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A B S T R A C T

Background: Variants in the CLUSTERIN gene have been identified as a risk factor for late-onset 
Alzheimer’s disease and are linked to decreased white matter integrity in healthy adults. How
ever, the specific role for clusterin in myelin maintenance in the context of Alzheimer’s disease 
remains unclear.
Methods: We employed a combination of immunofluorescence and transmission electron micro
scopy techniques, primary culture of OPCs, and an animal model of Alzheimer’s disease.
Results: We found that phagocytosis of debris such as amyloid beta, myelin, and apoptotic cells, 
increases clusterin expression in oligodendrocyte progenitors. We further discovered that expo
sure to clusterin inhibits differentiation of oligodendrocyte progenitors. Mechanistically, clusterin 
blunts production of IL-9 and addition of exogenous IL-9 can rescue clusterin-inhibited myeli
nation. Lastly, we demonstrate that clusterin deletion in mice prevents myelin loss in the 5XFAD 
model.
Discussion: Our data suggest that clusterin could play a key role in Alzheimer’s disease myelin 
pathology.

1. Introduction

Alzheimer’s Disease (AD) is a neurodegenerative disease with limited therapeutic options to effectively prevent disease 

* Corresponding author. Center for Brain Immunology and Glia, Department of Neuroscience, Charlottesville, VA 22908, USA.
** Corresponding author. Center for Brain Immunology and Glia, Department of Neuroscience, Charlottesville, VA 22908, USA.

E-mail addresses: Rebecca.Beiter@umassmed.edu (R.M. Beiter), ag7h@virginia.edu (A. Gaultier). 
1 These authors contributed equally.

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2025.e41635
Received 22 July 2024; Received in revised form 1 January 2025; Accepted 1 January 2025  

Heliyon 11 (2025) e41635 

Available online 3 January 2025 
2405-8440/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:Rebecca.Beiter@umassmed.edu
mailto:ag7h@virginia.edu
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2025.e41635
https://doi.org/10.1016/j.heliyon.2025.e41635
http://creativecommons.org/licenses/by-nc-nd/4.0/


progression, and patients inevitably succumb to debilitating dementia [2]. White matter loss has been documented in AD patients, but 
how this myelin loss contributes to disease progression is not completely understood [52]. Recent studies indicate that generation of 
new myelin-forming oligodendrocytes is critical for memory consolidation and recall [49,57]. Additionally, remyelination thera
peutics have been shown to reduce cognitive deficits seen in an animal model of AD [14]. This evidence supports the hypothesis that 
inability to generate oligodendrocytes and maintain myelin could be a significant driver of the cognitive deficits observed in AD.

The adult brain contains oligodendrocyte progenitor cells (OPCs), a highly proliferative population of glia that are maintained in a 
progenitor state throughout adulthood and are normally capable of generating nascent oligodendrocytes [17,33]. However, in AD, 
OPCs fail to repair myelin damage for yet unknown reasons. The ability of OPCs to produce mature, myelinating oligodendrocytes 
during adulthood is critical, as motor learning, memory consolidation, and memory recall are all dependent on the de novo production 
of myelin [41,49,57].

Clusterin, also known as apolipoprotein J, is a glycoprotein widely expressed in the brain, where it plays roles in neuro
degeneration, apoptosis, and inflammation [43]. It helps prevent the aggregation of misfolded proteins like amyloid-beta, offering 
neuroprotective effects. However, it also influences immune responses and apoptosis, contributing to both protective and pathological 
processes in diseases like Alzheimer’s, where elevated clusterin levels are associated with disease progression [22,39,62,71]. Single 
nucleotide polymorphisms (SNPs) in human CLUSTERIN gene are known risk factors for AD development [6,37]. Besides expression in 
astrocytes, we have recently documented through single cell transcriptomic analysis of the adult mouse brain that a subset of OPCs 
express Clusterin [5]. Here, we investigated if clusterin alters the function of OPCs in AD [28]. We found that OPCs in both normal aging 
individuals and Alzheimer’s patients express clusterin, in agreement with single-cell sequencing data [26]. These data indicate that, in 
addition to astrocytes, OPCs also increase clusterin expression in the context of AD [26]. Consequently, we investigated what factors 
might contribute to clusterin production in OPCs. We found that phagocytosis of debris such as oligomeric Aβ and myelin debris results 
in upregulation of clusterin production by OPCs. We further discovered that soluble clusterin acts a potent inhibitor of OPC differ
entiation and prevents production of myelin proteins in vitro. At a mechanistic level, we found that clusterin suppresses OPC secretion 
of interleukin-9 (IL-9), and that adding back exogenous IL-9 during OPC culture can rescue differentiation and myelination in the 
presence of clusterin. Deletion of clusterin in vivo improved myelination in the 5XFAD mouse model of AD, supporting the role of 
clusterin in inhibition of myelination. Collectively, these results suggest that clusterin could be a new therapeutic target in efforts to 
enhance remyelination in neurodegenerative diseases like AD and multiple sclerosis.

2. Material and methods

2.1. Animals

C57BL/6J (Jackson, #000664) were purchased from Jackson or bred at the University of Virginia. 5xFAD mice (Jackson #34848) 
were bred at the University of Virginia [47]. Clusterin knockout mice (Jackson #005642) were bred at the University of Virginia. Mice 
were maintained on a 12-h light/dark cycle with lights on at 7am. All animal experiments were approved and complied with regu
lations of the Institutional Animal Care and Use Committee at the University of Virginia (protocol #3918). All experiments were 
conducted and reported according to ARRIVE guidelines (https://arriveguidelines.org/arrive-guidelines).

2.2. Human tissue samples

Research involving human participants was conducted in accordance with the Code of Ethics of the World Medical Association 
(Declaration of Helsinki). Postmortem brain tissues were obtained from the University of Florida Human Brain and Tissue Bank with 
approval from the University of Florida Institutional Review Board (IRB201600067). All patients or their next-of-kin provided 
informed consent for brain donation. Clinical details of all human specimens analyzed are provided in Supplemental Table 1.

