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Myelin ensheathment is essential for rapid axonal conduction, metabolic
support and neuronal plasticity. In Alzheimer’s disease (AD), disruptionsin
myelin and axonal structures occur, although the underlying mechanisms
remain unclear. We implemented proximity labeling subcellular proteomics
of the myelin-axon interface in postmortem human brains from AD donors
and 15-month-old male and female 5XFAD mice. We uncovered multiple
dysregulated signaling pathways and ligand-receptor interactions,
including those linked to amyloid-3 processing, axonal outgrowth and lipid
metabolism. Expansion microscopy confirmed the subcellular localization
of top proteomic hits and revealed amyloid-p aggregation within the
internodal periaxonal space and paranodal/juxtaparanodal channels.
Although overall myelin coverage is preserved, we found reduced paranode
density, aberrant myelination and altered paranode positioning around
amyloid-plaque-associated dystrophic axons. These findings suggest

that the myelin—-axon interface is a critical site of protein aggregation and
disrupted neuro-glial signalingin AD.

Oligodendrocytes ensheath axons with myelin to enable efficient
conduction of electrical signals and support axonal metabolism'?.
Myelination is a life-long dynamic process®* essential for neuronal
plasticity, learning and memory® . Myelin disruption contributes to
the pathogenesis of various neurological disorders’. In Alzheimer’s
disease (AD), recent single-cell transcriptomics and bulk proteomics
studies have highlighted oligodendrocyte and myelin pathology as
important contributors to disease progression'®™,

Myelin features specialized domains, including the internode,
juxtaparanode and paranode*° 2, The myelin-axon interface includes

the cytosoliccompartment of the myelininner loops and the periaxonal
space”?*, Unlike compact myelin, these compartments arerichinion
channels, transporters and neurotransmitter receptors' and play criti-
cal rolesin metabolic supportand axonal-glial interactions®. However,
how these myelin compartments and their axonal interactions are
disrupted in AD remains unclear.

Inthis study we present acomprehensive subcellular proteomics
and imaging investigation of the myelin-axoninterface. We developed
an antibody-based proximity labeling proteomics workflow in post-
mortem AD brains, enabling precise molecular characterization of
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paranodes and internodes with high cell-type and subcellular specific-
ity. Using computational and integrated pathway analysis, we identified
ligand-receptor pairs and signaling pathways enriched at the myelin-
axoninterfacein AD. We uncovered striking abnormalities in the distri-
bution of proteins involved in AD-associated dysregulated signaling,
including amyloid processing, axonogenesis and lipid metabolism,
revealing a complex interplay between amyloid pathology, axonal
remodeling and metabolic perturbations at the myelin-axoninterface.

Using expansion microscopy (ExM), we revealed the subcellular
localization of key proteomic hits at myelin and axonsin AD brains. We
also observed distinct amyloid deposition patterns, including spiral
fibers around axons and dense helical coils at paranodal/juxtapara-
nodal loops, indicating amyloid infiltration within the myelin-axon
interface at paranodes, juxtaparanodes and internodes. Addition-
ally, we found aberrant myelination and disrupted paranodes on
amyloid-plaque-associated dystrophic axons, a hallmark of AD known
toimpair action potential conduction and disrupt neuronal networks?.
Despite nosignificant difference in overall myelin coverage, we noted
greater paranode loss in AD brains compared with age-matched con-
trols, consistent with our reanalysis of recent transcriptomic and pro-
teomic datasets, indicating dysregulation of myelin-related signaling
rather than anet loss of myelin.

Altogether, this study uncovered the subcellular molecular archi-
tecture of the myelin—-axon interface, shedding light on molecular
and cellular mechanisms that may drive myelin and axon disruption
in AD. These findings and associated datasets will serve as valuable
resources for future mechanistic and therapeutic investigations into
myelin—-axonalinteractionsin health and disease.

Results

Paranode pathology in the absence of myelin loss in the

AD human frontal cortex

Myelin abnormalities are a key feature of brain aging and AD***~*°,
Recent transcriptomics and proteomics studies in postmortem AD
human brains have revealed unique oligodendrocyte and myelin
changes'*'"'*1, We reanalyzed four recent datasets from the AD human
frontal cortex'*"'*!¢ and found that despite dysregulation in various
oligodendrocyte and myelin proteins, the messenger RNA and pro-
tein levels of major markers (PLP1, CNP and MBP) remained largely
unchanged between AD and age-matched controls (Extended Data
Fig.1). This suggests that AD pathology may disrupt myelin structure
and function without overt myelin loss.

