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Abstract

The senile plaque is a prominent pathological hallmark of Alzheimer's disease (AD),

yet the mechanism governing senile plaque generation remains intensively debated.
Many researchers believed that senile plaques are derived from neuronal cells; however,
there is also strong evidence that senile plaques are linked to cerebral microhemorrhage.
We analyzed major neural markers, blood vessel and blood markers on AD brain
sections with immunohistochemistry, TUNEL assay, fluorescence imaging and

histochemical staining. We found little co-expression between neural markers and
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30 plaque AP while abundant co-expression between blood markers such as HBA, HbA1C
31 or ApoE and plaque A. Senile plaques additionally colocalized with a characteristic
32 blue autofluorescence, which also prominently existed in red blood cells. Moreover,
33  platelets were found along blood vessel walls and in plaques, suggesting that platelets
34  also contribute to senile plaque formation. Senile plaque formation was intrinsically
35 linked to wvascular degeneration as showed by CollV, ACTA2 and LRPI
36  immunostaining. We found that Af distributes unevenly among red cells or in the blood
37  vessels, enriching in domains of red cell damage or vascular damage, and with the
38  presence of luminal Cathepsin D expression. In addition, the senile plaques have a
39  constitutive Cathepsin D expression overlapping with A, HBA and HbA 1C, reiterating
40  asenile plaque connection with hemolysis. With Rhodanine staining, we further proved
41  that there is widespread hemolysis in AD brain tissues, which concurs with AR
42  aggregation, Cathepsin D and ApoE expression. Moreover, we provided the
43 biochemical evidence that AP directly interacts with hemoglobin (Hb) and form
44  protease-sensitive complexes in an in vitro polymerization assay. In summary, our data
45  suggested that senile plaques arise from Cathepsin D and ApB-enriched proteinaceous
46 mixtures out of hemolysis and vascular degeneration. In addition, hemoglobin could be
47  aprimary physiological target of AP in hemolysis and in senile plaques.

48

49  Keywords: senile plaque; AP; Cathepsin D; hemolysis; vascular degeneration ;
50 hemoglobin; Alzheimer’s disease

51

52 Introduction

53

54  Alzheimer's disease has several important pathological hallmarks such as senile plaques,
55  dystrophic neurites, neurofibillary tangles and cerebral amyloid angiopathy (CAA)!'.
56  Beta amyloid peptide (AP) turned out to be a major component in both senile plaques
57 and CAA>®. However, the mechanism governing AP generation in senile plaques and
58 the linkage between CAA and senile plaques is still not clear. Most researchers believed

59 that senile plaques are derived from neuronal cells as proposed in amyloid cascade
2
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60  hypothesis”®. On the other hand, there is also strong evidence showing that senile
61  plaques are linked with cerebral microhemorrhage’!®. In depth AD mouse model
62  studies based on bone marrow transplantation experiments also indicated that there is a
63  clear role of hematopoietic cell A contributing to senile plaque development!®. We
64  used immunohistochemistry, fluorescence imaging, TUNEL assay and histochemical
65  staining to examine the neural, vascular or blood AP contribution to senile plaque
66  development in AD brain tissues. We found that there is a lack of significant direct
67  neural cell AB input to senile plaques. The true direct source of senile plaque AP appears
68  to be AB-associated hemolytic red blood cells that come out of cerebral blood vessels
69  through vascular leakage or vascular degeneration while CAA is an important
70  intermediate stage during this senile plaque formation process.

71

72 MATERIAL AND METHODS
73

74  Tissue sections. AD patient frontal lobe brain paraffin tissue sections were purchased
75  from GeneTex (Irvine, CA, USA). Additionally, AD patient frontal lobe brain paraffin
76  tissue sections were provided by National Human Brain Bank for Development and
77 Function, Chinese Academy of Medical Sciences and Peking Union Medical College,
78  Beijing, China. This study was supported by the Institute of Basic Medical Sciences,

79  Chinese Academy of Medical Sciences, Neuroscience Center, and the China Human

80  Brain Banking Consortium. All procedures involving human subjects are done in

81 accord with the ethical standards of the Committee on Human Experimentation in
82  Shanghai Jiao Tong University and in Xinhua Hospital, and in accord with the Helsinki

83  Declaration of 1975.
84

85  List of antibodies for immunohistochemistry. The following primary antibodies and
86  dilutions have been used in this study: Ap (Abcam ab201061, 1:200), AB/ABPP (CST
87 #2450, 1:200), phos-TAU (Abcam ab151559, 1:200), aSyn (Proteintech 10842-1-AP,
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88  1:200), MAP2 (Proteintech 17490-1-AP, 1:200), GFAP (Abcam ab33922, 1:200),
89  GFAP (Proteintech 60190-1-Ig, 1:100), Ibal (Abcam ab178847, 1:200), CollV (Abcam
90  ab236640, 1:200), ACTA2 (Proteintech 23081-1-AP, 1:400), LRP1 (Abcam ab92544,
91  1:200), ApoE (Abcam ab183597, 1:200), CD42b (Abcam ab210407, 1:200), HBA
92  (Abcam ab92492, 1:200), Anti-Glycophorin A antibody (Abcam ab129024, 1:200),
93  Cathepsin D (Proteintech 66534-1-Ig, 1:100), Cathepsin D (Abcam ab75852, 1:200),
94  HbAIlc (OkayBio K5a2, 1:100). The following secondary antibodies and dilutions have
95  been used in this study: donkey anti-mouse Alexa-594 secondary antibody (Jackson
96 ImmunoResearch 715-585-150, 1:400), donkey anti-rabbit Alexa-488 secondary
97 antibody (Jackson ImmunoResearch 711-545-152, 1:400), donkey anti-rabbit Alexa-
98 594 secondary antibody (Jackson ImmunoResearch 711-585-152, 1:400), and donkey
99  anti-mouse Alexa-488 secondary antibody (Jackson ImmunoResearch 715-545-150,
100  1:400).
101
102  Immunohistochemistry was performed as described?. Briefly, paraffin sections were
103  deparaffinized by Xylene, 100% EtOH, 95% EtOH, 75% EtOH, 50% EtOH, and PBS
104  washes. Sections were treated with 10 mM pH6.0 sodium citrate or 10mM pH9.0 Tris-
105  EDTA solution with microwave at high power for 3 times of 4 minutes, with 5 minutes
106 intervals. The sections were allowed to naturally cool down to room temperature. Then,
107  the slides were blocked with TBST 3%BSA solution for 1 hour at room temperature.
108  After blocking, the samples were incubated with primary antibodies at room
109  temperature for 2 hrs followed by 5 washes of TBST. After that, the samples were
110  incubated with fluorescent secondary antibodies overnight at 4 degree. The treated
111 samples were washed again with TBST 5 times the second day and mounted with
112 PBS+50% glycerol supplemented with H33342 nuclear dye (Sigma, B2261, 1 pg/ml)
113 and ready for imaging. To differentiate nuclear staining from MetaBlue
114  autofluorescence signal, in some of the IHC experiments, PI (Sigma, P4170, 10 pg/ml)
115  was used as a red nuclear fluorescence dye instead of H33342, which stained the nuclei
116  with blue fluorescence. IHC experiments without primary antibodies were used as

117  negative controls. All experiments have been repeated in order to verify the
1
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118  reproducibility of the results.