2.3. OPC and astrocyte culture

OPCs were cultured as previously described, with a few modifications [50]. Briefly, postnatal cortices (P0-P4) were rapidly 
dissected, and meninges removed. The tissue was digested in 2 ml of Accutase (Gibco, A1110501) supplemented with 50 units/mL 
DNase (Worthington Biochemical, LS002139). Cells were then passed through a 70 μm filter and grown in suspension in neurosphere 
media consisting of DMEM/F12 (Gibco, 11320082), B27 (Gibco, 17504044), Pen-Strep (Gibco, 15140122), and 10 ng/mL EGF 
(Peprotech, 315–09). Following expansion as neurospheres, cells were switched to oligosphere media consisting of DMEM/F12 (Gibco, 
11320082), B27 (Gibco, 17504044), Pen-Strep (Gibco, 15140122), 10 ng/mL FGF (Peprotech, 450–33), and 10 ng/mL PDGF-АA 
(Peprotech, 315–17). Cells were allowed to grow in suspension for at least 2 days. Cells were then plated as attached OPCs on 0.01 % 
Poly-L-Lysine coated plates (Electron Microscopy Sciences, 19320-B) in the same media. Cells were allowed to attach for at least 12 h 
and then subsequent assays were performed. Astrocytes were prepared as previously described [24]. Astrocytes were switched to 
serum free media for 3 h before adding clusterin or vehicle.

2.4. OPC proliferation

OPCs were plated in proliferation media (described above) supplemented with 8 μg/mL clusterin (Sino Biological 50485-M08H) or 
an equivalent volume of vehicle (H20 or PBS) for the control samples. OPCs were allowed to proliferate for 40–72 h. Cell number was 
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assessed using the Cell Counting Kit-8 (Dojindo, CK04) according to manufacturer’s instructions. Optical density (OD) was measured at 
450 nm. For data analysis, the OD of a media only control was subtracted from the OD of all experimental samples. The OD of wells 
treated with clusterin were then normalized to the biologically identical control well.

2.5. OPC differentiation

OPCs were plated in proliferation media (described above) or differentiation media consisting of DMEM/F12 (Gibco, 11320082), 
B27 (Gibco, 17504044), Pen-Strep (Gibco, 15140122), 10 ng/mL FGF (Peprotech, 450–33), 10 ng/mL CNTF (Peprotech, 450–13), and 
40 ng/mL T3 (Sigma, T6397). For clusterin conditions, 8 μg/mL clusterin (Sino Biological 50485-M08H) was added to the differen
tiation media and an equivalent volume of vehicle (H20 or PBS) was added to the differentiation and proliferation control samples. For 
IL-9 rescue experiments, 100 ng/ml IL-9 (Peprotech 219–19) was added to the differentiation media and an equivalent volume of 
vehicle (0.1 % BSA) was added to the differentiation and proliferation control samples. For VEGF inhibition experiments, 10 μg/ml of a 
VEGF function-blocking antibody (R&D Systems MAB9947-SP) was added to differentiation media and 10 μg/ml of control IgG 
(Biolegend 403501) was added to the differentiation and proliferation control samples. OPCs were allowed to differentiate for 48–72 h 
and were then subsequently processed for RNA extraction and qPCR or for immunofluorescence.

2.6. Aβ preparation and in vitro treatment

Aβ oligomers were prepared as previously described [58]. Briefly, human Amyloid Beta1-42 (Echelon Biosciences, 641–15) was 
dissolved in HFIP (Sigma, 52517) to make a 1 mM solution and was allowed to desiccate overnight. The resulting peptide film was 
diluted to a 5 mM solution in DMSO and subsequently diluted to a 100 μM solution in phenol-free F-12 cell culture media (Gibco, 
11039–021) and allowed to incubate overnight at 4 ◦C. For the analysis of clusterin expression following Aβ-treatment, OPCs were 
treated with 3 μM Aβ or a vehicle control for 4 h 3 μM Aβ was chosen as it is within the typical range of Aβ treatment for primary 
cultures of brain-resident cells and did not cause overt cell death [11,46,60]. For experiments that included samples treated with 
CytoD, cells were pretreated for 30 min with 1 μM CytoD (Millipore-Sigma, C8273) or DMSO and subsequently treated with 3 μM Aβ or 
vehicle control (also containing CytoD or DMSO) for 4 h. For astrocyte cell were switched to serum free media during the Aβ-treatment. 
For CypHer-labeled Aβ experiments, 400 μM Aβ oligomers in DMSO and phenol-free F-12 cell culture media was incubated with an 
equivalent volume of 0.1M sodium bicarbonate (Fisher Scientific, S233-500) and 400 μM CypHer5e (Cytiva, PA15401) for 30 min at 
room temperature. Following incubation, the solution was spun through a buffer exchange column (Thermo Scientific, 89882) to 
remove any excess dye.

2.7. Myelin preparation and in vitro treatment

Myelin was prepared from mouse brains as previously described [24]. Purified myelin was passed through an insulin syringe prior 
to use to ensure cells were treated with a homogenous solution. Cells were treated with 100 μg/ml myelin or vehicle control for 4 h. For 
two replicates that included samples treated with CytoD, cells were pretreated for 30 min with 1 μM CytoD (Millipore-Sigma, C8273) 
or DMSO and subsequently treated with 100 μg/ml myelin or vehicle control (also containing CytoD or DMSO) for 4 h. For the 
remaining two replicates that included samples treated with CytoD, no pretreatment was performed. Pretreatment with CytoD did not 
alter clusterin expression when compared to no pretreatment with CytoD, so all experiments were combined and plotted in Fig. 2F. 
Cells treated with myelin were washed once with PBS prior to RNA preparation.

2.8. Cytokine and H202 in vitro treatment

OPCs were treated with 10 ng/ml TNFα, 10 ng/ml IFNγ, 10 μM H202 or the relevant control for 3 h and then processed for qPCR.

2.9. ELISA

OPCs were grown as described above. A 10 cm dish of approximately 2 million OPCs was treated with 3 μM Aβ or an equivalent 
volume of vehicle for 72 h. Cells were lysed for 15 min in RIPA buffer (PBS, 1 % Triton X-100, 0.5 % deoxycholic acid, 1 % sodium 
dodecyl sulfate) supplemented with 1× protease inhibitor (MedChem Express HY-K0010). The insoluble material was removed by 
spinning the lysate at 15,000g for 15 min. The resulting lysate was used to quantify the amount of clusterin present in each sample 
using the Mouse Clusterin ELISA Kit (Thermo Fisher EM18RB) according to manufacturer’s instructions.

2.10. Luminex Assay

OPCs were grown as described above. Cells were treated with 8 μg/ml clusterin for 24 h (1 replicate) or 72 h (1 replicate). Media 
was then collected and spun to remove all cellular debris. Media was concentrated using a 3KD cutoff concentrator column (Thermo 
Fisher 88526). The resulting concentrate was analyzed using the Milliplex 32-plex Mouse Cytokine/Chemokine Panel (Millipore Sigma 
MCYTMAG-70K-Px32) according to manufacturer’s instructions.
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2.11. Apoptotic cell preparation and in vitro treatment

To create apoptotic cells, Jurkats were treated with 150 mJ of UV energy and incubated for 2–4 h at 37 ◦C in complete media 
consisting of RPMI 1640 Media (Gibco, 11875101), 10 % FBS (R&D Systems, S12450H), and Pen-Strep (Gibco, 15140122). Apoptotic 
cells were washed and added to cultured OPCs at approximately a 1:1 ratio for 6 h. OPCs were washed once prior to RNA isolation.