To further investigate this, we implemented an artificial intel-
ligence (Al)-guided quantitative imaging pipeline to analyze tens
of thousands of myelin internodes and paranodes in postmortem
human brain (Fig.1a, Supplementary Fig.1and Supplementary Video1).

We performed immunofluorescence confocal imaging of frontal
cortex, assessing myelin (PLP1), axons (SMI312) and paranodes (con-
tactin associated protein 1 (CASPR)), followed by high-confidence
segmentation ofindividual structures for density and size quantifica-
tion (Fig. 1a—c,f,g,j). Our analysis revealed no significant differences
in myelin or axon density between AD and control brains, whether
measured through segmentation (Fig. 1d,h) or mean fluorescence
intensity (Fig. 1e,i). These results align with our reanalysis of published
transcriptomic and proteomic data, showing no major changes in key
myelin proteins (Extended Data Fig. 1),

In contrast to the unchanged myelin coverage, CASPR immuno-
fluorescence revealed a significant reduction in paranode density
(Fig. 1j-1) and enlargement of paranodes (Fig. Im-o0) in AD humans.
Notably, paranodes near amyloid deposits exhibited distinct morpho-
logical alterations, with increased separation between CASPR staining
layers compared with their more linear pattern in controls (Fig. 1n),
suggesting paranodal myelin decompaction and/or underlying axonal
enlargement. Consistent with human findings, 5XFAD mice displayed
similar amyloid-associated myelin changes (Fig. 1p and Extended Data
Fig.2), with overall myelin quantity remaining unchangedin the cortex
and hippocampus (Fig. 1q,r and Extended Data Fig. 2).

Antibody-based proximity labeling of the myelin-axon
interface

Oligodendrocytes and neurons interact through direct myelin-axon
contactand extracellular vesicle-mediated signaling®. To investigate
disruptions in AD, we developed a strategy to map the molecular
architecture of the myelin—-axon interface at subcellular resolution
by adapting proximity biotinylation for protein isolation in human
postmortem brains®>*. For selective protein enrichment, we used
anti-CASPR and anti-(myelin-associated glycoprotein) MAG antibod-
ies as baits (Fig. 2a). CASPR, a neuronal adhesion protein anchoring
the paranodal region*, was used to biotinylate paranodal proteins,
while MAG, a myelin membrane protein at the periaxonal space®*
thatis highly expressed atinternodes and low at paranodes®®, was used
to capture internodal proteins. We immunostained fixed human and
mouse brainsections with these antibody baits, followed by horserad-
ish peroxidase (HRP)-conjugated secondary antibody labeling and
biotinylation with Biotin-XX-Tyramide and H,0,. Biotinylated pro-
teins were enriched from brain lysates using streptavidin beads and
validated by western blot. High specificity and spatial precision were
confirmed by colocalization of streptavidin with CASPR or MAG sig-
nals in high-resolution confocal images (Fig. 2b(a-f),c(a-c)) and by
stimulated emission depletion (STED) microscopy, which showed a
50-nmbiotinylation radius (Extended Data Fig.3). Control experiments
without antibodies, H,0, or Biotin-XX-Tyramide yielded negligible

Fig.1| Al-guided confocal imaging analysis revealed myelin paranode
pathology in AD human postmortembrains. a, Workflow for paranode, myelin
and axon analysis in human postmortem brains. b, Inmunofluorescence labeling
of myelin (PLP1, gray) in AD human brains and age-matched controls. Scale

bar, 200 pm. ¢, Raw immunofluorescence staining of myelin (PLP1, gray) and
Al-generated masks (yellow) and myelin objects (blue). d,e, Quantification of
normalized myelin volume (d) and mean gray intensity (e) comparing AD human
brains (n = 6) with controls (n =9). Mann-Whitney test. f, Immunofluorescence
of axons (SMI312, green) in AD brains and controls. Scale bar,200 pm. g, Raw
immunofluorescence of axons (SMI312, green) and Al-generated masks (yellow)
and axon objects (blue). h,i, Quantification of normalized axon volume (h)

and mean gray intensity (i) comparing AD brains (n = 7) versus controls (n = 6).
Mann-Whitney test. j, Raw immunofluorescence of paranodes (CASPR, green) in
AD brains and controls. Scale bar, 50 pm. Raw paranode staining (CASPR, green)
and Al-generated mask (yellow) and paranode objects (blue). k,1, Quantification
of paranodes in AD brains (n =10) and controls (n = 8). Paranodes were binned
into three categories according to their length: 0-5 pm, 5-10 pm and >10 pm.