119

120 TUNEL assay. TUNEL assay kits (C1089) were purchased from Beyotime
121 Biotechnology (Shanghai, China). TUNEL assay was performed as described in the
122 manufacturer's user manual. Briefly, paraffin sections were deparaffinized by Xylene,
123 100% EtOH, 95% EtOH, 75% EtOH, 50% EtOH, and H20 washes. Then, the sections
124  were digested with Proteinase K (20 pg/ml) in 10mM TE buffer (pH 7.5) for 15 minutes
125  at room temperature. After Proteinase K digestion, the slides were washed with PBS
126  for 5 times. The slides were then incubated in 50 pl freshly-prepared TUNEL labeling
127  mixture, covered with parafilm and incubated for 1 hour at 37 degree. Afterwards, the
128  slides were washed with PBS for 5 times and mounted with PBS+50% glycerol solution
129  with Hoechst nuclear dye and examined under fluorescent microscopes. To perform
130  double labeling of TUNEL and antibody staining, the incubation time of Proteinase K
131  treatment was shortened and adjusted to allow the simultaneous detection of protein
132 antigens and TUNEL signals.

133

134  Rhodanine staining: The Rhodanine staining kit (BA4346) was purchased from Baso
135  Diagnostics Inc. (Zhuhai, China). Briefly, paraftin sections were first deparaffinized by
136  Xylene, 100% EtOH, 95% EtOH, 75% EtOH, 50% EtOH, and H20O washes. After a
137 quick wash in 95% ethanol, the slides were stained in the Rhodanine staining solution
138 (0.01% p-Dimethylaminobenzalrhodanine) at 37 degree for 30 minutes. After staining,
139  the slides were treated with a 95% ethanol quick wash and 5 times wash in water, then
140  mounted with PBS+50% glycerol solution for imaging analysis.

141

142 Slide-based AP aggregation assay: Human AB40 or AB42 peptides (Apeptide Co.,
143 Shanghai, China) were first solubilized with DMSO at 1 mg/mL concentration. Human
144  hemoglobin (H7379, Sigma) was solubilized in sterile H2O at 10 mg/mL concentration.
145  Then, AP peptides were diluted into sterile PBS solution at SuM concentration with or
146 without 1.25 pM hemoglobin. The mixture was incubated at 37 degree up to 3 days.

147  Samples were obtained at Day 0, Day 1, Day 2, and Day 3. 2 ul out of each obtained
5
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148  sample was spotted onto adhesive glass slides and dried up in a 37-degree incubator.
149  The glass slides with samples were fixed with 4% formaldehyde in PBS for 10 minutes
150  atroom temperature and washed 3 times with PBS. To test the sensitivity of aggregates
151  to protease digestion, paralleled slides were treated with Proteinase K at 20 pg/mL in
152 10mM TE (pH 7.5) buffer for 15 minutes at room temperature. The procedure to
153 analyze the AP aggregates on the slides using antibodies was the same as in
154  immunohistochemistry.

155

156  Imaging and morphometry analysis. Most images were taken with a Leica DM6000B
157  microscope (Leica Microsystems, Wetzlar, Germany) with A4, L5 and N3 fluorescent
158  filter cubes. The microscope is equipped with 10X eyepiece, and 5X, 10X, 20X, 40X
159  objective lens. During the time of manuscript preparation, an Olympus [X71
160  fluorescent microscope (Olympus Co., Toyoko, Japan) was also used to examine the
161  slides. Some additional images were taken by a Keyence BZ-X800 microscope
162  (Keyence Co., Itasca, USA). When comparing marker immunostaining densities,
163  1identical exposure settings for fluorescent channels were used for both control and test
164  groups. Images were then analyzed with Image J software. Mean area density was used
165  as the parameter to define the marker densities. The areas of different structures were
166  also measured with Image J software. The total area intensity was calculated by
167  multiplying the area mean density with the measured area. When using the average
168  neural cell as a reference, the values of other anatomical structures divided the mean
169  value of neural cells to obtain the fold numbers. The folds of changes were then
170  expressed as means with standard deviations.

171

172 Statistics. All data first went through a Shapiro & Wilk normality test using SPSS
173 Statistics 19 software. Two-tailed unpaired T-test was used to compare the means of
174  data with a normal distribution with Excel 2007 software. For data that were not
175  normally distributed, nonparametric Mann/Whitney test was performed to compare the
176  means with Megastat addin version 10.2. The p Value threshold for statistical

177  significance is set at 0.05. If p<0.05, then the difference was considered statistically
6
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178  significant. When p<0.001, it was labeled as p<0.001. If p=0.001, then the p Value was
179  shown as it was. "*" in the statistical figures indicated the differences are statistically
180  significant.

181

182  Results:

183

184  Neural marker staining rarely overlapped with senile plaque AP staining

185

186  If senile plaque AP comes from neural cells, theoretically, senile plaque AP expression
187  should overlap with some neural markers because in vivo AP does not exist as a single
188  species molecule but rather associates with many other molecules®'. We checked the
189  expression of neuronal marker MAP2, pan-neural marker aSYN and phos-Tau,
190  astroglial marker GFAP and microglial marker Ibal in AD patient frontal lobe brain
191  tissues. In this study, in order to get a broad image of AB-related changes during senile
192  plaque development, "AB" refer to all peptides containing the "AB" peptide sequence,
193  including the precursor protein ABPP. We found rare overlaps between senile plaque AP
194  with MAP2, aSYN and phos-Tau (Figure 1A-F) and some spotty overlaps of GFAP or
195  Ibal with senile plaque AP (Figure 1G-J). Overall, there is no prominent neural marker
196  overlapping with senile plaque AP expression. Especially, in the center of dense-core
197  senile plaques, there is no expression of any of the neural markers that we have checked.
198  The data suggested that AP from other sources likely form the bulk of AP materials in
199  the senile plaques.

200

201 Although neural marker labeling rarely overlaps with the strong fibrillar AP signals in
202  senile plaques, neural cells do express AP related peptides at very low levels. This very
203  low level of AP expression in neural cells can be detected side by side with strong senile
204  plaque AP staining with longer exposure settings (Figure 2). In pathological specimens,
205  we observed that some senile plaques or CAA blood vessels were surrounded by a few
206  weakly-stained AP-positive neural cells (Figure 2A, C). However, sometimes Af-

207  positive neural cells were not observed in the immediate vicinity of senile plaques or
7
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208  CAA blood vessels (Figure 2B, D). Neural cell AP staining was much weaker than in
209  senile plaques or CAA (Figure 2E). We also observed significant A staining in luminal
210  patches of blood cells (Figure 2F-H). In order to estimate the relative contribution of
211 AP to senile plaques from different sources, we quantitated the densities of A staining
212 in different compartments in the AD brain tissues (Figure 21, J). We analyzed the mean
213 area AP densities of 46 large senile plaques (for simplicity reasons, we only chose a few
214  large senile plaques per view for this analysis), 9 CAA blood vessels, 9 blood vessel
215  luminal A-positive regions and 238 neural cells across 34 high power (40X)
216  microscopic fields in one set of experiments with AP staining. The average area in
217  luminal AB-positive blood cell patches, CAA and senile plaques is 44.40 (£53.63),
218 19.03 (£9.20), 4.97 (£2.68) fold of the area of an average AB-positive neural cell (Figure
219  2I). Comparing to the mean area intensity of AP in neural cells, the mean area intensity
220  of luminal AB-positive blood cell patches, CAA and senile plaques is around 1.85
221 (£0.59), 5.59 (£0.74), 5.06 (+0.93) fold of an average neural cell (Figure 2J). The mean
222 area AP intensity of CAA was not statistically different from the mean area AP intensity
223 of senile plaques (p=0.08), while the difference between AP intensities of luminal Ap-
224  positive blood cell patches and average neural cells was statistically significant
225  (p<0.001). By multiplying the average area and mean area intensity numbers, the total
226  area intensity of AP in an average senile plaque is roughly 25.14 times of the total area
227 AP intensity of an average neural cell. Take this estimation to the three-dimensional
228  level, an average senile plaque approximately contains the same amount of AP in as
229  many as 126.03 average neural cells (estimated by multiplying the total area intensity
230  fold number with the square root of the total area intensity fold number). In another
231  word, an average AB-positive neural cell only has about 0.79% of the AP content in an
232 average senile plaque. Based on counting results from 34 high power fields, each
233  microscopic field contained by average 2.62 (£1.99) large senile plaques while 46.94
234 (£9.53) AB-positive neural cells. When comparing to an average senile plaque, the mean
235  area AP intensities of luminal patches and CAA are 0.37 (+0.12) and 1.10 (£0.15) fold
236  of an average senile plaque. The average areas of luminal patches and CAA are 8.94

