (Additional Figures 1–3). Axon bundles were most clearly 
observed in Layer VI of the cortex, characterized by long axon fragments that 
bundled together. 

Puff-like spheroid formations were detected in a subset of Aβ-positive 
axons. Spheroids often form in regions with further-enhanced Aβ staining. 
Aβ-positive axons exhibit a general enlargement phenotype (Figure 1B), 
which is a basic characteristic that appears more frequently than spheroid 
formation. We measured the diameters of Aβ-positive axons in the transverse 
orientation outside of senile plaque regions because the strong plaque Aβ 
staining precluded accurate identification of Aβ-positive axons within senile 
plaques. These Aβ-positive proximal axons had an average diameter of 1.94 ± 
0.59 μm (n = 200), whereas MAP2-labeled proximal axons from control frontal 
lobe samples measured 1.13 ± 0.39 μm (n = 34). Therefore, Aβ-positive axon 
diameters were 1.72 ± 0.52 fold larger than control axons (Mann-Whitney 
U test, P < 0.001). In addition, among the AD tissue axon samples, the mean 
Aβ staining intensity was weakly positively correlated with axon diameter 
(Spearman r = 0.338, P < 0.001, n = 200; Additional Figure 5), which further 
emphasizes the positive influence of Aβ on axonal enlargement. When axons 
in the white matter were analyzed, MetaBlue-positive amyloid-laden axon 
diameters were 3.80 ± 0.69 μm (n = 100), which indicated even greater 
enlargement than proximal axons in the gray matter or at the gray matter/
white matter boundary. Our data suggest that Aβ-amyloidosis-associated 
axonal enlargement is a basic pathological phenotype of AD. 

Axons of patients with Alzheimer’s disease show a reduction in structural 
protein MAP2
To examine the effect of axon amyloidosis on neurons, brain sections of 
AD patients were stained with an antibody against MAP2, a microtubule-
associated structural protein highly expressed in the neuronal soma, dendrite, 
and axon. Immunostaining of the AD and control brain sections showed strong 
MAP2 staining of the neuronal soma and axons and clear expression in the 
Layer VI axon bundles and white matter axons (Figures 1 and 2 and Additional 
Figure 3). This demonstrates that MAP2 is a useful marker for axons in 
human brain pathology studies. Figure 2A (top panel) shows that there were 
significantly fewer signals of MAP2-stained axons (i.e., MAP2-positive axon 
numbers decreased by more than half, with a reduction rate of 53.8%, when 
examining from the longitudinal orientation). Moreover, counting from the 
transverse orientation, we observed an even larger reduction of 79.8% in axon 
MAP2 signals (bottom panel of Figure 2A). Double immunostaining with an Aβ 
antibody showed that MAP2 expression correlated inversely with Aβ staining 
in AD tissue axons (Figure 2B). In the white matter tissue of AD patients, 

many axons exhibited a decrease in MAP2 protein while bearing significant 
Aβ staining. MAP2 staining on Aβ-positive axons was often fragmented and 
diffuse. Typically, there is very little MAP2 immunostaining within dense-core 
senile plaques. We also observed reduced MAP2 expression in amyloid-laden 
axons in the white matter when we used amyloid blue autofluorescence as an 
axon amyloidosis marker (Figure 2C). We estimated that, on the basis of one 
set of experiments, Aβ immunohistochemistry labeled 44.2% of proximal axons 
(we counted the average number of Aβ-labeled axons per axon bundle at the 
transverse orientation [8.44 ± 4.10, n = 16] and divided by the average axon 
bundle axon number of 19.09 in control samples obtained earlier). These data 
suggested that nearly half of all axons were affected by Aβ amyloidosis. Axons 
with amyloid blue autofluorescence showed much weaker MAP2 intensity 
(0.36 ± 0.07, n = 100) than axons without amyloid blue autofluorescence (n 
= 25). The amyloid-laden axons lost MAP2 expression at an average rate of 
64% in white matter. Aside from the decrease in the MAP2 protein in axons, 
we observed reduced MAP2 immunostaining intensity in the soma in neurons 
with intracellular Aβ (Additional Figure 6), which suggests that Aβ has a 
deleterious effect on MAP2 expression in both axons and cell bodies. 
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Figure 1｜Axon amyloidosis and enlargement are important pathological phenotypes 
in AD.
(A) Axon amyloidosis was detected in AD frontal lobe tissues with the Aβ antibody with 
green fluorescence (Alexa Fluor 488). (A1) Aβ expression was detected in both a senile 
plaque (indicated by an asterisk) and axons (indicated by arrows). (A2) An axon at the 
longitudinal orientation showed spheroid formations with Aβ expression (indicated 
by an arrow). (A3) Two clusters of Aβ-positive axons in the longitudinal direction 
(indicated by dashed lines) were observed, indicating Aβ staining of axon bundles. An Aβ-
containing neural cell is indicated by a red arrow. (A4) A cluster of Aβ-positive axons in 
the longitudinal direction (indicated by dashed lines) was detected. Blood vessel lumen 
Aβ expression is indicated by a red arrow. An axon with clear Aβ-staining is indicated 
by a yellow arrow. (A5) Two clusters of Aβ-positive axons in the transverse direction 
(indicated by dashed lines) were observed. Individual axons are indicated by yellow 
arrows. (A6) Axons with abundant axonal Aβ staining (mostly in the transverse direction; 
yellow arrows) were observed in the white matter. One longitudinal axon is indicated by 
a red arrow. Scale bar: 50 μm. (B) A general enlargement of axons in AD brain tissues was 
observed when comparing control axons (indicated by white arrows, top panel) marked 
by MAP2 antibody staining (green, Alexa Fluor 488) and amyloid-loaded axons in AD 
(indicated by yellow arrows, bottom two panels) marked by Aβ immunostaining (green, 
Alexa Fluor 488). A senile plaque in the bottom panel is labeled with an asterisk. Scale 
bar: 50 μm. (C) Imaging measurements showed that Aβ-positive axons (n = 200) were 
1.72 ± 0.52 fold larger than control axons (n = 34; *P < 0.001, Mann–Whitney U test). AD: 
Alzheimer’s disease; Aβ: amyloid-β; Map2: microtubule associated protein 2.
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Detection of lysosomal destabilization in Alzheimer’s disease frontal lobe 
tissues
We hypothesized that the decrease in the MAP2 protein in axons was due to 
faulty protein degradation events, although other mechanisms, such as MAP2 
messenger RNA transcription reduction or protein synthesis deficiency, are 
also possible. Lysosome and proteasome pathways are major pathways of 
protein degradation. Because we observed that Aβ-positive axons appeared 
to contain many vesicles, we stained the sections with a lysosomal enzyme 
marker Cathepsin D. Although we previously identified weak extracellular 
Cathepsin D staining codistributing with senile plaque Aβ aggregates, we also 