k, To compare paranode density between human AD versus control, unpaired

t-test (two-tailed) was performed: ‘0-5 pm’: P= 0.002; ‘5-10 um’: P=0.008; 10+
P=0.711(NS). To compare the number of paranodes in human AD or control,
respectively, one-way ANOVA was performed. In human controls, the number of
paranodes of ‘0-5 pm’ versus ‘5-10 pm’ (P=0.043), ‘0-5’ versus 10+ (P < 0.0001)
and ‘5-10 pm’ versus ‘10+' (P < 0.0001). In human AD, ‘0-5’ versus ‘5-10 pm’
(P=0.896),‘0-5 versus 10+ (P < 0.0001) and ‘5-10 pm’ versus ‘10+ (P < 0.0001).
1, To compare the fluorescence intensity of paranode labeling between human AD
versus control, unpaired ¢-test (two-tailed) was performed: ‘0-5 pm’: P= 0.103;
‘5-10 pm’: P=0.272;‘10+": P=0.743.m, Paranode labeling (green, CASPR-labeled)
inhuman AD and controls. Scale bar, 5 pm. n, Abnormal separation of paranode
(gray, CASPR-labeled) compared with normal paranode in AD human brains.
Scale bar, 5 pm. 0, Quantile-quantile (Q-Q) plot shows comparison of paranode
size (volume) between human AD versus control. Welch t-test (two-tailed) was
performed. p-r, Quantification of myelin density in Cnp-EGFP-5XFAD mice
(n=4)and control (n=5) (p). Normalized myelin volume (q) and mean gray
intensity (r). Mann-Whitney test was performed. Error bars indicate s.e.m. and
quantifications were performed two-sided in all experiments. Ctrl, control; NS,
not significant.
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Fig. 2| Proximity labeling of paranodes and the myelin-axoninterfacein AD
human brains and mice. a, Schematic of the proximity labeling pipeline showing
biotinylation of paranode-enriched (anti-CASPR) and myelin-axon interface
(anti-MAG) proteins in human postmortem brains and mice. Postmortem human
frontal cortex (highlighted in pink) was used. b,c, Representative confocal
images of proximity labeling for paranodes (b) and myelin-axon interface (c).
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CASPR and MAG were not detected in the no-antibody controls (d,e), orin the

no-biotinylation control (e).
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Fig. 3| Subcellular paranode proteomics in AD human postmortem brains
and mice. a, Schematic of the proximity labeling proteomics pipeline for
paranodes in AD postmortem brains and SXFAD mice. b, Protein detection and
statistical cutoffin human AD, controls and 5XFAD mice. ¢, ROC curves for human
AD, controls and 5XFAD mice. Proteins were ranked by fold change relative to
no-antibody controls. True positives denote paranode-related proteins, while
false positives include nuclear, mitochondrial and other non-paranode-related
proteins. The ROC curve Wilson/Brown test showed P < 0.0001 for all groups.

d, Venn diagram showing shared and unique proteomic hitsamong AD humans,
controls and 5XFAD mice datasets. e,f, Volcano plots of paranode-enriched
proteomics (e) and myelin-axon interface proteomics (f) in AD humans versus

unaffected controls. The gene names of the top ten hits with greatest fold
changes are labeled. In e, known paranode proteomic hits are highlighted

inred, and inf, known myelin or myelin-axon interface proteins are highlighted
inblue. Quantificationsin panels b, ¢, e and fwere performed two-sided.

g, Venn diagrams comparing paranode-enriched proteomes (CASPR-labeled)
with myelin-axoninterface proteomes (MAG-labeled) in unaffected human
controls. Selected known paranode proteins are shown in red, while known
myelin paranode proteins are shown in blue. h, Venn diagrams comparing human
control myelin-axoninterface proteomes (MAG-labeled) with a previously
published human myelin (white matter) proteome, highlighting selected unique
and shared proteomics hits.