237  (£10.8) and 3.83 (£1.85) fold of an average senile plaque. At the three-dimensional
8
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238 level, an average CAA blood vessel contains the same amount of AP as in roughly 8.65
239  average senile plaques while an average luminal AB-positive region contains the same
240  amount of AP as in roughly 6.02 average senile plaques. The experiment was repeated
241  on different samples and with different fluorophores and the results showed similarly
242 the extremely low AP expression in neural cells comparing to senile plaques. This
243  quantitative analysis pointed out that the very low level AP in neural cells and the
244 limited number of neural cells might not provide sufficient amount of A for the senile
245  plaque formation while AB-positive blood cells and CAA blood vessels contained

246  sufficient amount of AP, which could be the source of AP in senile plaques.
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248  Figure 1. Co-immunostaining of neuronal marker MAP2, pan-neural markers
249  oSYN and phos-Tau or glial cell markers GFAP and Ibal with AP in dense-core
250  (top panel for each marker) or diffusive senile plaques (bottom panel for each
251  marker). (A-B), MAP2; (C-D), aSYN; (E-F), phos-Tau; (G-H), GFAP; (I-J), Ibal.
252 Arrows pointed to possible overlapping of the markers. The circled areas indicated the
253  core of dense-core plaques, which were not stained with any of the neural markers

254  examined. Scale bar, 50 pm.
255
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257  Figure 2. AP staining in neural cells, senile plaques, CAA, and luminal patch of
258  AP-positive blood cells. (A, B) Senile plaques with or without weakly AB-positive
259  neural cells at the vicinity. (C, D) CAA with or without weakly AB-positive neural cells
260  at the vicinity. E. Neural cell AP (indicated with an arrow) staining was much weaker
261  comparing to plaque (left) or CAA (right) AP staining. F. CAA and luminal blood cell
262 AP staining was stronger than neural cell AP staining (indicated with an arrow). G.
263 Blood cell AB staining (on the left) intensity was weaker comparing to a developing
264  senile plaque (on the right). H. Perivascular plaque and blood cell AP staining (dashed
265  lines) was stronger than neural cell AP staining (indicated with an arrow). The arrows
266  indicated the weakly stained neural cells. The dashed lines indicate luminal blood cells.
267  Scale bar, 50 um. I. The average area in luminal AB-positive blood cell patches, CAA
268  and senile plaques is 44.40+£53.63, 19.03+£9.20, 4.97+2.68 fold of the area of an average
269  neural cell. J. The mean area intensity of luminal AB-positive blood cell patches, CAA
270  and senile plaques is around 1.85+0.59, 5.59+0.74, 5.06+0.93 fold of an average neural
271 cell. AP intensities of luminal AB-positive blood cell patches were significantly higher
272 than average neural cells (p<0.001) while no significant difference was detected
273 between CAA and senile plaque AP intensities (p=0.08). The asterisk indicated

274  statistical significance.
275

276 Senile plaque AP staining seldom colocalized with nuclear stains

277

278  Because AP often showed extracellular localizations, people assumed that A} might be
279  derived from dead neurons. However, the direct evidence that linked senile plaque A
280  with dying neurons is lacking. In our analysis, most Ap plaques did not have nuclei
281  associations, agreeing with their predominantly extracellular localizations (Figure 3A).
282 In addition, AP plaques did not colocalized with TUNEL-labeled nuclei, disagreeing
283 with the assumption that A might come from dying neurons (Figure 3B). Surprisingly,
284  we observed a faint blue fluorescent staining in the centers of many dense-core plaques,
285  which showed amorphous irregular patterns distinct from densely-stained oval shape

286  nucleus staining (Figure 3A, bottom). To differentiate blue autofluorescence from blue

13
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287  nuclei staining, we switched to use a red fluorescence nuclei dye Propidium Iodide (PI).
288  We proved that the amorphous blue fluorescent staining in the center of dense-core
289  senile plaques is a blue autofluorescence, but not nuclei staining (Figure 3C). This blue
290  autofluorescence was a robust and consistent marker of senile plaques, which
291  associated with senile plaques of different morphologies and sizes including dense-core
292  senile plaques, large diffusive senile plaques and small diffusive senile plaques (with
293  more pictures shown in Supplementary Figure 1). We think the blue autofluorescent
294  material could be a constitutive component of senile plaques that associates with AP
295  during the full course of senile plaque formation process. At the time of preparing this
296  manuscript, we noticed that several earlier studies already recognized senile plaques
297 had characteristic autofluorescence although the true source of this blue
298 autofluorescence is unknown?>?3. To facilitate the study and discussion on this unique
299  and potentially important substance, we would like to give a temporary special name
300 for this material as "MetaBlue" in this manuscript (meaning for a blue metabolite or a

301  mixture of blue metabolites) until the accurate identity of this material is fully revealed.
302

14
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303
304

305  Figure 3. Senile plaques seldom associated with nuclei DNA staining. A. Senile
306 plaques were seldom stained with Hoechst. Diffusive plaques (DFP) or stella plaques
307  were mostly not stained with Hoechst. Irregular amorphous blue fluorescent signals
308 were observed in the cores of dense-core plaques (DCP) but distinct from nuclear
309  staining. Arrows point to senile plaques. B. Diffusive plaques (DFP) or dense-core
310 plaques (DCP) were not associated with TUNEL-labeled nuclei. Arrows point to senile
311 plaques. C. Dense-core plaques (DCP) had a relatively strong blue autofluorescence

312 while the blue autofluorescence signal in diffusive plaques (DFP) was weak. The
15
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313  dashed lines indicated dense-core or diffusive senile plaques with blue autofluorescence
314  but without PI-positive nuclei. Scale bar, 50 um.

315

316  Senile plaque AP staining overlapped with MetaBlue, a specific blue
317  autofluorescence, that was also prominently found in red blood cells

318

319  To trace the origin of MetaBlue, we combined immunohistochemistry staining with
320 autofluorescence imaging. We found that MetaBlue was prominently associated with
321 AP (Figure 4A) and HBA (Figure 4B) in CAA blood vessel wall, senile plaques and
322 red blood cells. The intensity of MetaBlue in the center of AB-marked dense-core
323 plaques is comparable to the MetaBlue intensity in CAA blood vessels and often higher
324  than in diffusive senile plaques, which suggested that MetaBlue is either degraded or
325  dispersed in diffusive plaques or the diffusive plaques have less MetaBlue materials
326  starting with. MetaBlue signals were clearly observed in red blood cells identified with
327 HBA or Glycophorin A staining (Figure 4C). With the senile plaque association of
328  predominantly blood origin MetaBlue and HBA but much less with neural markers such
329 as MAP2, aSYN, phos-TAU, GFAP and Ibal, it suggested that senile plaque A might

330  directly come from the blood instead of neural cells.

