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ABSTRACT

In! £ T K S xiyeSsh@ED), platelets becomedysfunctionaland might contribute to amyloid beta deposition.
Here,we depleted plateletsin one-year-old APPSvedish PS1dE9(APRPS1)ransgenicmicefor five days,usinc
intraperitoneal injections of an anti-CD42bantibody, and assessedhangesin cerebral amyloidosis, plaque-
associatedneuritic dystrophy and gliosis. In APRPS1female mice, platelet depletion shifted amyloid plaque
size distribution towards bigger plagues and increasedneuritic dystrophy in the hippocampus.In platelet-
depleted females, plague-associatedlbal+ microglia had lower amounts of fibrillar amyloid beta cargo and
GFAP+astrocytic processesshowed a higher overlap with thioflavin S+amyloid plaques.In contrast to the
popular hypothesisthat platelets foster plaque pathology, our data suggestthat platelets might limit plaque
growth and attenuate plaque-related neuritic dystrophy at advanced stagesof amyloid plaque pathology in
APRPS1female mice. Whether the changesin amyloid plaque pathology are due to a direct effect on amyloid
beta depositionor are a consequencef altered glial function needsto be further elucidated

INTRODUCTION

Al zhei mer 6s di sease ( AD)
diseaseassociated with progressive and irreversible
memory loss and cognitive declink. represents the
most common form of dementia and has a complex and
multifactorial pathology [1]. Classically, AD is
characterized by the presence of two types of misfolded
protein aggregates in the brain: amyloid beta plaques
and neurofibrillary tau tagles. However, several other
neuropathological features are found in AD brains,
including neuronal and synaptic loss, neuro
inflammation, and cerebrovascular dysfuncti@n 3].

The exact etiology of this disease is still poorly

understood and there is ymb curative treatment for it
[1], resulting in a pressing need to better understand the
underlyingadisease roechanisesyoéADe r at i v e

Amyloid beta deposition is a central event in AD
pathogenesis linked to neuronal damage and neuro
inflammation[4]. Amyloid beta peptides are formed by
proteolytic cleavage of the amyloid precursor protein
(APP) (reviewed elsewhe[8, 6]) and aggregate not only
in the brain as amyloid plaques but also in the wall of
cerebral blood vessels, originating a conditionvkmas
cerebral amyloid angiopathy (CAAJ, 8]. In the brain,
amyloid plagues are typically surrounded by a halo of
dystrophic neurite§ abnormally swollen axonal and
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dendritic processes massively filled with lysosotite
structureq9] that are assodied with neuronal losE].
Furthermore, amyloid beta aggregates are enclosed by
reactive microglia and astrocyfd®], which limit plaque
growth and toxicity [11, 12] However, sustained
activation of glial cells over time appears to fuel neuro
inflammaion and enhance neuronal cell death,
contributing to AD progressidi3, 14]

For a long time, amyloid beta in the brain was thought to
be originated in the brain itse]5]. However, several
peripheral tissues and cells also produce amyloid beta
peptides [167 20], which might enter the brain and cause
cerebral amyloidosis, neuroinflammation and cognitive
deficits[15, 21] Platelets are the primary peripheral source
of amyloid betgd21, 22] contributing to about 90% of the
amyloid beta peptides circulagj in the human bloof@2].
They express APP and produce amyloid beta pegfifes
17], which are secreted upon platelet activafibry. In
AD, platelets have an increased activation stg@8kand
might contribute to cerebrovascular and cerebral adhyloi
beta depositiof24i 29].

In transgenic AD mice, platelets contribute to the onset
and development of CAA24, 26, 27, 29] Platelets
aggregate at vascular amyloid depos[8] and
promote amyloid beta deposition by releasing clusterin
to promote amyla beta fibrillization and adenosine
diphosphate (ADP) to enhance platelet activajiA].
Interestingly, in APFSwedish Dutch Ilowa mice,
platelet aggregation in brain vessels precedes the
appearance of amyloid pathology in the br@m] and
platelets deved from this mouse model damage
cortical brain vessels and induce vascular amyloid
deposition and neuroinflammation when transfused into
wild-type mice [26]. Similarly, the transfusion of
transgenic APHPS1 mouse platelets into witgdpe
mice causes cdoeal amyloidosis, neuroinflammation
and cognitive deficits in the recipient mi&s].

The potential role of platelets in amyloid beta
deposition led to the hypothesis that reducing platelet
numbers might ameliorate AD patholofg0]. Here, we
performed inmunemediated platelet depletion in APP
PS1 mice with an already fully developed amyloidosis
and investigated its effects on classical hallmarks of
AD: amyloid plaque pathology, plagq@ssociated
neuritic dystrophy and gliosis.