biotinylation (Fig. 2b,c). Immunofluorescence confirmed that MAG
signal was myelin-restricted and CASPR signal was paranode-specific
(Supplementary Fig. 2). Western blot and silver staining verified effi-
cient and specific biotinylation of a broad protein range, including
CASPR and MAG (Fig. 2d,e and Supplementary Figs. 3 and 4). We thus
applied this approach to healthy and AD human brains and 5XFAD
mice, enabling liquid chromatography-tandem mass spectrometry
(LC-MS/MS) proteomic profiling of the myelin-axon interface with
high molecular and subcellular specificity.

Uncovering the proteomes of the myelin-axon interface

To profile the myelin—axoninterface proteomes, we obtained 34 human
frontal cortex samples from Yale Alzheimer’s Disease Research Center
(Yale ADRC, 6 AD, 2 control), the Banner Institute (Banner, 11 AD, 10
control) and the National Institutes of Health (NIH) NeuroBioBank
(NBB, 3 AD, 2 control). Clinical and neuropathological data were avail-
ablefor allsamples (Supplementary Fig.1). AD cases had high amyloid
plaque burden, while controls exhibited minimal amyloid plaques. We
performed MAG proximity labeling on five AD and five control brains to
enrichinternodal proteins, and CASPR proximity labeling on four AD
and four controls brains toisolate paranodal proteins. Additionally, 14
AD and 13 control brains were used forimmunofluorescence validation
(Fig.3aand Supplementary Fig. 1). Proximity labeling was performed
with anti-CASPR or anti-MAG antibodies, followed by streptavidin bead
protein enrichment and LC-MS/MS analysis (Fig. 3a). A no-antibody
control excluded endogenous biotinylated proteins and nonspecific
binders to the streptavidin beads (Fig. 3b).

In the unfiltered paranode-enriched dataset, we detected 2,804
proteins in AD and 2,772 in controls (Fig. 3b and Supplementary
Table 1). Biological replicates were highly correlated (Extended Data
Fig.4), except for one excluded control (Pearson correlation R* < 0.7)
(Extended DataFig. 4). For stringent analysis, we applied both normal-
ized total precursor intensity and normalized total spectral count for
quantification, then filtered by statistical cutoff (false discovery rate
(FDR) < 0.05, fold change > 3.5). The shared proteins of both methods
were retained for downstream analysis (Fig. 3b). This approach iden-
tified differentially expressed proteins comparing CASPR-labeled
paranodal samples and no-antibody controls (Fig. 3b), yielding 804
proteins in AD paranodes and 179 in unaffected controls (Fig. 3b and
Supplementary Tables 1and 2). To test for an optimal cutoff, we also

applied cutoff analysis* (Supplementary Fig. 5 and Methods) and
found highly similar results, and thus we proceeded with the statistical
cutoff (FDR < 0.05, fold change > 3.5) for subsequent analyses. Receiver
operating characteristic (ROC) analysis* showed that the top 20% of
hits were primarily true positives (Fig. 3c and Methods), supporting the
high specificity of the proteomics dataset (Supplementary Figs. 6a-d,
7c,dand 8c,d,g,h). Subcellular localization analysis showed detected
proteins preferentially residein the plasma membrane and cytoplasm
rather than the extracellular space or nucleus (Supplementary Fig. 9b
and Supplementary Table 3). These results highlight significant para-
nodal protein alterations in AD, underscoring molecular disruptions
at the myelin-axoninterface that may contribute to pathogenesis.

To assess whether similar patterns occur in AD-model mice, we
performed proximity labeling in SXFAD mice (Supplementary Tables1
and 2). This analysis identified 747 proteins (Fig. 3a-d and Extended
DataFig. 5), 428 of which overlapped with human samples (Fig. 3d
and Extended Data Fig. 5). Notably, eight of the top ten hits in human
controls were paranode- or node of Ranvier-related proteins (Fig. 3e),
underscoring the dataset specificity. We also identified several previ-
ously unrecognized paranodal proteins, expanding the known molecu-
lar composition of this critical myelin—-axon domain (Fig. 3e, Extended
DataFig. 6a and Supplementary Fig.10a).