16
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332 Figure 4. The MetaBlue blue autofluorescence signals overlapped with Ap and
333 alpha hemoglobin (HBA) staining in CAA, dense-core plaques and diffusive
334  plaques and were also present in the red blood cells. A. MetaBlue signals co-stained
335  with AR in CAA, dense-core plaques (DCP) and diffusive plaques (DFP). B. MetaBlue
336  signals co-stained with HBA staining in CAA, dense-core plaques, and diffusive
337  plaques. C. MetaBlue signals were clearly observed in red blood cells (RBC) labeled
338  either with HBA or with Glycophorin A. The arrows pointed to the co-expression of
339  markers. Dashed lines indicated red blood cell clusters with overlapping MetaBlue
340  staining. Scale bar, 50 um.

341

342  The association of blood markers HBA, HbAlc, ApoE, CD42b with senile plaques
343

344  To directly check the association of AP with blood markers, we did co-staining of AP
345  with red blood cell marker HBA and HbA1C (shown in Figure 5), blood plasma marker
346 ApoE and platelet marker CD42b (shown in Figure 6). AP staining was observed to
347  associate with HBA staining in CAA, in dense-core plaques and in diffusive plaques
348  (Figure 5A). However, not all senile plaques showed the same intensity HBA staining.
349  In some diffusive plaques, HBA immunostaining signals were very weak (Figure 5A,
350 bottom). The heterogeneity of HBA signals in senile plaques likely reflected the
351  heterogeneous and dynamic nature of senile plaque formation, which was repeatedly
352  observed in our experiments with multiple markers. More pictures showed the red blood
353  cell AP staining was provided in Supplementary Figure 2. Since HbA1C is a glycation
354  product of hemoglobin, which is also related to diabetes and aging changes of red blood
355  cells?®, we decided to check the expression of HbA1C in senile plaques. The experiment
356  results indicated that HbA1C staining also associated with AP staining in CAA, in
357  dense-core plaques and in diffusive plaques (Figure 5B).

358

359  Since ApoE is a plasma protein that associates with AP, which is an important modifier
360  of AD risk?, it is important to examine the interactions between AP and ApoE during

361  senile plaque development. We observed that A staining associated with ApoE in small
18
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362  or large patches in the blood vessel lumens, and also in CAA and perivascular plaques,
363  in dense-core senile plaques and in diffusive senile plaques (Figure 6A). The frequent
364  presence of ApoE in blood vessel lumen suggested that ApoE is mostly derived from
365 the blood (Figure 6A, second and third panels). In addition, ApoE intensity was highly
366  variable in senile plaques while senile plaque AP intensity is relatively stable, which
367  again suggested the dynamic nature of senile plaques (Figure 6A, bottom two panels).
368  ApoE associated with senile plaques of different morphologies such as dense-core or
369  diffusive senile plaques and with different sizes regardless they were large or small,
370  with more pictures shown in Supplementary Figure 3. We think that ApoE could be an
371 additional constitutive component of senile plaques besides AP and MetaBlue.

372

373  Platelets are another important type of cells in the blood that frequently link to blood
374  abnormalities in many diseases. Platelets was previously thought to be related to senile
375  plaque formation and be an important source of ABPP?°. We used CD42b as a marker
376  of platelets to analyze the behavior of platelets during senile plaque formation. We
377  found that AB-positive and CD42b-positive platelets attached to blood vessel walls,
378 indicating the presence of blood vessel damage as it is well-known that blood vessel
379  wall damage activates platelets and attracts platelets to the damage sites (Figure 6B,
380 top). Large aggregations of CD42b-positive platelets with clearly detectable AP
381  expression were also found in the blood vessels, suggesting the happening of
382 intravascular coagulation (Figure 6B, middle). Additionally, CD42b-positive platelets
383  were found in dense-core senile plaques (Figure 6B, bottom). However, the staining
384  intensity of AP on platelets was in general lower comparing to what we observed in Af3-
385  positive red blood cells in AD brain tissues. With complicated regulations between
386  platelets and red blood cells?’°, platelet could be another significant player involving

387  blood leakage and senile plaque formation.
388
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DCP

389

390 Figure 5. Hemoglobin colocalized with Ap during different stages of senile plaque
391  development. A. Red cell markers HBA co-expressed with AP at different stages of
392  senile plaque development, in CAA, dense-core plaques and diffusive plaques.

393  However, not all senile plaques display strong HBA staining. Some large diffusive
20
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394  plaques with very weak HBA staining were also observed (bottom). The dashed lines
395 indicated dense-core senile plaques or diffusive plaques. The arrows indicated some
396  diffusive AP aggregates. B. Red cell marker HbA1C (glycated hemoglobin) also co-
397  expressed with AB in CAA (indicated with pentagons) and dense-core plaques
398  (indicated with arrows) and diffusive plaques (indicated with asterisks). Scale bars, 50
399 um.

400
401
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403  Figure 6. The association of blood marker ApoE and platelet marker CD42b with
404  senile plaque development. A. ApoE associated with AP in small blood cell patches in
405  the vessel (top), in large patches in the vessel and in perivascular plaques (second panel),
406  in CAA (third panel), in dense-core senile plaques (fourth panel) and in diffusive
407  plaques (bottom). Arrows indicated the co-expression of markers in CAA and senile
408  plaques. Dashed lines indicated the staining in luminal blood patches. The asterisk
409 indicated a diffusive senile plaque with ApoE staining much weaker than neighboring
410 CAA. B. CD42b-labeled platelets participated senile plaque development. Platelets
411 with AP expression were observed in platelets adhering to vascular wall (top) or in
412 platelet aggregations in the blood vessel (middle). Platelets were also observed directly
413  in senile plaques (bottom). The arrows indicated the platelets. The dashed lines
414  indicated a patch of aggregated platelets. Scale bars, 50 pm.

415

416  The dynamic interaction of AP expression and vascular degeneration during senile
417  plaque development examined with CollV, ACTA2 and LRP1 staining

418

419  CAA, vascular degeneration and microhemorrhage have been long implicated to be
420 involved in the senile plaque formation®!'%!>!"-18 However, the exact contribution of
421 blood vessels to senile plaques is not so clear. We used CollV as a blood vessel marker
422  to examine the blood vessel changes during the senile plaque formation process (Figure
423 7). As it is well-known, CollV labels the extracellular matrix collagen component of
424  the blood vessels. Firstly, we observed patches of strong AP staining with diffusive
425  luminal CollV staining in the blood vessels, an indication of blood vessel damage
426  (Figure 7, top). We also observed AP staining associates with CollV staining in vessel
427  walls in CAA (Figure 7, second panel). In CAA blood vessels, some overlapping of A
428 and CollV staining was observed, suggesting AP} probably was accumulated in the
429  vessel extracellular matrix. In addition, we observed strong perivascular AP staining
430  with concurrent diffusive CollV staining, again indicating blood vessel damage (Figure
431 7, third panel). Moreover, balloon-shape bulge formation in large blood vessels was

432  also detected (Figure 7, fourth panel). These bulges contained condensed staining of A3
23
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433 that was surrounded by degenerative CollV staining, indicating that blood vessel
434  aneurysm could be formed, which might be a way to induce dense-core senile plaques.
435  This observation is consistent with a previous study stating lumpy and bumpy blood
436  vessels were found in AD brain tissues by using scanning electron microscopy?'. The
437  tight association between senile plaque formation and vascular degeneration was
438  observed in both dense-core senile plaques (Figure 7, fifth to seventh panel) and
439  diffusive senile plaques (Figure 7, bottom). Our observation suggested that the senile
440 plaque formation 1is intrinsically linked with vascular degeneration and
441  microhemorrhage with blood-borne A leakage.