Figure 2 ｜ Axons in AD frontal brain tissues show a decrease in axonal structural 
protein MAP2. 
(A) At longitudinal (top panel) and transverse orientations (bottom panel), significantly 
fewer MAP2-positive axons were observed in AD brain tissues compared with control 
brain tissues. The top panel shows that there were 26 long MAP2-positive axon 
fragments (representative axons are indicated by white arrows) in the control sample 
and only 12 long MAP2-positive axon fragments (indicated by yellow arrows) in the AD 
sample, indicating 53.8% fewer MAP2-positive axons in AD patient samples. The bottom 
panel shows that there were 391 strong MAP2-positive axon dots (those with an axon 
bundle formation are indicated by white dashed lines) in the control frontal lobe tissue 
sample and 79 strong MAP2-positive axon dots (representative dots are indicated by 
yellow arrows) in the AD frontal lobe tissue sample, which indicates 79.8% fewer MAP2-
positive axon signals in AD samples. Scale bar: 100 μm. (B) Three representative images 
show the correlation between the decrease in axonal MAP2 signals and the increase in 
Aβ immunostaining in axons of AD brain tissues. The top two images show axons in the 
gray matter with greatly reduced MAP2 staining (Aβ-laden axons are indicated by yellow 
arrows and the unaffected axons are indicated by white arrows). The yellow dashed lines 
in the second image surround a dense-core senile plaque with barely detectable MAP2 
immunostaining. The bottom image shows numerous Aβ-loaded axons with diminished 
MAP2 staining in the white matter. Scale bar: 50 μm. (C) Two representative images 
show greatly reduced axonal MAP2 staining in Aβ-laden axons labeled with amyloid 
blue autofluorescence in the white matter. The top panel shows axons primarily in the 
longitudinal direction, and the bottom panel shows axons primarily in the transverse 
direction. The yellow arrows indicate the Aβ-loaded axons and the white arrows 
indicate the control axons without blue autofluorescence. Axons with amyloid blue 
autofluorescence showed much weaker MAP2 intensity (0.36 ± 0.07, n = 100) compared 
with axons without amyloid blue autofluorescence (n = 25). Scale bar: 50 μm. AD: 
Alzheimer’s disease; Aβ: amyloid-β; Map2: microtubule associated protein 2.
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observed clear intracellular neuronal lysosome Cathepsin D staining (Fu et 
al., 2023). However, neuronal Cathepsin D staining was not homogeneous. 
Rather, abnormal Cathepsin D staining was observed frequently in senile 
plaque regions (Figure 3A–C). Normal lysosomal staining showed granule-like 
patterns with strong Cathepsin D signals. By contrast, in senile plaques, 71.2% 
± 9.6% (n = 10) of Cathepsin D staining resided in lysosomal compartments 
showing abnormal Cathepsin D staining with enlarged, diffuse, and weak 
staining patterns, which indicated lysosomal destabilization, as reported 
previously (Takahashi et al., 2002; Liu et al., 2010; Zaretsky et al., 2022). We 
did observe a weak yet detectable Aβ staining in these abnormal lysosomal 
compartments. The lysosomal compartments (including all Cathepsin 
D-labeled compartments) within the senile plaques measured 4.32 ± 1.99 
μm (n = 122) in size, which was 3.65 ± 1.68 times larger (Mann–Whitney U 
test, P < 0.001) than the control lysosomes outside of plaque regions (1.18 ± 
0.39 μm, n = 60); moreover, these were characterized by considerably weaker 
Cathepsin D staining intensity (0.76 ± 0.3; Mann–Whitney U test, P < 0.001). 
In AD tissue axons, Aβ and lysosomal enzyme marker Cathepsin D were highly 
colocalized with a tM1 value (for Aβ) of (0.852 ± 0.106, n = 8), indicating 
the predominant presence of axonal Aβ in the lysosomes. We also detected 
diffuse and weak Cathepsin D staining patterns along the length of Aβ-positive 
axons, which suggested the occurrence of axonal lysosome destabilization 
(Figure 3D–F). Control cellular lysosomes distant from senile plaques had 
primarily strong, clear, and granule-like Cathepsin D staining patterns (Figure 
3G). Additional evidence showing axonal amyloidosis associated with 
unusually diffuse Cathepsin D staining is presented in Additional Figure 7, 
where we used amyloid blue autofluorescence as an amyloidosis marker. 
However, lysosome destabilization was not limited to axons. On closer 
inspection of the intracellular lysosomes, many neural cells also revealed 
heterogeneous Cathepsin D staining patterns (Figure 4). In summary, the 
destabilized lysosomes may be related to a decrease in the MAP2 protein in 
axons in patients with AD. 