Analysis of the MAG-labeled myelin-axon interface proteome
provided additional insights. The unfiltered dataset detected 2,407
proteinsin AD brainsand 2,393 in controls. Applying a cutoff (FDR < 0.1,
fold change >1.5) yielded 229 proteinsin AD and 176 in controls (Fig. 3b,
Supplementary Figs. 6-9 and Supplementary Tables 1and 2), with106
shared betweenboth groups (Fig.3d). Many proteins were known com-
ponents ofinternodes and paranodes (Fig. 3f), such as CNP, the top hit
incontrols. Additionally, several previously unrecognized myelin-axon
interface proteins were identified (Fig. 3f, Extended Data Fig. 6b and
Supplementary Fig.10b).

We compared MAG- and CASPR-labeled proteomics data in con-
trols to assess subcellular specificity. CASPR selectively detected
paranode-enriched proteins, while MAG captured both internodal
and paranodal proteins (Fig. 3g). Comparison of the MAG-labeled
proteome with arecent bulk myelin proteomics study of normalhuman
frontal cortex*® showed that our myelin-axon interface proteome
includes previously unidentified myelin and adhesion proteins. Nota-
bly, proteins such as MBP, confined to compact myelin, rather than the

Fig. 4 |Myelin-axoninterface proteomereveals protein abnormalitiesin

AD postmortem brains. a,b, Bar charts showing major themes from pathway
enrichment analysis using the ActivePathways method, in paranode proteomes
(a) and myelin-axon interface proteomes (b). Bar length represents the number
of pathwaysidentified in each theme, with colorsindicating FDR values. The
names of each bar are curated based on the main pathways of each subnetwork.
Pie chartsindicate the number of pathways in AD versus control datasets within
each subnetwork. Themes related to paranode, myelin, axon and amyloid-f3

(a), as well as metabolism and myelin-axon (b), are highlighted inred, blue

and magenta. c,d, Scatter plots of paranode-enriched proteomics (c) and
myelin-axon interface proteomics (d) in AD human brains, ranked by the ratio
of anti-bait protein samples versus no-antibody controls. The gene names of

the top proteomic hits are labeled; novel top hits were further examined by
immunofluorescence ExM (Fig. 6). e, Schematic outlining the statistical pipeline
used to compare CASPR-labeled or MAG-labeled proteomes between AD human
brains and unaffected controls (quantifications were performed two-sided).
f.g, Scatter plots showing PAP (f) and MAP (g) hits that are up- or downregulated
in AD compared with controls. Gene names of the top novel hits examined

by ExM are shown (Fig. 6). h, Enrichment map of pathways and processes for
differentially expressed PAP and MAP proteins. The network indicates pathways
as nodes connected by edges and grouped into subnetwork themes if the
pathways share many genes. i, IPA showing the top ten central nervous system-
related signaling pathways enriched in PAP and MAP.
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myelin-axon interface (Fig. 3h)***°, were not detected, confirming the
selectivity of our approach.

Proteomic abnormalities at the myelin-axon interface in AD
Toassess the biological functions underlying the identified proteomes,
we performed an integrative pathway enrichment analysis using
ActivePathways*** to jointly prioritize proteins and pathways in the
paranode and myelin-axon interface datasets (Fig. 4a,b, Extended
Data Fig. 7 and Supplementary Table 4). In the paranode proteome,
we identified biological processes related to paranodal function, such
as neuronal action potential, cell junction assembly and interaction
between L1and Ankyrins (Fig. 4aand Extended Data Fig. 7a), as well as
axonogenesis and amyloid-f formation pathways relevant to AD patho-
logy (Fig.4aand Extended DataFig. 7a). For the myelin-axoninterface,
two major signaling pathway groups emerged: metabolism-related
processes (for example, lipid and fatty acid metabolism) essential
for myelin structure and function, and myelin-axon processes (for
example, axon ensheathment, guidance and chemotaxis) (Fig.4b and
Extended Data Fig. 7b).