2.12. Aβ injections

C57BL/6J mice (8–14 weeks) were injected with 1 μl of CypHer-Aβ (1 mg/ml, ipsilateral) and NHS-Fluorescein (contralateral, 
Thermo Fisher 46410) as previously described [51]. Briefly, mice were anesthetized with a mixture of ketamine and xylazine and a 
small burr hole was drilled in the skull. 1 μL of 100 μM Aβ was injected at a speed of 200 nL/min into the right hemisphere. 1 μL of 200 
μM NHS-Fluorescein diluted in PBS was injected into the left hemisphere at the same speed. Injections were targeted for 2 mM lateral, 
0 mM anterior, and − 1.5 mM deep relative to bregma. Mice were given ketoprofen following surgery and were euthanized 12 h 
post-injection.

2.13. Immunofluorescence and electron microscopy

Mice were deeply anesthetized with pentobarbitol and subsequently perfused with 5 units/mL heparin in saline followed by 10 % 
buffered formalin, each for approximately 1 min. For brain tissue, brains were rapidly dissected and post-fixed in 10 % buffered 
formalin overnight at 4 ◦C. Tissue was then transferred into 30 % sucrose in PBS and allowed to sink for at least 24 h. Brains were frozen 
in OCT, sectioned, and stored in PBS plus 0.02 % NaAz until further staining.

Tissue or cultured cells were blocked with PBS, 1 % BSA, 0.5 % Triton-X 100, 2 % normal donkey serum, and 1:200 CD16/CD32 
(14-0161-82, 1:200, eBioscience) for at least 1 h at room temperature. For stains utilizing a mouse primary antibody, tissue was 
blocked in Mouse-on-Mouse Blocking Reagent (MKB-2213, Vector Laboratories) according to manufacturer’s instructions for at least 1 
h at room temperature. Samples were incubated in primary antibodies overnight at 4 ◦C with gentle agitation. Samples were then 
washed three times in TBS containing 0.3 % Triton-X 100 and incubated in secondary antibodies overnight at 4 ◦C with gentle 
agitation. Following secondary incubation, samples were stained with Hoechst (1:700, ThermoFisher Scientific, H3570) for 10 min at 
room temperature, washed three times in TBS containing 0.3 % Triton-X 100, and mounted on slides using Aqua Mount Slide Mounting 
Media (Lerner Laboratories). Images were collected on a Leica TCS SP8 confocal microscope and processed using Fiji.

For quantitative ultrastructural analysis, mice were deeply anesthetized and transcardially perfused with 0.9 % NaCl followed by a 
Millonig’s buffer solution (pH 7.3) containing 5 % glutaraldehyde and 4 % paraformaldehyde. Following the post-fixation, brains were 
harvested, vibratome sectioned and processed for standard electron microscopic analysis as previously described [23]. Briefly sagittal 
brain sections, containing the corpus callosum at the level of the fornix, were fixed in 1 % cacodylate buffered osmium tetroxide, 
dehydrated in graded ice-cold ethanol and embedded in PolyBed 812 embedding resin (Polysciences, Inc., Fort Washington, PA). 
Ultrathin (70 nm) sections were stained with uranyl acetate and lead citrate and imaged using a JEOL JEM 1400Plus transmission 
electron microscope (JEOL, Peabody, MA) equipped with a Gatan OneView CMOS camera (Gatan Inc., Pleasanton, CA). Electron 
micrographs were collected at 10,000×; a minimum of 100 myelinated axons per mouse were used to calculate g-ratios.

2.14. Antibodies for immunofluorescence

Primary antibodies used for immunofluorescence were PDGFRα (1:200, R&D Systems, AF1062), Olig2 (1:200, Millipore, 
MABN50), Clusterin (1:250, Abcam, AB184100), MBP (1:500, Abcam, ab7349) and Aβ (1:300, Cell Signaling Technology, 8243S). 
Secondary antibodies used were Donkey anti-Goat Cy3 (2 μg/mL, Jackson ImmunoResearch, 705-165-147), Donkey anti-Mouse 647 
(2 μg/mL, Jackson ImmunoResearch, 715-605-150), Donkey anti-Mouse 546 (2 μg/mL, Life Technologies, A10036), Donkey anti- 
Chicken 488 (2 μg/mL, Jackson ImmunoResearch, 703-545-155), Donkey anti-Goat 488 (2 μg/ml, Jackson ImmunoResearch, 705- 
545-147), Donkey anti-Rabbit Cy3 (2 μg/ml, Jackson ImmunoResearch, 711-165-152), Donkey anti-Rabbit 647 (2 μg/ml, Jackson 
ImmunoResearch, 711-605-152), and Donkey anti-Goat 647 (2 μg/mL, Invitrogen, A21447).

2.15. Flow Cytometry

OPCs were incubated with 3 μM CypHer-Aβ with 8 μg/ml clusterin, 1 μM CytoD, or a PBS vehicle control for 90 min. Cells were 
removed from the plate with 0.25 % Trypsin-EDTA (Gibco 25200056), washed, and stained with Ghost Dye Violet 510 (0.5 μL/test, 
Tonbo biosciences, 13–0870). Cells were analyzed using a 3 laser, 10-color Gallios flow cytometer (Beckman-Coulter).

2.16. Multiplex RNAscope (human)

Human tissue was embedded in paraffin and cut into 15 μM sections. Slices were heated for 48 h to allow attachment. Tissue was 
subsequently processed using the V2 RNAscope Fluorescent Multiplex Reagent Kit (Advanced Cell Diagnostics, 323100) according to 
manufacturer’s instructions. Briefly, tissue was dehydrated using xylene and ethanol wash, treated with H202, and then incubated in 
Target Retrieval Buffer at 95 ◦C for 15 min. Tissue was incubated with the supplied Protese Plus regent for 30 min. Target probes were 
hybridized to the tissue for 2 h at 40 ◦C, followed by hybridization of AMP1-FL (30 min, 40 ◦C), AMP2-FL (15 min, 40 ◦C), AMP3-FL 
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(30 min, 40 ◦C), and AMP4-FL (15 min, 40 ◦C). Tissue was then treated with an HRP reagent for a single probe, followed by a unique 
secondary, and an HRP blocker. This process was repeated for each probe used. Samples were counterstained with supplied DAPI or 
Hoechst 33342 (1:700, ThermoFisher Scientific, H3570) and mounted on slides using ProLong Glass Antifade Mountant (Thermo
Fisher, P36980). The following target probes were used: Human OLIG2 (Advanced Cell Diagnostics, 424191-C2), Human PDGFRA 
(Advanced Cell Diagnostics, 604481), Human CLU (Advanced Cell Diagnostics, 584771-C3), and the RNAscope 4-plex Negative 
Control Probes (Advanced Cell Diagnostics, 321831). The following dyes were used: Opal 520 (Akoya Biosciences, FP1487001), Opal 
690 (Akoya Biosciences, FP1497001), and Opal 620 (Akoya Biosciences, FP1495001). Sections were imaged using a Leica TCS SP8 
confocal microscope.