Lysosomes are abundant in the neuronal soma. If lysosome destabilization 
occurs in regions surrounding senile plaques, we would expect to also detect 
destabilized lysosomes in cell bodies. Indeed, we observed frequent lysosomal 
destabilization in Aβ-containing neural cells (Figure 4 and Additional Figure 
8). We use lysosomes from neural cells with limited Aβ staining as internal 
controls for unaffected lysosomes (Figure 4A). The control lysosomes 
appeared normal-looking with punctuate and compact staining of Cathepsin D. 
In cells with abundant Aβ signals, lysosomes became enlarged and clustered, 
and their Cathepsin D staining became diffuse. The enlargement of lysosomes 
filled with Aβ could be observed at the single lysosome level (yellow arrows in 
Figure 4B and C). Furthermore, the Aβ-loaded and enlarged lysosomes often 
clustered together to form large lysosomal domains with diffuse Cathepsin D 
staining (Figure 4D and E). Quantitation showed that 71.8% ± 13.8% (seven 
cells measured) of intracellular Aβ colocalized with Cathepsin D staining, 
which suggested that the majority of intracellular Aβ was in the lysosomes or 
destabilized lysosomes. The Aβ-containing lysosomes (n = 30) had an average 
size of 1.63 ± 0.27 μm, which was 2.23 ± 0.38 times as large (P < 0.001, t-test) 
and 0.32 ± 0.12 times of Cathepsin D intensity (P < 0.001, Mann–Whitney U 
test) as the control lysosomes with no Aβ staining (average size: 0.73 ± 0.09 
μm, n = 12), which demonstrated that Aβ-associated lysosome destabilization 
is a distinctive phenotype of intracellular amyloidosis. The enlargement, 
clustering, and destabilization of Aβ-containing lysosomes may be related 
to the axonal enlargement observed in AD brain tissues. Aβ staining was 
also occasionally detected at extra-lysosomal locations in the cytoplasm and 
even the nucleus. We also observed occasional Cathepsin D staining in the 
nucleus (Figure 4F and G). The existence of Aβ and Cathepsin D in locations 
other than lysosomes may be related to lysosome destabilization and leakage; 
theoretically, in such conditions, lysosomal contents may be relocated to other 
cellular compartments. Additional Figure 9 shows the comparison between 
AD and non-AD neural cell lysosomes, again demonstrating the phenomenon 
of lysosome destabilization in AD neural cells.

The above result further supports lysosome destabilization in AD as reported 
consistently in previous studies (Liu et al., 2010; Gowrishankar et al., 2015; Lee 
et al., 2022b; Zaretsky et al., 2022). However, whether abnormal lysosomes 
produce Aβ or Aβ induces lysosomal destabilization remains unclear. This 
complex question can be addressed by studying molecules that interact with 
Aβ. Previously, we established a link between Aβ senile plaque formation 
and intravascular hemolysis, vascular degeneration, and microaneurysm 
rupture (Fu et al., 2023, 2024). The relationship between microhemorrhage 
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and Aβ senile plaque formation has also been explored by others (Miyakawa 
et al., 1982; Cullen et al., 2005, 2006; Stone, 2008; Chuang et al., 2012; 
Bu et al., 2018; Hecht et al., 2018). Thus, Aβ may interact either directly or 
indirectly with hemolysis or vascular markers, which would be reflected in 
the co-distribution of Aβ with hemolytic or vascular markers. We analyzed 
the intracellular co-expression of a hemolysis-related marker HBA and two 
vascular-related markers ACTA2 and ColIV with Aβ (Figure 5). All three markers 
showed good colocalization with intracellular Aβ in lysosome-like structures. 
HBA and ACTA2 signals, as well as Aβ signals, were also frequently observed 
in the nucleus (Figure 5A–C). Quantitative analysis showed that HBA, ACTA2, 
and ColIV colocalized with Aβ at rates of 82.3% ± 17.6% (n = 5), 78.4% ± 32.9% 
(n = 5), and 95.7% ± 8.0% (n = 5), respectively. When we performed HBA and 
Cathepsin D double-immunostaining on AD frontal lobe sections (Figure 5D), 
we observed the co-distribution of HBA signals with destabilized lysosomes, 

as indicated by enlarged and clustered lysosome compartments and diffuse 
Cathepsin D staining. Quantitative analysis showed that 43.2% ± 15.3% (n = 
5) of intracellular HBA staining colocalized with Cathepsin D staining. These 
findings indicate that the protein partners that interact with Aβ (e.g., HBA) are 
also associated with lysosome destabilization in neural cells. 