442
443
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445  Figure 7. The dynamic interaction of AP expression and blood vessel alterations in
446  senile plaque development. Discrete condensed A staining was observed in a blood
447  vessel accompanying diffusive CollV staining in the vessel lumen (indicated by dashed
448  lines in the top panel). AP staining associated with CAA blood vessel wall (indicated
449 by dashed circles) and also blood cells (indicated with arrows in the second panel). A
450  perivascular staining (indicated with arrows in the third panel) was associated with a
451  "dissolving" blood vessel phenotype (indicated with dashed lines) with diffusive CollV
452  staining in the vessel lumen. A bulge-like structure (indicated with dashed lines in the
453  fourth panel) was observed in a large blood vessel containing concentrated AP,
454  suggesting blood vessel aneurysm might be happening. Three examples of dense-core
455  senile plaques showed degenerated blood vessel remnants (indicated with arrows in the
456  fifth, sixth, seventh panels) scattering around senile plaque structures. An example of a
457  diffusive senile plaque intermingled with degenerated vessel remnants (indicated with
458  arrows in the bottom panel) was also shown. Scale bar, 50 um.

459

460  To further illustrate the relationship of vascular defects with senile plaque formation,
461  we also analyzed two other blood vessel related markers ACTA2 and LRP1. ACTA2
462 labels the smooth muscle cells of the blood vessels. LRP1 is an ApoE receptor involving
463 AP clearance that expresses strongly in the endothelium of blood vessels**?*3. Our
464  experiment showed that in early stages of CAA development, ACTA2 staining regions
465  were mostly complementary to AP staining regions in the blood vessels, suggesting that
466  the initial AP in the CAA blood vessel probably resided in the blood vessel extracellular
467  space (Figure 8A, top). This is consistent with the observations of some overlapped
468  staining between AP and CollV, which is a marker of blood vessel extracellular matrix.
469  These observations hinted that CAA is probably formed by blood leakage through the
470  endothelial cell barrier into blood vessel extracellular matrix. We also observed
471 diffusive staining of ACTA2 in CAA blood vessel lumen and some large diffusive
472 patches of ACTAZ2 staining in the AD brain tissues (Figure 8A, second and third panels),
473 both of which indicated blood vessel degeneration, similarly as it was shown by

474  diffusive CollV staining. Additionally, degenerated blood vessel remnants marked with
26
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475  ACTA2 were also observed in the center of senile plaques (Figure 8A, bottom), further
476  confirming the direct relation between senile plaque formation and vascular
477  degeneration.

478

479  LRPI was observed to label the blood vessels with diffusive luminal staining of AP
480  (Figure 8B, top). LRP1 also clearly labeled blood vessel structures surrounding the
481  center of dense-core senile plaques (Figure 8B, middle and bottom). We also observed
482  that condensed AP came out of blood vessels precisely on site through openings on the
483  vessel wall (indicated with arrows in Figure 8B, middle and bottom panels). Small
484  vessel degeneration with AP in the lumen might be another way to produce dense-core
485  plaques besides blood vessel aneurysm.

486
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488  Figure 8. The dynamic interaction of AP expression and blood vessel marker
489  ACTA2 and LRP1 in senile plaque development. A. The dynamic interaction of AP
490  expression and blood vessel marker ACTA2 in senile plaque development. CAA AP
491  staining mostly showed a complementary expression pattern relative to ACTA2, a
492  smooth muscle cell marker (indicated with dashed lines in the top panel). ACTA2
493  staining was also observed in the vessel lumen (indicated with dashed lines in the
494  second panel) of a CAA blood vessel (indicated with an arrow). A diffusive patch (DP)
495  of ACTA2 staining, an indication of blood vessel degeneration, was observed to
496  associate with diffusive, fibrillar AP staining (indicated with dashed lines in the third
497  panel). Degenerated blood vessel remnants with ACTA2 staining were also observed in
498  the center of a senile plaque (indicated with arrows in the bottom panel). B. The
499  dynamic interaction of AP expression and blood vessel marker LRP1 in senile plaque
500 development. LRP1 expression was observed in the blood vessel wall, also in the blood
501  vessel structures in the dense-core senile plaques (DCP). The arrows indicated the co-
502  expression of markers. Scale bar, 50 um.

503

504 Blood vessel AP expression associates with red blood cell damage and vascular
505 damage

506

507  After repeated experiments of AP staining in the blood cells and in the blood vessels, it
508  came clear to us that AP does not distribute evenly among blood cells or along the blood
509  vessels. It appeared that AP was associated with patches of red cells with reduced and
510 diffusive HBA staining, an indication of red blood cell damage or hemolysis (Figure
511  9A, top three panels). Sometimes, specific ring-shape AP stained structures were
512  observed in the blood vessels, which associated with red blood cells (Figure 9A,
513  bottom). AP staining was stronger in blood vessels with diffusive CollV staining in the
514  vessel lumens (Figure 9B, top), suggesting an AP association with the solubilization
515 and damage of blood vessel structures. Some strongly stained AP aggregates began to
516  emerge in the fields of diffusive AP staining associated with vascular degeneration with

517  diffusive CollV staining (Figure 9B, bottom two panels). Thus, the AP staining in the
29
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518  blood vessels was closely associated with both red blood cell damage and vascular
519  damage.

520

30


https://doi.org/10.1101/2020.05.17.100941

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.17.100941; this version posted May 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

521

31


https://doi.org/10.1101/2020.05.17.100941

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.17.100941; this version posted May 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

522 Figure 9. AP staining in the blood vessels associates with red cell damage and
523  vascular damage. A. AP staining in the blood vessels associated with red cell damage.
524  Top three panels showed images indicating the association of A staining with weak
525 and diffusive Hb staining, a sign of red blood cell damage or hemolysis. The bottom
526  panel showed some ring-shape structures with A staining formed closely around red
527  blood cells. B. AP staining in the blood vessels associated with vessel damage. A
528  staining in a blood vessel with diffusive CollV staining in the vessel lumen (marked
529  with dashed lines) was compared to a normal looking vessel with clear CollV vessel
530 outline staining (marked with an arrow in the top panel). A large area of diffusive CollV
531 and AP staining with degenerating vessel walls was observed (marked with dashed lines
532 inthe middle panel). Some A aggregations with bright staining also formed within this
533  area. The bottom panel indicated a vessel with collapsed CollV-positive components in
534  the vessel lumen that intermingled with a strong AP staining. Some areas of strong
535  luminal CollV staining but with weak A staining were also observed. The dashed lines
536 indicated the blood vessel or the diffusive luminal CollV-positive areas. Scale bar, 50

537 pm.
538

539 AP staining in the blood vessels and the in senile plaques is associated with
540 Cathepsin D expression

541

542  The enhancement of AP staining in damaged red blood cells or in the vascular domains
543  with vascular damage could be due to either enhanced expression of AB-related peptides
544  or enhanced aggregation of Ap monomers. AP aggregation is depending on both the
545  synthesis of AB-related peptides and also the amyloidgenic activity of beta-site cutting
546  enzymes. It is well known that hemolysis or vascular damage can activate platelets,
547  which are able to secrete a large amount of ABPP. As for the beta-site cutting enzymes,