2.17. Immunohistochemistry (human)

5 μm thick tissue sections of formalin fixed, paraffin embedded (FFPE) brain tissue specimens were rehydrated in Xylene and 
descending alcohol series and heat-induced epitope retrieval (HIER) was performed in a pressure cooker (Tintoretriever, Bio SB) for 15 
min at high pressure in a 0.05 % Tween-20 solution. Endogenous peroxidase was quenched by incubation of sections in 1.5 % hydrogen 
peroxide/0.005 % Triton-X-100 diluted in pH 7.4 sterile phosphate buffered saline (PBS) (Invitrogen) for 20 min, following multiple 
washes in tap water and subsequently, 0.1 M Tris, pH 7.6. Non-specific antibody binding was minimized with sections incubated in 2 % 
FBS/0.1 M Tris, pH 7.6. Clusterin (Proteintech) primary antibody was diluted in 2 % FBS/0.1 M Tris, pH 7.6 at a dilution of 1:500. 
Sections were incubated with primary antibody over night at 4 ◦C, washed one time in 0.1 M Tris, pH 7.6, followed by 2 % FBS/0.1 M 
Tris, pH 7.6 for 5 min, incubated in goat ant-rabbit IgG HRP Conjugated secondary antibody (Millipore Sigma) for 1 h, additionally 
washed one time in 0.1 M Tris, pH 7.6, followed by 2 % FBS/0.1 M Tris, pH 7.6 for 5 min, and incubated in VectaStain ABC Peroxidase 
HRP Kit (diluted in 2 % FBS/0.1 M Tris, pH 7.6 at 1:1000) for 1 h. After a final wash in 0.1 M Tris, pH 7.6 for 5 min, immunocomplexes 
were visualized using the Vector Laboratories ImmPACT DAB Peroxidase (HRP) 3,3′-diaminobenzidine. Tissue sections were coun
terstained with hematoxylin (Sigma Aldrich, St. Louis, MO) for 2 min, dehydrated in ascending alcohol series and Xylene and cover 
slipped using Cytoseal 60 mounting medium (Thermo Scientific). For analysis of stains, slides of frontal cortex specimens stained with 
Clusterin antibodies were scanned on an Aperio AT2 scanner (Leica biosystems) at 20× magnification and digital slides analyzed using 
the QuPath platform (version 0.3.1, https://QuPath.github.io/, PMID: 29203879) on a Dell PC (Intel® Xeon® W-1270 CPU @ 
3.40GHz/64 GB RAM/1 TB SSD Hard Drive) running Windows 10. Cortex and white matter were annotated for regional analysis. After 
exclusion of tissue and staining artifacts we used the ‘Positive Pixel Detection’ tool (Downsample factor 2, Gaussian sigma 1 μm, 
Hematoxylin threshold (‘Negative’) 1.5 OD units, DAB threshold (‘Positive’) 0.5 OD units) to determine the percentage of area covered 
by Clusterin staining.

2.18. Combined in situ hybridization and immunohistochemistry (human)

For in-situ hybridization, 5 μm thick paraffin-embedded tissue sections on slides were rehydrated in xylene and series of ethanol 
solutions (100 %, 90 %, and 70 %). Following air drying for 5 min at RT, slides were incubated with RNAscope® Hydrogen peroxide for 
10 min at RT, followed by 3 washing steps in distilled water. Antigen retrieval was performed in a steam bath for 15 min using 
RNAscope® 1× target retrieval reagent. After a rinse in distilled water and incubation in 10 % ethanol for 3 min slides were air dried at 
60 ◦C. Subsequently, slides were incubated with RNAscope® Protease plus reagent for 30 min at 40 ◦C in a HybEZ™ oven, followed by 
3 washes in distilled water. Slides were then incubated with the following RNAscope® probe for 2 h at 40 ◦C in a HybEZ™ oven: Hs- 
Clusterin (cat. number 606241). Following washes with 1× Wash buffer, slides were incubated with RNAscope®AMP1 solution for 30 
min at 40 ◦C. Subsequent incubations with other RNAscope® AMP solutions, followed each by two washes with 1× RNAscope® Wash 
buffer were completed as follows: AMP2 – 15 min at 40 ◦C; AMP3 – 30 min at 40 ◦C; AMP4 – 15 min at 40 ◦C; AMP5 – 30 min at RT and 
AMP6 – 15 min at RT. After two washes in 1× RNAscope® wash buffer slides were incubated in RNAscope® Fast RED-B and RED-A 
mixture (1:60 ratio) for 10 min at RT, followed by two washes in tap water. For in situ hybridization/immunohistochemistry double 
labeling, sections were incubated in 2 % FBS/0.1 M Tris, pH 7.6 for 5 min following RNAscope® Fast RED incubation and two washes 
in tap water. Primary antibodies were diluted in 2 % FBS/0.1 M Tris, pH 7.6 at the following dilutions: Ab5 (PMID: 16341263), 1:1000. 
Sections were incubated with primary antibody over night at 4 ◦C, washed two times in 0.1 M Tris, pH 7.6 for 5 min each and incubated 
with biotinylated secondary antibody (Vector Laboratories; Burlingame, CA) diluted in 2 % FBS/0.1 M Tris, pH 7.6 for 1 h at room 
temperature. An avidin-biotin complex (ABC) system (Vectastain ABC Elite kit; Vector Laboratories, Burlingame, CA) was used to 
enhance detection of the immunocomplexes, which were visualized using the chromogen 3,3′-diaminobenzidine (DAB kit; KPL, 
Gaithersburg, MD). Tissue sections were counterstained with hematoxylin (Sigma Aldrich, St. Louis, MO), air dried at 60 ◦C for 30 min 
and cover slipped using EcoMount™ mounting medium (Biocare Medical).