Destabilized lysosomes exist in dystrophic neurites in patients with 
Alzheimer’s disease
The results above clearly showed that there is a lysosome destabilization 
phenotype associated with intracellular Aβ in the neuronal cells in AD. 
Because we focused mainly on the axonal phenotype of AD in this study, 
to further verify whether destabilized lysosomes are linked to axonal 
degeneration, we stained the tissue sections with a phos-tau antibody, a well-
known axonal dystrophy marker in AD, and Lamp2, a lysosomal membrane 
marker. We observed the localization of abnormally diffuse lysosomal Lamp2 
staining in phos-tau-positive dystrophic neurites, neurofibrillary tangles, 
axons, and neuropil threads (Figure 6A). Quantitative colocalization analysis 
showed that 45.4% ± 17.8% (n = 6) of Lamp2 staining colocalized with phos-
tau staining in the senile plaque dystrophic neurites, whereas 62.9% ± 22.3% 
(n = 7) of Lamp2 staining colocalized with phos-tau staining in the neuropil 

Figure 3 ｜ Lysosomal destabilization is common in AD frontal lobe tissues.
(A–C) Three representative plaques associated with lysosome destabilization. The 
top plaque was a typical dense-core plaque, whereas the bottom two plaques were 
more diffuse. All three plaques were associated with enlarged and diffuse Cathepsin D 
staining (red, Alexa Fluor 594) patterns (yellow dashed lines or yellow arrows), which 
is a characteristic of lysosome destabilization and lysosome permeabilization that is 
in contrast to the typical, granule-like strong lysosome staining with focal Cathepsin 
D positivity (indicated by white arrows in the top panel). Quantitation showed that 
71.2% ± 9.6% (n = 10) of Cathepsin D staining in the senile plaque regions located in 
lysosomal compartments displayed abnormal diffusive patterns. Weak Aβ staining 
(green, Alexa Fluor 488) was observed in these abnormal lysosomal compartments. 
(D–F) Three representative images illustrating diffuse Cathepsin D staining (red, Alexa 
Fluor 594) in the Aβ-positive axons (green, Alexa Fluor 488; indicated by yellow arrows). 
Simultaneously, colocalization between Aβ and Cathepsin D in lysosomes was abundant 
(indicated by white arrows). These three images were acquired using longer exposure 
settings than other images to show the weak axonal Aβ and Cathepsin D staining. (G) 
Intracellular lysosomes distant from amyloid plaques showed mostly clear, strong, and 
granule-like lysosomal Cathepsin D staining (red, Alexa Fluor 594, indicated by white 
arrows). Scale bar: 50 μm. AD: Alzheimer’s disease; Aβ: amyloid-β.
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Figure 4 ｜ Lysosomal destabilization is strongly associated with Aβ in the cell bodies 
of neural cells in AD frontal lobe tissues.
(A) A control neural cell with little Aβ staining (red, Alexa Fluor 594) showed mostly 
normal lysosome Cathepsin D staining (green, Alexa Fluor 488) patterns (indicated by 
white arrows). (B, C) Intracellular Aβ (red, Alexa Fluor 594) was associated with lysosome 
destabilization, which could be identified at the single lysosome level by significant 
lysosome enlargement and diffuse staining (indicated by yellow arrows), whereas control 
lysosomes (indicated by white arrows) showed compact and bright Cathepsin D staining 
(green, Alexa Fluor 488). (D, E) Two representative images indicating that intracellular Aβ 
expression was associated with lysosome enlargement, clustering, and diffuse staining. 
The dashed boxes highlight the areas enriched for both Aβ staining and lysosomal 
destabilization. (F, G) Two representative images of neural cells containing not only 
lysosomal Aβ (red, Alexa Fluor 594) and Cathepsin D (green, Alexa Fluor 488) but also 
extra-lysosomal cytoplasmic Aβ, nuclear Aβ, and nuclear Cathepsin D. Vertical arrows 
indicate cytoplasmic Aβ staining outside of Cathepsin D-stained areas and horizontal 
arrows indicate nuclear Aβ and Cathepsin D staining. Scale bar: 25 μm. AD: Alzheimer’s 
disease; Aβ: amyloid-β.
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threads. Two additional images emphasizing the colocalization of Lamp2 and 
phos-tau staining in the dystrophic neurites in senile plaques are provided in 
Additional Figure 10. In addition, we detected an abundance of abnormally 
diffuse lysosomal Lamp2 staining in phos-tau-positive dystrophic axons in 
the white matter (Figure 6A, bottom panel). Neuropil thread is a collective 
term traditionally used for phos-tau staining in both axons and dendrites. 
We noticed that, throughout the brain, neuropil thread phos-tau staining 
was more abundant than phos-tau staining of tangles and senile plaque 
dystrophic neurites (Additional Figure 11). The phos-tau-positive neurites 
in AD tissues could be classified according to diameter as primary dystrophic 
neurites with an average diameter of 1.56 ± 0.37 μm (n = 40) or secondary 