548  besides BACEI, the assumed main beta-site cutting enzyme>**>

, with ongoing debates,
549  many other proteases also have potential beta-site cutting activity, such as Cathepsin
550 D363 Cathepsin B***, Carboxypeptidase B*' and MMP2%. Cathepsin D was associated

551 with AD risk genetically**** and was also found to be present in senile plaques by
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552  previous researches**. In our previous study investigating the relation between
553  lysosomal Cathepsin D and senile plaque development, we unexpectedly found that
554  domains of enhanced Af staining in the blood vessels coincided with luminal Cathepsin
555 D expression (Figure 10A, top). Some small but strongly stained AP aggregates
556  emerged in the luminal domains with diffusive Cathepsin D expression (Figure 10A,
557  second panel). Additionally, in CAA blood vessels, there existed patches of strong
558  Cathepsin D expression associating with significant AP staining (Figure 10A, third
559  panel). It was also clear that CAA blood vessel walls were Cathepsin D-positive. The
560  connection between Cathepsin D and A expression was further strengthened when we
561  extended the investigation into senile plaques (Figure 10B). Very surprisingly, with
562  optimized immunostaining conditions, we observed that senile plaques came with a
563  constitutive Cathepsin D expression. Apparently, in senile plaques, there were two
564  distinct layers of Cathepsin D staining. One layer was a strong, granule type of
565  Cathepsin D staining, typical of lysosomes, which stained complementary locations
566  related to AP staining in senile plaques (Figure 10B, first, third and fifth panels).
567  Another type was a weaker and diffusive Cathepsin D expression, which often stained
568  a large portion of senile plaque area and showed overlapping staining with A (Figure
569  10B, second, fourth and sixth panels). This constitutive Cathepsin D staining was often
570 detected in dense-core senile plaques. In diffusive senile plaques, the constitutive
571  Cathepsin D expression was weak, however, still detectable. The heterogeneity of
572 constitutive Cathepsin D intensities in senile plaques is probably due to the dynamic
573  nature of senile plaques, especially because they are self-digestive compartments highly
574  enriched for proteases such as Cathepsin D. The two-layer Cathepsin D expression
575  pattern in the senile plaque was further confirmed with a different Ap/Cathepsin D
576  primary antibody pair, with similar results shown in Supplementary Figure 4.

577

578  We suspected that the constitutive Cathepsin D expression was coming from hemolysis
579  and vascular degeneration so that we co-stained Cathepsin D with red blood cell
580 markers (Figure 11). Cathepsin D expression in the blood vessels correlated with

581 domains of diffusive and reduced HBA staining, an indication of red cell damage
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582  (Figure 11A, top panel). Cathepsin D expression also associated with HBA staining in
583 CAA and dense-core plaques, which additionally overlapped with plaque MetaBlue
584  staining (Figure 11A, bottom two panels). Another red blood cell marker HbA1C also
585 associated with Cathepsin D expression in CAA blood vessels, in diffusive MetaBlue
586  positive areas, and in dense-core senile plaques with strong MetaBlue signals (Figure
587 11B). These staining results suggested that the constitutive Cathepsin D in senile
588  plaques likely derived from hemolysis.

589
590
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592  Figure 10. The association of A and Cathepsin D in blood vessels and in senile
593  plaques. A. Diffusive A staining associated with diffusive Cathepsin D staining in the
594  blood vessels. Diffusive A staining co-distributed with diffusive Cathepsin D staining
595 in non-CAA type of blood vessel lumen (top two panels). AP staining also associated
596  with Cathepsin D staining in the lumen of a CAA blood vessel (bottom panel).
597  Cathepsin D staining on the CAA vessel wall was also observed. Dashed lines indicated
598  vessel diffusive Cathepsin D and AP staining. The arrow indicated a CAA blood vessel.
599  B. Senile plaques overlapped with a constitutive but relatively weak Cathepsin D
600  expression. A dense-core senile plaque (top two panels, DCP) had two distinct pattern
601  of Cathepsin D staining. A strong and granule-like Cathepsin D staining showed at
602  complementary positions relative to AP staining with the Cathepsin D image taken at a
603  short exposure of 0.5 second (SE stands for short exposure) while the exposure setting
604  for AP staining was not changed. A weaker and diffusive Cathepsin D staining co-
605  distributed with AP staining in the senile plaques was also observed with the Cathepsin
606 D image taken at a longer exposure of 1 second (LE stands for long exposure). The
607  exposure setting of AP images was unchanged. A diffusive plaque (middle two panels,
608  DFP) also showed a constitutive Cathepsin D staining that co-distributed with AP
609  staining but not totally matching the outline of the senile plaque. A large diffusive
610  plaque (bottom two panels, DFP) with less detectable constitutive Cathepsin D staining.
611  Dashed lines indicated the regions of senile plaques. The arrows indicated strong and
612  granule-like Cathepsin D staining. Scale bar, 50 um.

613

614
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617  Figure 11. The association of Cathepsin D and hemoglobin in CAA and in senile
618  plaques. A. Cathepsin D staining associated with HBA staining in the blood vessels,
619 CAA and senile plaques. Cathepsin D staining associated with reduced RBC HBA
620  staining (indicated with dashed lines in the top panel). Cathepsin D staining also
621  associated with HBA staining in a CAA blood vessel with concurrent MetaBlue staining
622  (indicated with dashed lines in the middle panel). In the bottom panel, a senile plaque
623  (SP) (marked with dashed lines) showed both Cathepsin D and HBA staining with also

624  astrong MetaBlue staining. B. Cathepsin D staining associated with HbA ¢ staining in

37


https://doi.org/10.1101/2020.05.17.100941

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.17.100941; this version posted May 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

625 CAA, diffusive patches and senile plaques. Cathepsin D staining associated with
626  HbAIC staining in a CAA blood vessel (top panel). A region of diffusive Cathepsin D
627  staining also co-expressed diffusive HbA1C staining and MetaBlue staining was shown
628 in the middle panel. A dense-core senile plaque structure with both Cathepsin D and
629 HDbAIC staining and also strong MetaBlue signals were shown at the bottom panel.
630  Dashed lines indicated the selected regions of Cathepsin D and HbA1C co-expression.
631  Scale bar, 50 um.

632

633  The specific association of Cathepsin D and ApoE with AP in hemolysis in AD
634  brain tissues.

635

636  Since accumulating evidence pointed out the importance of hemolysis during senile
637  plaque formation, we did a more focused experiment investigating hemolysis in AD
638 tissues. In a previous investigation regarding the relation between copper ions and
639  senile plaque formation, we unexpectedly found that a copper iron staining dye named
640 Rhodanine could be a good histological staining reagent of red blood cells and
641  hemolysis as shown in Figure 12. Using this dye, we observed that there was
642  widespread intravascular hemolysis or extravascular hemolysis in AD tissues. This dye
643  also labels CAA blood vessels, confirming the relation between CAA and hemolysis
644  (Figure 12A). Rhodanine staining associated with the whole spectrum of AP staining
645  patterns related to senile plaque formation, from initially very weak expression in
646  phenotypically normal red blood cells to enhanced A staining in hemolysis, to strong
647  staining in CAA and senile plaques (Figure 12B). In diffusive senile plaques,
648 Rhodanine staining was very weak, suggesting that Rhodanine-positive substances
649  might be metabolized after hemolysis during the course of senile plaque development
650  (Figure 12B, bottom).