RESULTS

Anti-CD42b antibody injection
depletion in APP-PS1 mice

induces platelet

To investigate the contribution of platelets to AD
pathogenesis, we induced thrombocytopenia in- one

yearold APRPS1 mice. At this age, APPS1 mice
show severe amyloid plaque patbgy, gliosis,
cerebrovascular alterations, and cognitive defidis

37]. We intraperitoneally injected mice with a
commercially available antibody preparation directed
against CD42li a glycoprotein (GP) part of the GPIb
IX-V complex, a pivotal platelesurface receptor for
hemostasi§38]. Antibody-mediated targeting of CD42b
promotes a quick and efficient fitdependent platelet
clearance in mice, as previously demonstrated by others
[39142] (Figure 1A, 1B). To assess the efficiency of
platelet depletio in our mouse model, we monitored
platelet counts by flow cytometry using ARID41
immunolabeled blood sampleBigure 1C). Injection of
ant-CD42b antibody CD4 2 b))
circulating platelets up to 99% compared with baseline,
whereas injection fonon-immune rat immunoglobulins
(lgG) did not affect platelet counts-igure 1C, 1D).
Mice treated with UCD42b
reduced numbers of platelets in brain tissue (i.e.,
hippocampus and cortex) compared with control IgG
treated mice Kigure 1E, 1F and Supplementary
Figurel).

As severe thrombocytopenia is associated with a
hemorrhagic phenotype, to assess the occurrence of
spontaneousbleeding, we analyzed complete blood
counts on day3 and 5 (Supplementary Tablg, 2) and
monitoredmice forsigns of lethargy and pain. On day 3
(48 hours after the first antibody injection), platelet
depleted mice showed increased bleeding after
venipuncture for blood collection (which was stopped
by applyingfirm and prolonged pressure to the puncture
site). Beside severe thrombocytopenia, platelet
depleted mice presented lower mean corpuscular
hemoglobin concentration (MCHC) than control IgG
treated mice (Supplementary Table Myithout
additionalhematological alteration®©n day 5, platelet
depleed mice showed lower red blood cell counts
(RBC) and hemoglobin concentration (Supplementary
Table 2) and higher mean corpuscular volume (MCV)
than control mice. However, we observed no signs of
subcutaneous or internal bleeding by visual inspection
of the skin or inner organs during tissue sampling.
Plateletdepleted mice appeared more lethargic than
control mice but showed no evident signs of ongoing
pain based on the Grimace pain scale.

Female mice are reported to tolerate thrombocytopenia
better than rales[39]. To assess whether female and
male APPP S 1 mice reacted
injections, we investigated sapecific effects on
hematological parameters, body weight and platelet
depletion efficiency in brain tissue. Females and males
showed gnilar hematological changes in response to
the treatment (Supplementary Table 2). Females in
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both experimental groups showed weight loss compared with seriatched IgG treated mice
(Supplementary Table 2), whereas only platelet (hippocampus females: I1gG = 920.3 * 528.9
depleted males lost weighuring the experimentThe platelets/mm versus UCD4 2 b = 26. 6 N
efficiency of platelet depletion in the brain was similar plateletssmt males 1gG = 563.4 + 473.8
between females and males, with platelepleted mice platelets/mm versus UCD4 2 b 16,67 + 551
showingabout 97% lower platelet numbers in the brain  platelets/mr?).
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Figure 1. Immunemediated platelet depletion in APHPS1 mice(A) APPPS1 mice were intraperitoneally injected with an anti

A ¥ R dzGmuiekat Enviin@glokuling (L.gIS) ywastused as & Son@ly(2 S O (i |
Experimental setup.d) Platelet depletion efficacy was monitored by whbleod flow cytometry using an allophycocyanin (ARGglled

anti-mouse CD41 antibody to label platelets (PLTs). Representative flow cytometry plots and gate stBjtelgyt-CD4£2b antibody
administration effectively reduced blood platelet countS) Brain tissue immunolabelled for CD41 (green) was used to quantify platelets in

the hippocampusDAPI (blue) was used as nucleus stainfjgPlatelets were significantly reducedtire hippocampus of plateledepleted

mice. Data are showras mean + SEM. Statistical analysis was performed bynmayoANOVA with Holms NRt 1 Q&
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" p <0.0001;"p <0.01. Scale bar: 50 umA,(B) Created with Biorender. Abbreviations: PLTs: platelets; RBCs: red blood cells; Coinc. Evts:

Coincident platelet and red blood cellents.
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Platelet depletion shifts amyloid plaque size deposits [25]. Thus, we first investigated whether

distribution in APP -PS1 females platelet depletion changed amyloid plaque pathology in
APP-PS1 miceTo measure amyloid plaque burden, we