Figure 5 ｜ Blood and vascular proteins co-exist with intracellular Aβ in neural cells in 
AD frontal lobe tissues and may also be related to lysosome instability.
(A) Representative images showing the co-expression of blood-related markers HBA 
(green, Alexa Fluor 488) and Aβ (red, Alexa Fluor 594). (B) Representative images 
showing the co-expression of vascular markers ACTA2 (green, Alexa Fluor 488) and Aβ 
(red, Alexa Fluor 594). (C) Representative images showing the co-expression of vascular 
markers ColIV (red, Alexa Fluor 594) and Aβ (green, Alexa Fluor 488). The colocalization of 
markers is indicated by yellow arrows. Two small blood vessels are indicated by asterisks 
in the ColIV staining panel. (D) Intracellular HBA (green, Alexa Fluor 488) expression 
domains overlapped with the region of lysosomal destabilization, which is indicated by 
enlarged and clustered lysosomal compartments and diffuse Cathepsin D staining (red, 
Alexa Fluor 594, marked with yellow dashed circles). Control HBA-unaffected lysosomes 
are indicated by white arrows. Scale bars: 25 μm. ACTA2: Smooth muscle actin alpha 2; 
AD: Alzheimer’s disease; Aβ: amyloid-β; ColIV: collagen type IV; HBA: hemoglobin.
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dystrophic neurites with an average diameter of 0.40 ± 0.09 μm (N = 30), 
which may reflect the different size of axons and dendrites. When we stained 
the AD brain sections with both phos-tau and Aβ antibodies, we also detected 
colocalization between phos-tau and Aβ in dystrophic neurites, senile plaques, 
neurofibrillary tangles, neuropil threads, and axons (Figure 6B). Quantitative 
colocalization analysis showed that 34.4% ± 13.2% (n = 6) of Aβ staining 
colocalized with phos-tau staining in the senile plaques. However, Aβ staining 
intensity in the dystrophic neurites, tangles, and axons was lower than that in 
the senile plaques. These data confirm that axonal dystrophy is linked to Aβ, 
tau phosphorylation, and lysosome destabilization.

Axonal degeneration in Alzheimer’s disease bears markers of hemorrhagic 
insults
Why cells and axons in AD brain tissues degenerate remains unclear. The 
mechanism of lysosome destabilization was initially proposed following cell 
culture studies (Liu et al., 2010; Zaretsky et al., 2022). However, in vivo, Aβ 
alone may not be solely responsible for the degeneration effect because Aβ 
interacts with numerous other proteins. Given our previous finding that senile 
plaques are formed by blood Aβ leakage into the brain upon microaneurysm 
rupture, we hypothesized that axonal damage in AD brain tissues is also 
associated with various blood-related proteins. Therefore, we examined 
axonal pathology using a variety of blood- and plasma-related markers. 
Results showed that enlarged axons in AD brains indeed carried blood and 
plasma markers, such as ApoE, HBA, HbA1C, and hemin (Figure 7A–D). 
Overt acute hemorrhage rarely surrounded these affected axons, which 
suggested that the intake of hemorrhagic markers in these axons is likely a 
chronic event. The presence of blood markers in axons is not dependent on 
the proximity to senile plaques. In addition, the distribution of hemorrhagic 
markers is not always quantitatively proportional to the intensity of Aβ in AD 
brain tissues; there can be even stronger staining of hemorrhagic markers in 
the axons than in the surrounding senile plaques, which is likely due to the 
differential enrichment or metabolism of amyloid protein complexes in axons 
versus senile plaques (an example is provided in the top panel of Figure 7D 
showing more hemin staining in the axons than in the adjacent senile plaque). 
Moreover, axon amyloidosis was associated with Sortilin1 expression, an 
endosomal/lysosomal marker (Figure 7E), which has also been implicated as 
a major receptor for ApoE and a component of senile plaques (Carlo et al., 
2013; Hu et al., 2017). Quantitative colocalization analysis showed that, in the 
axons, ApoE, HBA, HbA1C, hemin, and Sortilin1 colocalized with Aβ at ratios 
of 97.1% ± 3.6% (n = 12), 75.4% ± 9.5% (n = 8), 88.9% ± 5.0% (n = 8), 94.3% 
± 9.9% (n = 11), and 94.9% ± 5.0% (n = 6), respectively. As shown in Figure 3, 
intracellular Aβ was predominantly detected in the lysosomes. Consistently, 
the above data suggest that intracellular ApoE, HBA, HbA1C, and hemin are 
also primarily located in the lysosomes. An overview image of widespread 
HBA and Aβ expression in the white matter axons is provided in Additional 
Figure 12. Additionally, when we stained the sections with red blood cell-
related histological stains (e.g., Alizarin red and rhodanine) (Fu et al., 2023), 
many axons in the AD brain tissues were also positively stained (Additional 
Figure 13). In fact, the white matter tissue of AD brains was broadly stained 
with Alizarin red and rhodanine, similar to HBA, demonstrating a strong 
effect of hemorrhagic markers on the white matter axons. Taken together, 
these findings indicate that the axons were enriched for not only Aβ but also 
numerous hemorrhage-related markers. 

Axonal breakages are occasionally observed in Alzheimer’s disease brain 
tissues
Whether axonal degeneration defects ultimately lead to axonal breakages 
in AD is a crucial question that needs addressing. We inspected hundreds 
of images containing Aβ-stained axons. Initially, we focused on axons inside 
senile plaques traveling in the longitudinal orientation because axons in the 
transverse orientation were difficult to identify individually. We observed that 
although many axons passing through the senile plaques were Aβ-positive 
and enlarged, they did not break (Additional Figure 14). However, we did find 
a few examples indicating that the axons were broken at locations outside 
of senile plaques. Using Aβ and AGE antibodies as markers for amyloidosis-
affected axons, we were able to detect broken axons with gaps of up to 38.4 
μm in width (Figure 8A). What caused these rare axonal breakages is not 
immediately clear. Additionally, we found that long stretches of amyloid-
loaded vesicles with large spheroid formations on the axons caused marked 
dystrophy, to a degree that axon morphology could no longer be recognized 
(Figure 8B). The long stretch of clustering vesicles with spheroid formations 
was likely due to lysosome clustering, as indicated by the endosome/
lysosomal marker Sortilin1 (Figure 8C). We speculate that in some cases, the 
continuous enlargement of destabilized lysosomal compartments across a 
long distance ultimately results in axonal breakages.
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Discussion
Axonal amyloidosis induces additional axonal structural changes, such as 
a decrease in the MAP2 protein, which may be related to Aβ toxicity due 
to lysosomal destabilization. Whether MAP2 is an effective axon marker 
has been debated. MAP2 has been shown to label the neuronal cell soma, 
dendrites, and axons in hippocampal neuron culture and N2a cell line cell 
culture models (Dajas-Bailador et al., 2008; Pinatel et al., 2015). Furthermore, 
MAP2 is a good axon marker for pathological studies; for example, it has been 
applied successfully to rat brain traumatic axonal injury models (Li et al., 2016; 
Lee et al., 2022a; Liu et al., 2022). Some cell culture experiments in cultured 
dorsal root ganglion sensory neurons have claimed that MAP2 is a proximal-