2.19. RT-qPCR

RNA was extracted from samples using the ISOLATE II RNA Micro Kit (Bioline, BIO-52075) or the ISOLATE II RNA Mini Kit (Bioline, 
BIO-52073). Isolated RNA was reverse transcribed using the SensiFAST cDNA Synthesis Kit (Bioline, BIO-65054) or the iScript cDNA 
Synthesis Kit (Bio-Rad, 1708891). RT-qPCR was performed using the SensiFAST Probe No-ROX Kit (Bioline, BIO-86005) and TaqMan 
probes for Gapdh (ThermoFisher, Mm99999915_g1), Mbp (ThermoFisher, Mm01266402_m1 and Mm01266403_m1), Plp1 (Thermo
Fisher, Mm00456892_m1), Cnp (ThermoFisher, Mm01306641_m1), Myrf (ThermoFisher, Mm01194959_m1), and Clu (ThermoFisher, 
Mm00442773_m1). Additionally, the SensiFAST SYBR No-ROX Kit (Bioline, BIO-98005) was used with primers for Plp1 (Forward: 
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GCCCCTACCAGACATCTAGC, Reverse: AGTCAGCCGCAAAACAGACT) and Myrf (CGGCGTCTCGACAGCCTCAA, Reverse: 
GACACGGCAAGAGAGCCGTCA). Data was collected using the CFX384 Real-Time System (Bio-rad).

2.20. Immunoblot

Cells were extracted in RIPA buffer containing a Protease Inhibitor Cocktail (Medchem Express). Lysates were centrifuged 
(13,000×g, 4 ◦C) for 15 min, and protein concentration was quantified using a BCA assay. After the addition of a protease inhibitor, 
conditioned media were concentrated using 10 kDa protein concentrators. Equal amounts of protein were loaded onto a Protean TGX 
gel (Bio-Rad) and transferred to a PVDF membrane. Membranes were blocked in 5 % milk in TBS-Tween 0.1 % for 1 h at room 
temperature. Primary antibody incubation was performed overnight at 4 ◦C. Washes were conducted in TBS-Tween 0.1 %, and 
membranes were incubated with secondary antibodies conjugated to HRP (Invitrogen) for 1 h at room temperature. The membranes 

Fig. 1. OPCs express the AD-risk factor clusterin. 
A, Representative image of Clusterin expression (immunohistochemistry, brown) in the cortex from a normal aging patient and a late-stage AD 
patient B, Quantification of clusterin coverage in the cortex of normal aging (n = 15) and AD patients (n = 26, from two independent experiments, 
depicted in A). Data analyzed using an unpaired t-test; t(39) = 3.767. C, Detection of clusterin RNA (in situ hybridization, red) and Aβ protein 
(immunohistochemistry, brown) in late-stage AD brain (late-stage AD n = 2; from two independent experiment). Arrowheads indicate clusterin- 
expressing cells around plaques. D, Representative images of clusterin expression (white) in the cortex and hippocampus of WT and 5xFAD 
mice. Scale bar = 30 μm. E, Quantification of clusterin coverage in the cortex and hippocampus of WT and 5xFAD mice (depicted in C; WT n = 6, 
5xFAD n = 6; from two independent experiments). Statistics calculated using an unpaired Student’s t-test. Cortex: t(10) = 5.049; Hippocampus: t 
(10) = 3.119. F, In situ hybridization for OPCs (PDGFRA in green, OLIG2 in white) expressing Clusterin (CLU; red) in normal aging and late-stage AD 
brains (Dashed circles mark the nucleus, normal aging n = 1, late-stage AD n = 1; from one independent experiment). Scale bar = 10 μm. G, 
Representative images of clusterin expression (red) in OPCs (Pdgfrα; green and Olig2; white) in the cortex and hippocampus of WT and 5xFAD mice. 
Colocalization of Pdgfrα and clusterin depicted in black on a white background. Scale bar = 20 μm. H, quantification of the percentage of Pdgfrα that 
colocalizes with clusterin in the cortex and hippocampus of WT and 5xFAD mice (depicted in G; WT n = 9, 5xFAD n = 9; from two independent 
experiments). Statistics calculated using an unpaired Student’s t-test. Cortex: t(16) = 2.761; Hippocampus: t(16) = 3.765.
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were developed using Western Lightning Plus ECL (PerkinElmer). Densitometry was performed using Fiji.

2.21. Statistical analysis

Statistical analysis of all data was done using Prism 9 (Graphpad software). Significance was set at p < 0.05.

3. Results

3.1. Clusterin expression is increased in OPCs in 5xFAD mice and AD patients

Clusterin expression is elevated in the brains of patients with Alzheimer’s disease (AD) and is a significant risk factor for devel
opment of late stage onset pathology [30]. Although clusterin production by astrocytes has been shown to influence neuronal functions 
in several contexts [12], clusterin expression has recently also been demonstrated in oligodendrocyte precursor cells (OPCs) through 