651

652  With Rhodanine staining as a tool to detect hemolysis, we analyzed the interaction
653  between AP with Cathepsin D or ApoE during hemolytic events (Figure 13). The

654  experiment results indicated a tight coupling of the Cathepsin D-Ap association or
38
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655 ApoE-AP association with hemolysis, regardless the hemolysis happened
656 intravascularly or extravascularly. AP staining in hemolysis was usually weaker than
657  mature senile plaques (Figure 13A, top two panels and Figure 13B, top two panels).
658  However, we frequently observed some strongly-stained AP aggregates began to form
659  from the weakly-stained AB-positive hemolytic areas with overlapping Cathepsin D or
660  ApoE staining (Figure 13 A, bottom panel and Figure 13B, bottom panel). These results
661  suggested that hemolytic domains might be the initial seeding and fermenting grounds
662  of amyloid aggregate formation. To our knowledge, this is the first time that a
663  transitional stage for senile plaque formation has been defined.

664
665
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668  Figure 12. Rhodanine staining showed widespread hemolysis in AD brain tissues.
669  A. Rhodanine staining was a good marker of normal red blood cells, which also stained
670  hemolysis, and CAA in AD brain tissues. B. Rhodanine staining was present in
671  normally looking red blood cells without strong AP staining and at all different stages
672  of senile plaque development including hemolysis, CAA with hemolysis, dense-core
673  plaques (DCP) and diffusive plaques (DFP) with enhanced AP staining. Scale bar, 50

674  um.
675
676

Cathepsin D

677 e g X 5 /
678  Figure 13. Cathepsin D and ApoE both associated with A specifically in hemolysis.

% HE R S e A,

679  A. Cathepsin D associated with A in intravascular hemolysis ( 1) and extravascular

680  hemolysis (ii, iii). Some strong AP staining was observed in (iii). B. ApoE associated
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681  with A specifically in intravascular hemolysis ( 1 ) and in extravascular hemolysis (11,
682  lil). Some strong AP staining was observed in (iil). Scale bar, 50 pm.

683

684 AP forms protease-sensitive heterooligomer rapidly with hemoglobin while Ap
685  self-oligomers are protease-resistant.

686

687  Since the senile plaque formation process might start from hemolysis, we thought the
688  initial AP aggregation might also have something to do with hemolysis. We
689  hypothesized that HBA physically interacts with AP during hemolytic events. The
690  potential interaction between hemoglobin and A has been studied in the past in a few
691  published studies*’**, but the investigations were still not complete and comprehensive.
692  We tested this hypothesis further with an aggreagation assay in the test tubes. First, we
693  checked the self-oligomerization of AP peptides (Figure 14). Both AB40 and Ap42
694  formed small aggregates immediately soon after dissolving the peptides in DMSO and
695  diluted into PBS solution at 5 uM concerntration. AB40 formed aggregates with
696  increasing size upon incubation up to 3 days, while the sizes of AB42 self-oligomer did
697  not change significantly upon prolonged incubation (Figure 14A). Both Ap 40 and
698  AP42 aggregates were resistant to a 15-minute Proteinase K (PK ) treatment,
699  suggesting the self aggregates were protease-resistant (Figure 14B).

700
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AB40

AB42D3

701
702

703 Figure 14. AB40 and ApB42 form protease-resistant self-oligomers in vitro. A. Ap40
704  and AB42 formed self-oligomers when incubating in PBS solution for up to 3 days (Day
705 0 to Day 3) followed with a drying up procedure by droplet evaporation. DO stands for
706  Day 0. B. Both AB40 and AP42 self-oligomers were resistant to Proteinase K (PK)
707  treatment. Scale bar, 50 um.

708

709  We then incubated hemoglobin and AB40 at a molar ratio of 1:4 (1.25 uM hemoglobin
710  and 5 uM APB40), and checked the aggregation product out of this mixture. We observed
711 that hemoglobin formed complexes with AB40 very quickly. Even in Day 0 samples,
712 hemoglobin formed large leaf-like or ring-shape complexes with AB40 (Figure 15A,
713 top two panels). Some dot-like structures dervied from AB40 self-oligomerization were
714  also present in Day 0 samples (Figure 15A, third panel). Large leaf-like structures and
715  ring-shape structures were continually present in Day 1, Day 2, Day 3 samples (Figure
716  15A, bottom four panels). In AD tissue samples, we did not observe large-leaf like

717  structures with AP staining. However, we did observe some ring-shape structures with
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718  overlapping staining of AP and hemoglobin (Figure 15B). This probably also explained
719  the ring-shape structures in Figure 9, which suggested that the ring-shape AB/Hb
720  complexes did form in the blood vessels of AD tissues in vivo.

721
722
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724  Figure 15. AP40 forms heterooligomer rapidly with hemoglobin. A. AB40 forms
725  heterooligomer rapidly with hemoglobin when co-incubating in PBS solution for up to
726 3 days followed with sample drying by droplet evaporation. Co-immunostaining of Af3
727  and hemoglobin was shown for Day 0 (top 3 panels), Day 1 (fourth and fifth panels),
728  Day 2 (the sixth panel) and Day 3 (the seventh panel) samples. Arrows indicated
729  different structures, such as leaf-shape, ring-shape structures, that co-stained with both
730 AP and HBA (alpha hemoglobin) antibodies. The dot shape structure likely represented
731 AP40 self-oligomers. Special ring shape structures were indicated with arrows in the
732 second and fifth panel. B. AP40 forms ring-shape structures interacting with
733 hemoglobin in the lumens of AD patient blood vessels similar to the ring-shape
734  structures formed in AP and hemoglobin mixture samples in vitro. Scale bars, 50 um.
735

736 In AP42 and Hb mixed Day 0 samples, we observed leaf-shape, ring-shape, and line-
737 shape structures with both AB42 and Hb staining (Figure 16). In Day 0 samples, we also
738  see the existence of AP42 self-oligomers, which was less frequently detected in Day 1,
739  Day 2 and Day 3 samples (Figure 16A), indicating that AB42/Hb interactions might
740  compete out AP42 self-oligomerization. Previous studies suggested that hemin inhibits

49-30 and hemoglobin might interact with A through the hemin motif*,

741 AP aggregation
742 suggesting that a hemoglobin inhibition of A self-oligomerization is likely. Large leaf-
743 shape or smaller ring-shape structures were continually observed in Day 1, Day 2 and
744  Day 3 samples (Figure 16, bottom three panels). Unlike the protease-resistant AB40 and
745  APA42 self-oligomers, AB40/Hb and AB42/Hb hetero-complexes were both sensitive to
746 PK treatment (Figure 16B).

747

748
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— |[AB4Z2+HD+PK
749

750
751  Figure 16. AB42 forms protease-sensitive heterooligomer rapidly with hemoglobin
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752 when co-incubating in PBS solution for up to 3 days followed with sample drying
753 by droplet evaporation. A. AB42 forms heterooligomer rapidly with hemoglobin in
754  PBS solution. Co-immunostaining of Ap and hemoglobin was shown for Day 0 (top
755  two panels), Day 1 (third panel), Day 2 (fourth panel) and Day 3 (fifth panel) samples.
756  Large arrows indicated relatively large structures while small arrows indicated smaller
757  structures. Leaf-shape, ring-shape or dot-shape structures were observed. Some self-
758  oligomers also existed in Day 0 samples, indicated with asterisks. Scale bar, 50 um. B.
759  Both AB40/Hb and AB42/Hb complexes were protease-sensitive with the complexes
760 illustrated by AP antibody staining. PK treatment drastically decreased the signals of
761  resulting complexes. Scale bar, 200 pm.