Figure 6 ｜ Destabilized lysosomes are located in AD frontal lobe tissue dystrophic 
neurites, tangles, axons, and neuropil threads, and there was co-distribution between 
phos-tau and Aβ in dystrophic neurites, tangles, neuropil threads, and axons.
(A) Abnormal lysosome Lamp2 staining (red, Alexa Fluor 594; indicated by yellow arrows) 
was detected in peri-plaque dystrophic neurites (top two panels), a representative tangle 
(third panel), neuropil threads (fourth panel), a representative longitudinal axon (fifth 
panel) and white matter axons (mostly in the transverse direction; bottom panel) marked 
with phos-tau immunostaining (green, Alexa Fluor 488). We observed long, diffuse, but 
relatively weak Lamp2 staining along the length of axons and neuropil threads, which 
highlights the intricacy of this defect. The bottom three images were acquired using 
longer exposure time settings to show the relatively weak signals in neuropil threads 
and axons. Control lysosomes not affected by tau phosphorylation are indicated by 
white arrows. Scale bar: 50 μm. (B) Phos-tau-positive (green, Alexa Fluor 488) dystrophic 
neurites (yellow arrows, top panel), tangles (yellow arrows), neuropil threads (white 
arrows; middle panel), and axons (yellow arrows, bottom panel) were also Aβ-positive 
(red, Alexa Fluor 594). Scale bar: 50 μm. AD: Alzheimer’s disease; Aβ: amyloid-β.
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Figure 7 ｜ Axon degeneration in AD bears the markers of hemorrhagic insults in AD 
frontal lobe tissues.
(A–D) Four blood-related markers (ApoE, HBA, HbA1C, and hemin) all showed positivity 
in enlarged axons labeled with Aβ immunostaining. They were adjacent to senile plaques 
(top image in each panel) or not associated with senile plaques (bottom image in each 
panel). ApoE was stained red (Alexa Fluor 594), whereas HBA, HbA1C, and hemin were 
stained green (Alexa Fluor 488). Aβ was stained green (Alexa Fluor 488) in panel A 
and red (Alexa Fluor 594) in panels B–D. (E) Degenerating axons were positive for an 
endosomal/lysosomal marker Sortilin1 (red, Alexa Fluor 594). The affected axons are 
indicated by arrows and the senile plaques are indicated by asterisks. Scale bars: 50 
μm. AD: Alzheimer’s disease; ApoE: apolipoprotein E; Aβ: amyloid-β; HBA: hemoglobin; 
HbA1C: glycosylated hemoglobin type A1C.

axon-restricted marker. However, careful inspection of the published data 
(Gumy et al., 2017) shows that MAP2 expression is not confined to proximal 
axons but extends along the length of axons. Quantitative colocalization 
analysis showed that nearly 71.8% of intracellular Aβ staining colocalized 
with Cathepsin D staining, which is strong evidence that lysosomes are the 
principal sites of intracellular amyloidosis. Studies have also shown in vitro 
that extracellular Aβ is taken up and concentrated in lysosomes and induces 
lysosome destabilization and permeabilization (Liu et al., 2010; Zaretsky 
et al., 2022). Intracellular lysosome acidification defects and lysosome 
permeabilization have been studied in mouse AD models and are considered 
a possible mechanism for neuronal cell death and senile plaque formation 
(Nixon et al., 2005; Lee et al., 2022b; Nixon, 2024). Additionally, a previous 
study identified abnormal protease-deficient lysosomes in swollen axons 
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surrounding senile plaques (Gowrishankar et al., 2015), and this lysosome 
defect was defined as a lysosome maturation deficiency. In this study, we 
provided evidence that Aβ is linked to lysosome destabilization at single 
lysosome and single axon levels. Moreover, we comprehensively analyzed 
axonal enlargement defects, particularly in intracortical axon bundles, which 
are rarely discussed in previous studies. Most importantly, we speculate that 
the axonal and cellular lysosomes were not intrinsically protease-deficient but 
were destabilized by Aβ and Aβ-associated hemorrhagic or vascular factors, 
such as ApoE, hemin, HbA1C, HBA, ACTA2, and ColIV. Aβ-associated factors 
very likely affect lysosome stability, maturation, or lysosome pH, as well as 
Aβ itself. Our findings further support previous evidence suggesting that the 
pathological Aβ peptide in AD neurons is derived from an exogenous source 
(i.e., hemorrhagic Aβ leakage) rather than from the neurons themselves 
(Cullen et al., 2006; Stone, 2008; Chuang et al., 2012; Bu et al., 2018; Fu et 
al., 2023, 2024). Although severe lysosome leakage may result in neuronal 
cell death, lysosome leakage in the cells could illicit a complex “lysosome 
leakage response” to counteract the damaging effect of lysosome leakage. 
Our preliminary data did not confirm a straightforward increase in neuronal 
apoptosis using a terminal deoxynucleotidyl transferase deoxyuridine 
triphosphate nick end labeling assay as an apoptotic marker and MAP2 
reduction as a marker for lysosome leakage-associated neuronal proteomic 
damage. In addition, senile plaques with flower-like Cathepsin D-positive 
structures wrapped around dense-core amyloid blue fluorescence could 
not be confirmed as central-nucleated neurons with defective lysosomes 
because there was no nuclear staining in the plaque core when the blue 
autofluorescence was subtracted (Fu et al., 2024). Thus, more extensive 
investigations on the mechanism of the “lysosome leakage response” are 
warranted.