Fig. 2. Phagocytosis of extracellular debris drives clusterin expression in OPCs. 
A, Representative image of OPCs (PDGFRα in green, Olig2 in red) surrounding Aβ plaques (white). Yellow arrowheads indicate OPCs that are 
extending processes into areas of Aβ accumulation. Inset is a single z-plane from main image. Teal arrow represents Aβ colocalizing with the process 
of a peri-plaque OPC (n = 4 mice; from one independent experiment). Scale bar = 20 μm for main image, 5 μm for inset. B, Representative 
orthogonal view of CyPher-labeled Aβ (white) inside an OPC (PDGFRα in green, Olig2 in red) following intra-parenchymal injection of Aβ (n = 6 
mice; from one independent experiment). Yellow arrowheads indicate Aβ that can be seen inside the cell body of an OPC. Scale bar = 10 μm. C, 
Representative images of clusterin expression (red) in the ipsilateral (CypHer-Aβ injected; green) and contralateral (FITC injected; green) hemi
spheres following intra-parenchymal injection. Scale bar = 100 μm. D, Quantification of clusterin expression in the ipsilateral (Aβ-injected) and 
contralateral (FITC-injected) hemispheres following intra-parenchymal injection. (n = 6 mice). Statistics calculated using a paired Student’s t-test; t 
(5) = 2.979. E, qPCR analysis of clusterin expression in OPCs following a 4-h in vitro treatment with 3 μm Aβ and the phagocytosis blocker CytoD (1 
μm) or vehicle control (CTL n = 24, CytoD n = 7, Aβ n = 24, Aβ+CytoD n = 7; from seven independent experiments). Statistics calculated using a 
mixed effects analysis with a Tukey’s post-hoc analysis; F(1.121, 13.08) = 8.544. F, Quantification by ELISA of clusterin protein in OPCs following 
72-h treatment with 3 μM Aβ or vehicle control (CTL n = 10, Aβ n = 10, from two independent experiments). Statistics calculated using a paired 
Student’s t-test; t(9) = 7.596. G, qPCR analysis of clusterin expression in OPCs following a 4-h in vitro treatment with 100 μg/ml myelin and CytoD 
(1 μm) or vehicle control (CTL n = 19, CytoD n = 15, Myelin n = 19, Myelin + CytoD n = 15; from five independent experiments). Statistics 
calculated using a mixed effects analysis with a Tukey’s post-hoc analysis; F (1.389, 21.29) = 10.75. H, qPCR analysis of clusterin expression in 
OPCs following a 6-h in vitro treatment with apoptotic cells (CTL n = 9, Apoptotic cells n = 9; from two independent experiments). Statistics 
calculated using a paired Student’s t-test; t(8) = 2.835. I, qPCR analysis of clusterin expression in OPCs following a 3-h in vitro treatment with 10 ng/ 
ml TNFα or 10 ng/ml IFNγ (CTL n = 10, TNFα n = 10, IFNγ n = 4; from 2 independent TNFα experiments or 1 independent IFNγ experiment). 
Statistics calculated using a mixed effects analysis; F (1.106, 11.61) = 1.897. J, qPCR analysis of clusterin expression in OPCs following a 3-h in vitro 
treatment with 10 μm H202 (n = 5; from one independent experiment). Statistics calculated using a paired Student’s t-test; t(8) = 0.3417. *p < 0.05, 
**p < 0.01, ****p < 0.0001, ns = not significant. All error bars represent SEM.
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transcriptional analysis of both human and mouse brains [5,26]. Here, we investigated the regulation and function of clusterin in OPC 
myelination in the context of AD. We first confirmed that clusterin expression is increased in late-stage AD patients, compared to 
healthy aging controls (Fig. 1A and B). Using RNA in situ hybridization in combination with immunohistochemistry, we found that 
cells that express the CLUSTERIN transcript could be found directly surrounding the Aβ plaques (Fig. 1C). Clusterin is also elevated in 
multiple brain regions of 5xFAD mice, a pre-clinical model of AD, compared to healthy age-matched control mice (Fig. 1D and E). 
Because of the emerging role of OPCs and myelin in AD pathology, we investigated whether cells that express clusterin in AD could 
include OPCs [14,74]. Using RNAscope, we noted the CLUSTERIN transcript expression in OPCs during both normal aging and in AD 
pathology (Fig. 1F). We next detected the clusterin protein in healthy (WT) and AD-like 5xFAD mice and determined its co-localization 
with OPCs by immunofluorescence. Sections were stained with PDGFRα and OLIG2 (OPC markers) along with clusterin. To quantify 
clusterin signals specifically in OPCs and to exclude other cell types known to express clusterin, such as astrocytes—we extracted the 
overlap between the OPC marker PDGFRα and clusterin (black-and-white images in Fig. 1G). Consistent with our RNA-level findings, 
clusterin protein levels were elevated in AD-like pathology. We observed significantly increased co-localization of PDGFRα and 
clusterin in the cortex and hippocampus of 5xFAD mice compared to healthy controls (arrowheads, Fig. 1G and H).

Collectively, these data show that clusterin, a risk factor for late-onset AD, is upregulated in the parenchyma of AD patients in cells 
that are near the Aβ plaques, including OPCs, which can increase clusterin production AD-like conditions.

3.2. Phagocytosis of oligomeric Aβ and cellular debris increases clusterin expression in OPC

We next wanted to determine if OPCs could interact with Aβ plaques and contribute to AD pathology. We used immunofluorescence 
to detect Aβ and OPCs in the brain of 5xFAD mice, and we found OPCs adjacent to Aβ plaques, surrounding and extending their 
processes into the plaque areas (arrowheads, Fig. 2A). Because clusterin can facilitate clearance of particulate debris, we next 
wondered if OPCs were involved in engulfment of Aβ in the brain [71]. To test this, we injected healthy mice with Aβ oligomers labeled 
with CypHer5e, a pH-sensitive dye that fluoresces upon entering the acidic environment of the lysosome. Through Z-stack recon
struction of PDGFRα and OLIG2 co-localization with CypHer5e-Aβ oligomers, we found that OPCs around the injection site phago
cytosed Aβ within 12 h of injection (Fig. 2B, Supplementary Fig. 1). It is important to note that Aβ oligomers were also detected away 
from the OPC markers, suggesting that they are likely internalized by other cells in the brain, in addition to the OPCs (Fig. 2B, 
Supplementary Fig. 1). Strikingly, Aβ injection led to robust increase in clusterin levels surrounding the injection site, which was not 
observed after injection of a FITC control (Fig. 2C and D). These data suggest that Aβ oligomers can elicit clusterin production.

We next investigated whether OPCs could contribute to this Aβ-induced upregulation of clusterin levels. We treated primary OPCs 
in vitro with Aβ oligomers for 4 h and measured Clusterin transcript expression by qRT-PCR. Exposure to Aβ oligomers significantly 
increased Clusterin transcript expression (Fig. 2E). Actin dependent phagocytosis of Aβ was necessary for clusterin upregulation, as 
treatment with cytochalasin D (CytoD), an actin polymerization inhibitor [3], prevented Aβ-induced Clusterin increase in OPCs 
(Fig. 2E). Because OPCs can uptake myelin and cellular debris [24], we tested whether phagocytosis of cellular contents can also 
increase clusterin expression. OPCs incubated with myelin were also upregulating Clusterin transcript in a phagocytosis-dependent 
manner inhibitable with cytoD (Fig. 2G). Similarly, OPCs incubated with apoptotic cells also increased clusterin expression 
(Fig. 2H). To test the possibility that this clusterin upregulation was simply a response to any cellular stressor, we treated OPCs with 
other factors known to be upregulated in Alzheimer’s disease, including TNFα, IFNγ, and reactive oxygen species (ROS), none of which 
elevated clusterin expression (Fig. 2I and J) [8,10,72]. Finally, we tested whether clusterin protein levels in OPCs were increased after 
incubation with Aβ. Although clusterin protein levels were high in cultured OPCs, they were significantly increased after exposure to 
Aβ (Fig. 2F). We also tested the effect of Aβ oligomers on clusterin expression in another cell type. Expression of clusterin by Astrocytes, 
which are known to express clusterin [12], was not impacted after incubation with Aβ oligomers (Supplementary Figs. 2A and B).

Because treatment of phagocytes with clusterin can increase their phagocytic capacity in some contexts [4,67], we investigated 
whether extracellular clusterin may increase phagocytosis of Aβ by OPCs. However, adding exogenous clusterin during OPC phago
cytosis of Aβ oligomers in vitro did not enhance their uptake (Fig. 3A and B).