Platelets are one of the major sources of blood used a sermautomatic method for quantifying thioflavin

circulating amyloid betd21, 22] and plateletlerived S-stained plaques in the hippocampus and cortex
amyloid beta seem® be involved in the formation of (Figure 2A) [43, 44] Plateletdepleted mice showed
cerebrovasculaf24, 26] and cerebral amyloid beta similar hippocampal and cortical amyloid plagoads
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Figue 2. Platelet depletion shifts plaque size distribution in AIPS1 females(A) Amyloid plaque pathology was assessed in
thioflavin S stained brain section®) (Plaque size distributio(® of small, medium, and large plaques) was analyizéide hippocanpus,

whole cortex, somatosensory (SS) and somatomotor (MO) cai@®APPPS1 plateletiepleted femaleshowed ashift in the percentage

of small 80¢100 pn?) and mediumsize (100500 pn?) amyloid plaques in the hippocampus and a redupedcentage of smabkize

amyloid plaques in SS and M®@) (No differences were observed in plateli#pleted malesData are showras mean + SEM. Statistical

analysis was performed by ordinary twiol @ ! bh+! A GK ¢dz] S& Qa n=yBqaithNis ILii BS yORTY Lik Nazfaf2 yH 2 N
FSYFfS& | yR &S YIg&@01; 2 MN0B.5Seéale Wdr: fl @ (indert 100 pm).

www.agingus.com 633 AGING



(% of thioflavin S staining), average plaque size and observed in males (SupplementaBigure 2Gi 2I,
plague densitynumber of plaques/arpaompared with Figure2B, 2D).

control 1gG treated mice (Supplementdfjgure 2Ai

2C). As APRPS1 female mice develop a stronger Increased neuritic dystrophy around amyloid

amyloid pathology than maleRl5], we investigated plaguesin platelet-depleted APRPS1 females
potential sexspecific effects of platelet depletion on
amyloid plaque deposition (Supplement&igure 2Di Neuritic pathology correlates with amyloid plaque size,

2l andFigure2Bi 2D). Upon platelet depletion, females such that larger plagues are accompanied by higher
showed a significant shift in amyloid plaque size  amounts of dystrophic neurite®, 46] Thus, we

distribution in the hippampus, presenting fewer small decided to analyze whether plateldépletion also
(30i 100 pn¥) and more medium (10600 un¥) size affected  dystrophic neurites. For that, we
plagues than control femaleBigure 2B, 2C). Platelet immunolabelled brain tissue for lysosomgsociated

depleted females also presented a lower percentage of membrane protein 1 (LAMP1) a lysosomal protein
small plagues KRigure 2B, 2C) and a higher average highly enriched in dystrophic neurites and a common
plague area in theomatosensory (SS) and somatomotor ~ marker of neuronal dystropH®, 47] - and gqantified
(MO) cortex (Supplementarfyigure2E) compared with the volume of IAMP1+ clusters around thioflavin S+
control females. No changes in plague pathology were plaques in the hippocampud-igure 3A). Platelet
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Figure 3. Platelet depletion increases neuritic dystrophy in the hippocampus of-RBR females(A) Brain tissue stained with

thioflavin S (green, amyloid plaques) and LAMP1 (red, dystrophic neurites) was used for 3D modelling to quantify the fvoRMile

clusters surrounding thioflavin S+ amyloid plaqu&sD) Platelet depletion significantly increased plaepssociated dytsophic neurites in

females but not in malesData are showras mean + SEM. Statistical analysis was performedzifyLJ A NB R t tesh @zR &97( Q a
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depleted mice showed a significant increase in plaque
associated neuritic dystrophy compared with IgG
treated controls Higure 3B). However, when we
analyzed sespecific effects,only females showed
significantly increasd levels ofneuritic dystrophywith
platelet depletiorfFigure3C, 3D).

Microglia phagocytosis is altered in plateletdepleted
APP-PS1 females

In AD, microglial cells cluster around amyloid plaques,
where they actively phagocytose fibrillar amyloid beta
and modulate plague compaction, thereby preventing
neuronal damagfll, 12, 48, 49] Given the effects of
platelet depletion on amyloid plaque tipalogy and
neuritic dystrophy, we decided to investigate whether
microglial function was altered. We used confocal
imaging and 3D surface rendering to measure the
microglial cargo of thioflavin Sabelled plaque material
[48, 50, 51] For that, we volumetally quantified the
signal of thioflavin S+ colocalizedwithin CD68
immunolabeled phagolysosomes of pla@ssociated
Ibal+ microglia in the hippocampus&igure 4Ai4J).
Microglia from plateletdepleted mice showed similar
CD68+ phagolysosome volumé&igure 4B) compared
with control mice but lower amounts of internalized
amyloid plaque contentF{gure 4C) and increased
numbers of plaguassociated Ibal+ microglidigure
4D). When analyzing sespecific effects, we observed
the same effects in plateléépleted females Higure
4E' 4G), whereas males showed no statistically
significant differences between experimental groups
(Figure4Hi 4J).