When ranking proteins by fold change to prioritize abundant true
hits, many top hits were already known to be expressed at paranodes
or within myelin (Fig. 3e,f). A ratio-based ranking of the CASPR- and
MAG-labeled AD datasets highlighted proteins with minimal expres-
sion in controls (Fig. 4c,d), revealing novel proteins enriched in AD.
In the CASPR-labeled AD dataset, novel hits included ATPase plasma
membrane Ca* transporting 3 (ATP2B3), L1 cell adhesion molecule
(LICAM), which is important for axonal growth and myelination*™*,
and ATPase phospholipid transporting 8A1 (ATP8AL1), alongside known
proteins such as CNTNAP2, key for axo-glial contact at the juxtapar-
anode (Fig. 4¢)". In the MAG-labeled AD dataset, top hits included
limbic system-associated membrane protein (LSAMP), activated leuko-
cyte celladhesion molecule (ALCAM), ADAMI0 and (integrin subunit
alphaV) ITGAV (Fig.4d). ADAMI0, a disintegrin and metalloproteinase
expressed in both myelin and axons*’, is essential for myelination
and axon targeting~*’, and functions as an alpha secretase for amyloid
precursor protein (APP)*%, ITGAV, located at Schwann cell-axon
contacts, is implicated in axo-glial interactions*. Both LSAMP* and
ALCAM**?regulate axonal outgrowth, with LSAMP also contributing
to myelination®. Altogether, these findings align with the pathway
enrichment analysis (Fig. 4a,b).

Next, we compared the CASPR-labeled (paranodal) and MAG-
labeled (myelin-axon interface) proteomes between AD and control
brains, using a cutoff P < 0.05 to define the paranode Alzheimer’s-
associated proteome (PAP) and the myelin—axoninterface Alzheimer’s
proteome (MAP) (Fig. 4e-g and Supplementary Table 1). By ranking
hits based on the AD-to-control ratio, we identified hypoxia up-
regulated 1 (HYOU1) and Acyl-CoA synthetase long chain family
member 4 (ACSL4) as top hits in PAP (Fig. 4f), and G protein-coupled
receptor kinase 2 (GRK2), NudC domain containing 3 (NUDCD3) and
hyaluronan and proteoglycan link protein 1 (HAPLN1) as top hits in
MAP (Fig. 4g). Pathway enrichment analysis showed that PAP hits
were associated with lipid synthesis, GPCR signaling and regulation of
RNA stability, while MAP hits were enriched in gap junction trafficking,
tubulinbinding and Rho GTPase activation (Fig. 4h and Supplementary
Table 4). Consistent with these results, ACSL4, atop PAP hit, catalyzes

fatty acid activation and is essential for lipid synthesis** (Fig. 4¢,f),
whereas NUDCD3, a top MAP hit, regulates cytoskeletal stability>
(Fig. 4g). Ingenuity Pathway Analysis (IPA) further highlighted activa-
tion of GPCR signaling and amyloid processingin PAP (Fig.4i). Ferrop-
tosis also emerged as a top pathway, where ACSL4 plays a crucial role
inlipid peroxidation which accelerates this process*. In contrast, IPA
analysis of the MAP proteome (Fig. 4f) revealed enrichment in pathways
related to sirtuin signaling, mitochondrial dysfunction and protein
ubiquitination (Fig. 4i), linking myelin-axon interface alterations in
AD to metabolic and proteostatic dysregulation.

Cell-cell communication analysis uncovers potential
myelin-axon signaling dysregulation

Weinvestigated potential ligand-receptor interactions at the myelin—
axoninterface using anew computational pipeline thatintegrates our
proteomics datawith publicly available single-nucleus RNA sequencing
(snRNA-seq) datato map subcellular proteomic hitsto their respective
celltypes (Fig. 5a)'*". First, we used snRNA-seq data along with cell-cell
communication (CCC) methods, including CellPhoneDB**, CellChat®
and LIANA’® (Fig. 5a), to assess ligand-receptor communication across
different brain cells. Next, we performed enrichment analysis to con-
firmthe cell-type-specificity of our proteomics results (Fig. 5a). Finally,
we mapped out the ligand-receptor pairs that were identified by the
myelin-axon interface proteomics and predicted their downstream
signaling pathways (Fig. 5a).