We believe that Aβ can be classified as a type of lysosomal “toxin,” which 
exerts its unique toxicity upon lysosomal intake and processing. Our findings 
suggested that lysosomal destabilization is not due to Aβ alone but it is also 
related to Aβ-associated factors. For example, it is well established that hemin 
is a neurotoxic molecule itself, and lysosomes are a primary site for hemin 
metabolism (Robinson et al., 2009; Dang et al., 2011). Axonal amyloidosis is 
also associated with Sortilin1 expression. Sortilin1 is an endosome/lysosome 
marker that has been identified as a major receptor of ApoE (Carlo et al., 
2013), whereas ApoE is a major binding protein of Aβ. Axons may take up 
exogenous Aβ complexes via receptor-related mechanisms, independent 
of or in conjunction with the neural soma, by the relay chains starting 
from Aβ, to ApoE, and finally to Sortilin1. The intake of a large number of 
hemorrhagic proteins alongside Aβ could induce severe axonal proteostatic 
stress, in addition to the toxicity effects of Aβ, especially when the axon–soma 
connection is compromised. 

Both Aβ deposition and tau phosphorylation are important components 
of AD pathology. However, the relationship between these two events is 
unclear. It has previously been suggested that Aβ and tau colocalize in AD 
“synaptosomes” (Fein et al., 2008). Our quantitative imaging analysis provided 
an alternative mechanism that Aβ and tau are both connected to destabilized 
lysosomes. We found that 71.2% of Cathepsin D staining in senile plaque 
regions was located in destabilized lysosomal compartments. In the neural 
soma with significant Aβ staining, 75.5% of intracellular lysosomes were in 
destabilized forms marked by diffuse Cathepsin D staining. Furthermore, 
45.4% of Lamp2 lysosomal marker staining colocalized with phos-tau-stained 
neuritic dystrophy in senile plaques, whereas 62.9% of Lamp2 staining 
colocalized with phos-tau staining in neuropil threads with largely diffuse 
Lamp2 patterns. These results provide robust evidence that destabilized 
lysosomes connect key pathologies of AD: senile plaque formation, 
intracellular amyloidosis, and neuritic dystrophy with tau phosphorylation.

Numerous studies show that Aβ endocytosis induces lysosome destabilization 
(Takahashi et al., 2002; Liu et al., 2010; Tam et al., 2014); moreover, there 
is strong evidence that Aβ induces tau phosphorylation (Zheng et al., 
2002; Mattsson-Carlgren et al., 2020). In this study, tau phosphorylation 
was associated with destabilized lysosomes in tangles, dystrophic 
neurites, neuropil threads, and axons. It remains unknown whether tau 
phosphorylation or lysosome destabilization is the upstream event. Our data 
showed that MAP2, a tau-related microtubule-binding protein, was reduced 
significantly (i.e., > 50% loss based on our estimate) in Aβ-laden axons. If we 
consider lysosome destabilization and MAP2 reduction in axons and previous 
evidence that MAP2 competes with tau for microtubule binding (Sandoval 
and Vandekerckhove, 1981) and may prevent tau aggregation (Holden et al., 
2023), lysosomal destabilization may work upstream of tau phosphorylation 
by chronically degrading its competitive inhibitor MAP2. Therefore, the 
biological significance of lysosome destabilization in the neuronal soma in AD 
brain tissues is worthy of future investigation.