Platelet depletion increases astrocytic coverage of
fibrillary amyloid plaques

Alongside microglia, astrocytes alstap a key role in
amyloid plagque dynamics. Hypertrophic astrocytes
enwrap and invade amyloid deposits with their
processed52], limiting plaque growth and neuritic
dystrophy [53]. To analyze the impact of platelet
depletion in the astrocyglaque interaiion, we used
colocalization studies and 3D surface rendering to
assess the overlap between GFAP immunolabeled
astrocytes and thioflavin S+ plaqudsigure 5Ai 5E)

and the morphology of plagwessociated astrocytes
(Figure 5Fi5M). Plateletdepleted mice shweed
increased coverage of hippocampal thioflavin S+
plaques by astrocytic processé&sg(ire 5Ci 5E) and a
higher total astrocyte process length and branching
(i.e., number of branch endings) compared with
control mice Figure 5H, 5K). However, analysis of
sex-specific effects revealed significant differences in
astrocyte morphology only in femaleBigure 51, 5J,

5L, 5M).

DISCUSSION

Platelets are the primary source of amyloid beta in the
blood[22] and seem to fualerebrovasculdl4, 26, 28,

29] and cerebral amyloid beta deposition in animal
models[25], leading us (and othef30]) to hypothesize
that reducing platelet numbers would alleviate AD
neurgathology.However,the present studghows that
shortterm platelet depletion augments amylpidque
growth, increases neuritic dystroplimpairs microglial
phagocytosisand changes astrocytic morphologytlie
hippocampus of ongearold APRPS1 female mice
Plateletdepleted mice, irrespective of sex, also showed
higher coverage of amyloid plags by astrocytic
processes, indicating alterations in astro@yte/loid
plague interactionThus, platelets might have protective
functions at advanced stages of amyloid plague
pathology by either directly influencing amyloid plaque
deposition or modulatmglial cell function.

Amyloid plaques are dynamic structures, and changes in
plaque size occur within days, even in advanced disease
stages[54i 57]. After 5-days of thrombocytopenidhe

size distribution of amyloid plaques fine hippocampus

of APP-PS1female mice shifted towards bigger plaques
(i.e., the percentage of small plagues decreased, and the
percentage of medium plaques increased), but amyloid
plague load and density remained stalRatelet
depleted APP-PS1 females also showed alower
percendge of smalplaguesand abiggeraverage plaque
area inthe somatomotorand somatosensory cortex
Based on our observations, we hypothesize that platelet
depletion shifted amyloid plaque size by mainly
promoting the growth of smatdlize plaques, as these
have the fastest growth ratgl]. The growth of small

size plaques combined with the rare plaque formation
characteristic of advanced disease std§8&s 58, 59]
could explain the decrease time frequency of smaller
plagues and th presence ofbigger plaqueswithout
changes in plaque densitgmall plaguegrowth seems

to induce higler levels of neuritic damagpt?7], which
could explain the increase in plagassociated neuritic
dystrophy inthe hippocampus gilateletdepleted APP

PS1 female mice.

Our study suggests thatateletsmight contribute to
limiting amyloid plaque size and neuronal damage
having a beneficial role in AD. However, previous
animal studies suggest thplatelets supporamyloid
plagie formation and neuroinflammation24i 26].
Differences in the disease stage (i.e., early versus
advanced stageand the animal modelgvestigated
might account for these contradictory observations. For
example, Wu et a[25] reported that WT mice injeade
with APP-PS1 mouselateletsdevelop amyloid plaque
pathology[25], suggesting that platelderived amyloid
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beta contributes to plaque seeding concept further 28, 60, 61]Like Wu et al [25], we worked with APP
supported byin vitro studies showing that platelets PS1 mice, but instead of investigating a-aneyloid
release amyloid beta and promote fitgilization [24, plague stage, we performed our experiments in mice

Figure 4.Platelet depletion impairs amyloid beta phagocytosis Inyicroglia.(A) Brain tissue stained for amyloid plaques (green,
thioflavin S), microglia (white, Ibal) and microglial phagolysosomes (red, CD68) was usethfsili@@analysis of microglial phagocytosis

in the hippocampus.BcD) Plateletdepleted miceshowed similar CD68+ phagolysosome volume, decreased amounts of internalized
fibrillar amyloid beta and a higher number of plagagsociated microglia compared with 1gG treated contr@&@sG The same effects were

observed in plateletiepleted females.HcJ Males showed no significant differences between experimental groups. Data are shown as
YSIy 5 {9ad {GFGAAGAOFT |yl etdestdn=&dpa i NSINFESFER @ € dziddy LIF 2 NBRE { NI
F 2 N & ¢ "p¥D.05S8al6 isar: 10 um. Abbreviation: ThioS: thioflavin S.
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