Using this workflow, we reanalyzed a recent snRNA-seq dataset
from the superior frontal gyrus in AD (Braak stage 6) and controls™,
similar to the specimens used for our subcellular proteomics. After
single-cell clustering, cell-type annotation (Extended Data Fig. 8a,b)
and CCCanalysis, we evaluated the enrichment of candidate proteins
from the MAG- and CASPR-labeled proteomes with ligand-receptor
pairs from the snRNA-seq dataset (Extended Data Fig. 8c). Notably,
the proteomic hits from both MAG- and CASPR-labeled datasets were
highly enriched among the receptor-ligand interactions specific to
neurons and oligodendrocytes compared with overall CCC analysis
(Extended Data Fig. 8c¢), highlighting the cell-type specificity of the
subcellular proteomics.

Toidentify ligand-receptor pairs and their potential downstream
signaling pathways, we cross-referenced our proteomics data with
ligand-receptor pairs from the CCC analysis in neurons and oligo-
dendrocytes (Fig. 5b and Supplementary Table 5), revealing 45 pairsin
AD and 26 in controls (Fig. 5b,c and Extended Data Fig. 8d,e). Among
these, weidentified several new cell-type-specific pairs at the myelin—
axoninterface, including NRXN3-NXPH1and GRM3-CALM1 (Fig. 5c-e
and Extended Data Fig. 8d,e), as well as established pairs such as
CNTN2-NRCAM and the LGI3-ADAM23-Kv1.2 complex (Fig. 5c-e and
Extended Data Fig. 8d,e). Some pairs were compartment-specific
(for example, TF-TFRC detected at the paranode but not the inter-
node), while others (for example, NRXN3-NXPH1, SI00A1-RYR2 and
GRM3-CALM]1) were unique to AD (Fig. 5c-e, Extended Data Fig. 8d,e
and Supplementary Table 5).

Next, we extracted the downstream biological processes modu-
lated by these ligand-receptor interactions (Fig. 5f,g). Toidentify gene
signatures associated with these processes, we integrated differential
transcription factor activity analysis with CCC analysis and restricted

Fig. 5| CCC analysis reveals potential AD-associated ligand-receptor
interactions at the myelin-axon interface. a, Workflow of a new CCC analysis
pipeline thatintegrates subcellular proteomics with snRNA-seq data to reveal
ligand-receptor interactions at the myelin-axon interface in AD human brains
and controls. b, Intersection of proteins from subcellular proteomics (paranode
proteomics or myelin—-axon interface proteomics) with neuron-oligodendrocyte
CCCproteins. ¢, Subcellular proteomics-informed ligand-receptor pairs at the
myelin-axoninterface. Source and target cell types indicate the cells expressing
theligand or receptor. Pairs unique to AD are shown in purple, pairs in both AD

and controls are in brown and pairs unique to controls are in pink. d, Examples of
ligand-receptor pairs at the myelin-axon interface, with cell-type-specific RNA
expression of each gene retrieved from the snRNA-seq dataset™. e, Schematic

of selected ligand-receptor pairs at the myelin-axon interface: known pairsin
blue, predicted pairs in yellow and predicted pairs detected only in AD in red (full
listin Supplementary Table 4). f, Workflow for predicting downstream signaling
influenced by the ligand-receptor interactions. g, Predicted downstream
biological processes induced by ligand-receptor interactions at the myelin-axon
interfacein AD and controls.
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differentially expressed genes (DEGs) to functionally similar genes™°.
First, we identified the ligands and receptors that were found in both
the snRNA-seq CCC analysis and our proteomics data, and the tran-
scription factors that showed differential activity in oligodendrocytes
and neurons from AD versus control conditions by snRNA-seq. These
components formed the ‘skeleton’ of altered signaling processes in
AD. We then incorporated downstream DEGs annotated with similar
processes in the gene signatures (Fig. 5f and Methods). In neurons,
this analysis revealed strong upregulation of axonogenesis, responses
of amyloid-f and calcium ion transport, alongside reduced synaptic
transmission in AD (Fig. 5g and Supplementary Table 6). Similarly, in
oligodendrocytes, axonogenesis and axonal guidance were upregu-
lated, along with increases in gene expression-related processes and
macromolecule metabolism (Fig. 5g and Supplementary Table 6).
The combined analysis using proximity labeling proteomics and
snRNA-seq demonstrates the power of integrating subcellular prot-
eomics with multi-omics to uncover molecular and cellular mecha-
nisms across scales. To examine proteins and gene expression patterns
atdifferent scales, we compared our MAPs and PAPs against previously
reported bulk proteomic studies™ and snRNA-seq data" from the same
brainregions. Although some gene expression patterns were consistent
across techniques, MAPs and PAPs contained many AD-dysregulated
proteins not captured by bulk proteomics or snRNA-seq (Extended
Data Fig. 9), underscoring the importance of subcellular proteomics
inrevealing potential myelin-axon signaling changes in disease.