Fig. 3. Clusterin does not alter OPC phagocytosis of oligomeric Aβ. 
A, Representative flow gating (following singlets/singlets/live gates) of OPCs incubated for 90 min with 3 μm CypHer5e-labeled Aβ oligomers (all 
conditions) with the addition of 8 μg/ml clusterin or 1 μm CytoD (Vehicle n = 3, Clusterin n = 3, CytoD n = 3; from one independent experiment). 
CypHer + gate was drawn so that less than 1 % of cells in the CytoD samples fell within the positive gate. B, Quantification of OPCs staining positive 
for CypHer-Aβ as depicted in A. Statistics calculated using a repeated measures one-way ANOVA with a Tukey’s post-hoc analysis; F(2,4) = 293.3. 
**p < 0.01. All error bars represent SEM.
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Collectively, these data suggest that actin dependent uptake of Aβ oligomers and cellular debris increases clusterin production in 
OPCs, but clusterin does not subsequently regulate the phagocytosis of Aβ.

3.3. Exogenous clusterin inhibits OPC differentiation

Formation of new myelin is a critical component of memory function [49,57] and drugs that promote nascent myelin formation 
improve memory skills in a model of AD [14], highlighting the importance of understanding the factors that prevent differentiation of 
OPCs into myelinating oligodendrocytes. Cellular debris and protein aggregation can prevent OPC differentiation through yet unclear 
mechanisms [36,59]. This prompted us to ask whether clusterin could inhibit OPC differentiation. We treated OPCs with exogenous 
clusterin under conditions that facilitate differentiation into oligodendrocytes (OLG) and observed that treatment with clusterin de
creases expression of genes that encode myelin proteins, such as Mbp, Plp1, and Cnp, as well as Myrf, the master transcriptional 
regulator of the OPC differentiation program (Fig. 4A–D). Subsequently, we observed fewer MBP-positive oligodendrocytes when 
OPCs were differentiated in the presence of clusterin, compared to vehicle (Fig. 4E and F). Importantly, OPC viability was not impacted 
by clusterin treatment (Fig. 4G). Overall, these data show that clusterin production is increased by phagocytosis of cellular debris and 
Aβ oligomers and that clusterin is a potent inhibitor of OPC differentiation.

3.4. Clusterin inhibits differentiation by reducing IL-9 production

We next investigated how clusterin mediates inhibition of OPC differentiation. OPCs produce a variety of growth factors, cytokines, 
and chemokines that modulate the local environment [7,34,38,44,55,56,65,75]. Therefore, we performed a Luminex Assay on the 
supernatants of OPCs treated with clusterin, compared to vehicle. We noted that clusterin treatment significantly elevates production 
of inflammatory chemokines CXCL1 and CXCL2, and the growth factor VEGF, while potently suppressing production of interleukin-9, 
or IL-9 (Fig. 5A). Since growth factors from the VEGF family have been shown to induce OPC proliferation [31], we first tested whether 

Fig. 4. Exogenous clusterin inhibits OPC differentiation. 
Expression of Mbp (A), Plp1 (B), Cnp (C), and Myrf (D), measured by qPCR in OPCs cultured in proliferation media (OPC Vehicle), differentiation 
media (OLG Vehicle), or differentiation media supplemented with 8 μg/ml of clusterin (OLG Clusterin) for 72 h (n = 7 for all conditions; from 3 
independent experiments). Statistics calculated using a repeated measures one-way ANOVA with a Tukey’s post-hoc analysis; Mbp F(2,6) = 27.41, 
Plp1 F(2,6) = 25.72, Cnp F(2,6) = 9.776, Myrf F(2,6) = 16.41. E, Representative images of OPCs cultured in differentiation media with or without 8 
μg/ml of clusterin for 72 h and stained for oligodendrocyte markers (MBP in green, Olig2 in red). Scale bar = 50 μm. F, Quantification of the number 
of OPCs that differentiated in to oligodendrocytes following treatment with clusterin (depicted in E; n = 5 for all conditions; from two independent 
experiments). Statistics calculated using a paired Student’s t-test; t(4) = 2.780. G, Quantification of the number of OPCs present using a Cell 
Counting Kit-8 assay following a 72 h incubation in proliferation media with or without 8 μg/ml clusterin (n = 11 for all conditions; from four 
independent experiments). *p < 0.05, **p < 0.01, ****p < 0.0001, ns = not significant. All error bars represent SEM.
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increased VEGF induced by clusterin treatment was responsible for keeping OPCs in an undifferentiated state. However, adding an 
anti-VEGF neutralizing antibody during the clusterin treatment of OPCs failed to rescue their differentiation (Supplementary 
Figs. 3A–C).

Since CXCR2 activating chemokines have been shown to influence OPC migration but not differentiation [63], we next tested the 
importance of IL-9, which was reduced by more than 90 % following clusterin treatment (Fig. 5A). IL-9 is a relatively understudied 
cytokine known to be produced mainly by T-cells to influence T cell and mast cell responses, but it’s production and role in OPC 
differentiation have not been studied uncoupled from inflammatory triggers [21]. Surprisingly, we found that sole addition of 
exogenous IL-9 could rescue OPC differentiation in the presence of clusterin (Fig. 5B–D). Overall, these data demonstrate that clusterin 
likely blocks differentiation of OPCs at least partially by inhibiting the production of IL-9, as adding IL-9 is sufficient to overcome 
inhibition by clusterin.

3.5. Clusterin deletion improves myelination in vivo

Because clusterin inhibits OPC myelination in vitro, we next wanted to test if clusterin deletion would affect myelination in vivo. We 
obtained clusterin knockout mice [42], which are viable and fertile, and performed transmission electron microscopy (TEM) on the 
corpus callosum of 9-month-old clusterin knockout mice (Clu− /− ), compared to age-matched control mice. We measured the g-ratio of 
myelinated axons and found that Clu− /− mice had a lower g-ratio than control animals, indicating increased myelination (Fig. 6A and 
B). This result shows that, at baseline, clusterin expression has an inhibitory influence on myelination. Since clusterin expression 
increases in the 5xFAD model of AD, we next explored if deletion of clusterin could reverse myelination deficits observed in these mice 
[20,64,70]. To do this, we bred Clu− /− mice to 5xFAD mice to generate 5xFAD/Clu− /− mice. TEM measurement of the g-ratio of 
myelinated axons in the corpus callosum (9-month-old mice) again demonstrated decreased g-ratio of myelinated axons in the 
5xFAD/Clu− /− mice, compared to the 5xFAD controls (Fig. 6C and D). Collectively, these results suggest that clusterin is a universal 