Owing to the limited supply of AD brain tissue specimens, we were unable to 
compare the severity of axonal amyloidosis defects or intracellular lysosomal 
destabilization across different Braak stages. Nevertheless, axonal breakages 
were observed in a small number of axons. When axonal breakages occur and 
are not repaired, Wallerian degeneration of axons may occur, which can result 
in axonal loss. Because axonal breakages with small gaps are difficult to detect, 
the true number of axonal breakage events in AD brains may be higher than 
that observed. Thus, further studies are needed to understand the frequency 
of axonal breakages and Wallerian degeneration in AD brains. A previous in 
vitro study using hippocampal neuron cell culture models showed that the 
Aβ peptide induces axonal degeneration that precedes cell death (Alobuia 
et al., 2013), which indicates a possible “dying back” mechanism of neuronal 
degeneration in AD. Our data similarly indicated that axonal degeneration is 
an important early step of AD pathogenesis. It is well established that both 
Wallerian degeneration and axonal degeneration are affected by various 
genetic mutations (Coleman and Freeman, 2010; Neumann et al., 2011; Teoh 
et al., 2018; Wang et al., 2024). To combat AD effectively, we must develop 
methods that prevent microvascular blood leakage and axonal accumulation 
of Aβ and hemorrhagic proteins. Treatments that can specifically slow 
Wallerian degeneration and facilitate axonal repair, reconnection, and 
regeneration would also likely be beneficial for AD patients. Currently, several 
Food and Drug Administration-approved Aβ-targeted monoclonal antibody 
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Figure 8 ｜ Axonal breakages are occasionally observed in AD frontal lobe tissues.
(A) Two broken axons were identified with AGE (green, Alexa Fluor 488) and Aβ (red, 
Alexa Fluor 594) immunohistochemistry in AD brain tissues. The axonal gap in the top 
image measured 24.4 μm, whereas in the bottom image, it measured 38.4 μm. The 
broken regions are marked by dashed lines and the parental axons are indicated by 
arrows. (B) Two examples of damaged axons associated with large vesicle clusters and 
spheroid formation enriched for amyloid markers Aβ (red, Alexa Fluor 594) and HbA1C 
(green, Alexa Fluor 488). The long stretch of clustered vesicles (indicated by dashed 
lines) in the top panel measured 32.5 μm in length. The maximal width of the two 
large spheroids (indicated by dashed lines) in the bottom panel reached 6.2 μm (top-
right position) and 8.3 μm (bottom-left position), respectively. The affected axons are 
indicated by arrows. (C) A long axonal region (indicated by dashed lines) with large 
spheroid formations associated with endosomal/lysosomal domains marked with 
Sortilin1 immunostaining (red, Alexa Fluor 594). This region measured 26.1 μm in length. 
The maximal width of the spheroid formation measured 4.1 μm. Scale bars: 50 μm. AD: 
Alzheimer’s disease; AGE: advanced glycation end products; Aβ: amyloid-β; HbA1C: 
glycosylated hemoglobin type A1C.
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drugs to reduce Aβ-burdens in AD patients are available in the clinic, such as 
lecanemab and donanemab antibodies (Terao and Kodama, 2024; Arroyo-
Pacheco et al., 2025). However, effective drugs for AD must demonstrate 
to the public that they can significantly lower intracellular toxic Aβ levels to 
reduce axonal damage.
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brain sections shows abundant HBA accumulation in the brain white matter 
axons. 
Additional Figure 13: Many axons are positively stained by Alizarin Red or 
Rhodanine in AD frontal brain tissues. 
Additional Figure 14: Enlarged axons are detected inside of senile plaques in 
AD frontal brain tissues but axon breakage was not readily observed. 
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与淀粉样变性、溶酶体不稳定和出血相关的病理性轴突增大是阿尔茨海默病的主要缺陷

文章特色分析

一、文章重要性

1. 揭示 AD 中轴突病变的核心地位

传统上 AD 研究多集中于神经元胞体（如神经纤维缠结）和突触（如突触丢失），而该研究

首次系统性地提出轴突淀粉样变性、轴突肿大、溶酶体不稳定和微出血是 AD 病理的重要组成部

分，并强调轴突损伤是 AD 神经功能衰退的关键因素之一。

2. 连接血管病变与神经退行性变

文章提出出血性淀粉样变性是 AD 病理的核心环节，将血管源性 Aβ渗漏、血红蛋白等血液蛋

白的摄入与轴突内溶酶体不稳定联系起来，为理解 AD 中血管因素与神经退行之间的关系提供了

新视角。

3. 提出轴突传导速度下降的结构基础

研究指出轴突肿大和球状体形成会减缓动作电位传导速度，这为解释 AD 患者认知功能下降

提供了潜在的神经电生理机制。

二、创新性特色

1. 首次系统描述 AD 中轴突肿大与 Aβ沉积的关系

- 发现 Aβ阳性轴突直径平均为对照组的 1.72 倍。

- 轴突肿大与 MAP2 蛋白减少、tau磷酸化、溶酶体 destabilization 密切相关。

2. 揭示溶酶体不稳定在 AD 轴突病变中的核心作用

- 发现 Aβ主要位于溶酶体中，且 Aβ阳性溶酶体体积是对照的 2.23 倍。

- 溶酶体 destabilization 不仅发生在轴突，也见于神经元胞体。

3. 提出“出血-溶酶体-轴突”病理轴

- 发现轴突内存在多种血液蛋白（如 ApoE、血红蛋白、HbA1C、血红素），提示慢性微出血

是 AD 轴突病变的重要诱因。

- 这些蛋白与 Aβ共定位，可能加剧溶酶体负担和不稳定。

4. 观察到罕见的轴突断裂现象

- 发现轴突断裂并推测其可能导致 Wallerian 变性，进一步加剧神经连接丧失。

三、对学科的启示

1. 拓展 AD 病理机制的认识

研究将 AD 从传统的“Aβ斑块与 tau缠结”二元模型扩展为多系统病变模型，强调轴突、溶

酶体和血管因素的交互作用。

2. 提示新的治疗靶点

- 针对溶酶体稳定性的治疗策略可能有助于减缓轴突病变。

- 控制微血管渗漏和血液蛋白入脑可能成为 AD 干预的新方向。

3. 推动 AD 早期诊断标志物的开发

轴突肿大、溶酶体 destabilization 和血液蛋白沉积可能成为影像学或体液生物标志物，用于

早期识别 AD 病理进程。

4. 强调轴突保护在 AD 治疗中的重要性

未来 AD 治疗不应仅关注清除 Aβ或抑制 tau，还应包括保护轴突完整性、促进轴突再生的策

略。

总结

该研究通过多组化、免疫荧光和共定位分析，系统揭示了 AD 中轴突病变的病理特征及其与溶酶

体不稳定、微出血的密切联系，具有概念创新、机制深入、临床转化潜力大的特点，为理解 AD
的全病程病理机制提供了重要补充，也为开发新型治疗策略奠定了理论基础。