762

763  Discussion

764

765  Senile plaque AP has been hypothesized to be derived from neural or vascular/blood
766  source”'>!>>! This study indicated the primary direct source of AB is not neural cell
767  with the evidence showing a lack of substantial overlapping of senile plaque AP with
768  neural markers. Additionally, AB expression in neural cells appears to be too low to
769  account for the high density AP expression in senile plaques. Instead, senile plaque A}
770  most likely comes from red blood cell-associated AP leakage out of damaged blood
771 vessels. The evidence is the following: Firstly, red blood cells in AD patients were
772 clearly stained with AB antibody, especially in hemolytic red blood cells. Secondly,
773 strongly-stained AP aggregates emerged in the hemolytic regions thus hemolytic areas
774  were likely the initial seeding grounds of AP aggregation. Thirdly, senile plaque A co-
775  distributed with multiple blood markers such as HBA, HbA1C, ApoE and red blood
776 cell-associated MetaBlue autofluorescence at multiple stages of senile plaque
777  development such as CAA, dense-core plaques and diffusive plaques.

778

779  Two important aspects of senile plaque formation are the source of AP peptides and the
780  source of beta-site cutting enzymes. This study indicated that hemolysis could be a

781  critical step that bring together AB-related peptides and Cathepsin D, a potential beta-
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782  site cutting enzyme, which might help to initiate the AP aggregation process. Platelets
783  could be an important source of AB-related peptides in the blood and in hemolysis. Our
784  experiment indicated that CD42b-positive platelets are stained positive for AP in the
785  blood vessel lumen and on the blood vessel walls. Since platelets can release ABPP in
786  alpha-granules after platelet activation by hemolysis or vascular damage?®°>4, it is
787  possible that some of A that associated with red blood cells were actually derived from
788  platelets. HBA, CD42b and Rhodanine staining indicated that both hemolysis and
789  coagulation were present in AD blood vessels, suggesting that the disrupted blood
790  homeostasis is a fundamental defect in AD patients. Cathepsin D could be released by
791  various cell types, including platelets®, mast cells’, neutrophils®’, or cytotoxic
792 lymphocytes®® that are activated under pathological conditions such as hemolysis or
793  coagulation. In addition, Cathepsin D could be released from the degenerated cells of
794  the vessel wall. Along with other factors that might affect blood vessel permeability
795  such as histamine, the Cathepsin D and AP enriched hemolytic mixture could digest
796  the vasculature and cause enzymatic damage to the blood vessels, which induces further
797  leakage, extracellular matrix digestion and the formation of CAA. When the blood
798  vessel integrity is compromised with leakage or all-out degeneration, the Cathepsin D
799  and AP enriched mixture with some invasive ability provided by the proteases entered
800 the brain parenchyma, promoting the formation of senile plaques. Although Cathepsin
801 D could be a very important protease for amyloid aggregation, given the drastic changes
802 and multiple cell types involving hemolysis, vascular degeneration and neuronal
803  inflammation, the participation of multiple proteases such as BACE1**3% Cathepsin
804  B¥ Carboxypeptidase B*' or MMP2* in this complicate process is possible.

805

806  Hemolysis likely also initiates many important molecular interactions in the senile
807  plaques. This study provided both histological and biochemical evidence that A might
808 interact with hemoglobin physically. During hemolysis, with abundant AP and
809  hemoglobin, AB/Hb ring-shape heterooligomers might be early-stage aggregates in the

810  hemolytic regions. The interaction between AP and Hb could be physiologically

811  important as previous research suggested that AP binding reduces hemin toxicity*®.
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812  Although AP peptides were frequently shown to be cytotoxic to neural cells in vitro,
813 since AP/Hb complex formation can compete with AP self-oligomerization, the
814  possibility of senile plaques serving as AP peptide reservoirs to prevent Hb-related
815  toxicity in future hemorrhage events should not be excluded. Our experiment showed
816  that AB/Hb complex was sensitive to protease digestion but AP self-oligomers were
817  protease resistant, which explains why A stands out as the everlasting and more stable
818  component of senile plaques. The association between ApoE and AP was also
819  happening during hemolysis and this association continued to be present in CAA and
820  senile plaques, indicating ApoE is also an early responder to hemolysis and an
821  important component of the senile plaque. The presence of ApoE in the senile plaques
822  has also been reported previously by other research groups®‘!. In addition, ApoE
823  knockout mice have a strong atherosclerosis phenotype, emphasizing its importance as
824  ablood homeostasis regulator®>*,

825

826  Previous studies in AD patients and in mouse models of AD have already found that
827  dense-core plaques are centered on vessel walls'>»!'%. These studies suggested that
828  perturbed vascular transport and/or perivascular enrichment of neuronal A leads to the
829  formation of vasocentric dense plaques. Our results showed that many dense-core
830 plaques are intermingled with degenerated vessel fragments by CollV, ACTA2 and
831  LRPI staining, providing further evidence that vascular degeneration is intrinsically
832 linked with senile plaque formation. However, we think that senile plaque A is
833  primarily derived from the blood source although the additional contribution of AP from
834  vascular cells or neural cells is possible. A series of studies by Dr. Cullen's group using
835 thick brain tissue sections showed a clear anatomic link between microhemorrhage with
836  senile plaque formation and also Tau phosphorylation'*!”-!3, Yet, in these studies, the
837  exact source of AP was still not clear. With Rhodanine staining instead of Perls staining,
838 our study provided a direct link between blood AP expression and hemolysis,
839  suggesting that damaged red blood cells were enriched for AB. We also established a
840  link between enhanced AP staining with vascular damage, which is not surprising since

841  blood cell abnormality is frequently linked with vascular damage. In addition, we
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842  provided biochemical evidence that hemoglobin might form complexes directly with
843  AP. In summary, our data suggested that the senile plaque formation is primarily
844  induced by the leakage of hemolytic red blood cells along with other blood contents
845  with CAA and vascular degeneration as intermediate steps. Although amyloid cascade
846  hypothesis is an attractive and straightforward hypothesis as it stands, however, the
847  mechanism of Alzheimer's disease might be much more complicated than previously
848  thought. The AD research field should pay careful attention to the accumulating
849  substantial evidence showing the linkage between senile plaque formation and vascular
850  degeneration and blood abnormalities such as microhemorrhage and hemolysis and be
851  open-minded about revisions on current concepts.

852

853  The findings that senile plaques are associated with specific blue autofluorescence are
854 intriguing. There have been a number of studies related to senile plaque blue
855  autofluorescence materials (temporarily named as MetaBlue in this article) in the
856  past’*?*%, An early study reported that the blue autofluorescence was associated with
857 senile plaques but not CAA?>. Two more recent studies found that the blue
858  autofluorescence was associated with both senile plaques and CAA?*%. Our study
859  additionally found that MetaBlue was not only associated with CAA and senile plaques
860 but also directly associated with red blood cells. The existence of MetaBlue
861  fluorescence in different kind of senile plaques with different sizes suggests that
862  MetaBlue could be an important component of senile plaques. The exact identity of
863  MetaBlue is unknown. MetaBlue could be an oxidative-stress related metabolite since
864  previous literature indicated that the blue autofluorescence of amyloid peptides could
865  be associated with tyrosine oxidation®®. To isolate MetaBlue materials and to elucidate
866  the true identity of MetaBlue will likely leads to deeper understanding of AD
867  pathogenesis.

868

869  Data and materials availability. All data needed to evaluate the conclusions in this
870  paper are present either in the main text or in the supplementary materials.
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872  Supplementary Materials.

873  Supplementary Figures 1-4
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