Fig. 5. Clusterin inhibits OPCs differentiation by blocking IL-9 production. 
A, Quantification of cytokines present in the supernatant from OPCs treated with 8 μg/mL clusterin or vehicle control (n = 6 biological replicates for 
each condition, from two independent experiments). Data analyzed using a two-way repeated measures ANOVA with a Sidak’s multiple comparison 
post-hoc analysis, F (6, 34) = 23.93. Expression of Mbp (B), Plp1 (C), and Myrf (D), measured by qPCR in OPCs cultured in proliferation media (OPC 
Vehicle), differentiation media (OLG Vehicle), differentiation media supplemented with 8 μg/ml of clusterin (OLG CLU), differentiation media 
supplemented with 100 ng/ml IL-9 (OLG IL-9), or differentiation media supplemented with 8 μg/ml of clusterin and 100 ng/ml IL-9 (OLG CLU + IL- 
9) for 72 h (n = 11 for all conditions; from 3 independent experiments). Statistics calculated using a repeated measures one-way ANOVA with a 
Tukey’s post-hoc analysis; Mbp F(10,40) = 10.15, Plp1 F(10,40) = 11.96, Myrf F(10,40) = 10.32. *p < 0.05, **p < 0.01, ****p < 0.0001, ns = not 
significant. All error bars represent SEM.
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inhibitor of myelination in homeostasis and AD-like pathology, and a potential target for treatment of myelin loss in 
neurodegeneration.

4. Discussion

Since the discovery of Aβ plaques in the brains of AD patients, therapeutic development has been focused on reducing plaque load. 
However, no therapeutic candidate, even when effective at reducing plaques, has succeeded in slowing down disease progression [32]. 
A growing body of literature speculates that other altered biological processes may be the driving force behind the clinical decline 
observed in AD patients [45]. Increasingly, OPCs and myelin are implicated in disease etiology and progression of AD symptoms. For 
example, ablation of senescent OPCs can reduce memory impairments observed in the APP/PS1 model of AD [74]. Additionally, 
inhibition of OPC differentiation prevents memory consolidation and recall, and therapeutic targeting to increase myelination im
proves memory performance in AD models [14,49,57,66]. Here, we offer a potential mechanism for the pervasive myelin deficits 
observed in Alzheimer’s disease and the memory decline associated with these deficits [27,73]. We demonstrate that clusterin is 
upregulated in the brains of AD patients as well as in a mouse model of AD. We found that OPCs, alongside astrocytes [26], express 
clusterin during normal aging as well as in AD in humans and mice, and that OPCs increase production of the clusterin transcript and 
protein after exposure to Aβ oligomers. Further, we show that clusterin expression in OPCs is induced by actin dependent phagocytosis 
of debris, including Aβ oligomers, myelin, and apoptotic cells. Mechanistically, we discovered that clusterin mediates inhibition of OPC 
IL-9 secretion to block differentiation. Finally, clusterin deficiency in vivo results in thicker myelin sheath and prevents the myelin loss 
observed in 5xFAD mice.

SNPs in clusterin have been recognized as a significant risk factor for late onset AD for over a decade [6,28,37]. While there are 
conflicting reports in the literature regarding how this SNP effects the function and accumulation of clusterin, there is abundant 
evidence for high clusterin levels in the plasma (of AD patients) correlation with fastened cognitive decline and an increase in brain 
atrophy, even in the absence SNPs at the CLU locus [53,54,61,62]. These correlative studies demonstrate that excess levels of clusterin 
associate with increased severity of AD symptoms, and are supported by studies in mice, which show that clusterin deletion in mouse 
models of AD results in reduced plaque load and improved performance in memory tasks [19,48,68]. Importantly, however, there are 
also reports that suggest clusterin involvement in clearing Aβ plaques and protecting neurons [13,69]. These discrepancies likely 
indicate that the role of clusterin in regulation of neuronal homeostasis is complex and dependent on multiple factors, with detrimental 
effects likely observed when clusterin levels become supraphysiological in the context of disease pathology. Here, we uncover an 
additional piece of a puzzle in understanding the function of clusterin in AD, inhibition of OPC differentiation and myelination. Since 

Fig. 6. Deletion of clusterin improves myelination in WT and 5XFAD mice. 
A, Representative electron microscopy images of myelinated axons from the corpus callosum of 9-month old WT and clusterin knockout (Clu− /− ) 
mice. B, Quantification of the myelin g-ratio plotted against axon diameter in WT and Clu− /− mice. Lines represent linear regression of the plotted 
data and p-values represent comparison of slopes. C, Representative electron microscopy images of myelinated axons from the corpus callosum of 9- 
month old 5xFAD and 5xFAD; Clu− /− mice. D, Quantification of the myelin g-ratio plotted against axon diameter in 5xFAD and 5xFAD; Clu− /−
mice. Lines represent linear regression of the plotted data and p-values represent comparison of slopes. *p < 0.05, ****p < 0.0001.
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reduction of Aβ plaques in AD patients does not reliably improve clinical symptoms [1], we posit that the role of clusterin in inhibiting 
myelination may represent a viable therapeutic avenue for exploration in AD pathology.

We show here that deletion of clusterin in vivo increases myelination, which agrees with the finding that healthy human young 
adult carriers of one of the most common CLUSTERIN risk allele have reduced white matter integrity prior to the onset of cognitive 
decline [9], lending support to the concept that clusterin reduces the health of myelin tracts.

It remains to be determined which cell type(s) contribute the most to clusterin increase in Alzheimer’s disease. While we have 
demonstrated that OPCs upregulate clusterin production in response to Aβ and cellular debris, and human single cell sequencing data 
show increase in clusterin expression in OPCs of AD patients, astrocytes have also been implicated as significant producers of clusterin 
[18,26]. Regardless of the cellular source, however, we hypothesize that extracellular clusterin profoundly impacts the function and 
differentiation capacity of OPCs.

It is now appreciated that OPCs contribute to cytokine production in several contexts, suggesting the potential for a broad 
immunomodulatory role of these cells [25,29,34,35,44,65]. Mechanistically, we show here that clusterin decreases OPC differenti
ation through suppression of IL-9 secretion. While IL-9 receptor expression in OPCs has been noted before [21], our report is the first to 
show that OPCs also produce IL-9, which critically promotes their differentiation.

Clusterin increase in the brains of AD patients has been appreciated for over three decades [40]. However, the mechanisms of 
clusterin’s effects on the progression of AD remain unclear. Since the clusterin targeting antisense-oligonucleotide is already evaluated 
in clinical trials for the treatment of prostate cancer, our data shown here offer an exciting opportunity to explore the therapeutic 
efficacy of clusterin inhibition in improving myelin integrity and memory deficits in AD patients [15,16].

5. Conclusions

Collectively, we propose here a novel mechanism for the association between clusterin as a genetic risk factor and Alzheimer’s 
disease myelin pathology, providing a foundation for development of therapeutic targeting of clusterin for the treatment of AD.
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