ExM reveals expression patterns of proteomic hits

To validate the proteomics datasets, we examined 12 top hits in AD
human postmortem brains using super-resolution ExM to assess their
expression at the myelin-axon interface (Fig. 6a). We selected these
hits based on their ranking and the availability of validated commer-
cial antibodies. These included ATP2B3, LICAM and ATP8AL1 from the
CASPR-labeled AD proteomes (Fig. 4c); LSAMP and ALCAM from the
MAG-labeled AD proteomes (Fig.4d); HYOUland ACSL4 from the PAP
hits (Fig. 4f); GRK2, NUDCD3 and HAPLN1 from the MAP hits (Fig. 4g);
and Transferrin and NRXN3 from the CCC-predicted candidates (Fig. 5e
and Supplementary Table 5). In total, all 12 proteins were found to be
expressed at the myelin—axoninterface, with six showing high expres-
sion, five medium expression and one low expression (Fig. 6b,c and
Supplementary Fig. 11).

CCC analysis predicted that Transferrin is a ligand expressed
by myelin at the paranode, while its receptor TFRC is expressed by
axons (Fig. 5e and Supplementary Tables 1and 5). Proteomics showed
Transferrinas a PAP hit downregulatedin AD (Supplementary Table1).
Transferrinis knownto be expressed in oligodendrocytes®*and plays
acrucial role in oligodendrocyte function and myelination®*, while
TFRC is expressed in axons®. ExM revealed that Transferrin is highly
expressed at the paranode, moderately expressed at the internode and
primarily colocalizes with myelin (Fig. 6d,d’). Additionally, NRXN3, pre-
dicted by the CCC analysisto functionasbothaligand and receptor on
myelinand axons (Fig. 5c-e and Supplementary Table 5), was detected
atmedium levels along both myelin and axons (Supplementary Fig. 11f).

Next, we examined several top hits from the CASPR-labeled
paranode-associated proteome. These included LICAM, which medi-
ates axonal growthand myelination**; ATP8AL, a catalytic component
of a P4-ATPase flippase involved in phosphatidylserine transport®”°S;
and ATP2B3, essential for calcium homeostasis®’ (Fig. 4c). We observed
medium expression of ATP8A1 at both paranodes and internodes
(Fig. 6e and Supplementary Fig. 11a), and ATP8A1 was also present in
unmyelinated axons, indicating expression in both axons and myelin
(Fig. 6e). ATP2B3 showed medium expression at the paranode and
internode (Supplementary Fig. 11a,b), while LICAM was abundantly
expressed at the myelin-axon interface (Supplementary Fig. 11a,c).

We also examined MAG-labeled hits, focusing on the top candi-
dates, LSAMP and ALCAM (Figs. 4d and 6f, Supplementary Fig. 11d

and Supplementary Table 1). LSAMP, an IgLON family adhesion mol-
ecule, is highly expressed in mouse neurons and oligodendrocytes™.
LSAMP has been postulated as a negative regulator of myelination
in the fimbria-fornix® and regulates neurite outgrowth and synapse
formation®®. ExM confirmed high LSAMP expression within myelin
sheaths in AD brains (Supplementary Fig. 11a,d). ALCAM, a cell adhe-
sion molecule linked to axonal growth** and blood-brain-barrier
integrity’®, with its expression correlating with amyloid load in AD
brains”, was also highly expressed within myelin (Fig. 6f), consistent
with our proteomic results.

We further examined the localization of top PAP and MAP hits
(Figs.4e-gand 6g-k and Supplementary Fig.11e). HYOUl and ACSL4,
two top PAP hits, were upregulated in AD (Fig. 4f). HYOU1 prevents
endoplasmic reticulum stress’ and can reduce Abeta 42 formation
when inhibited”. ACSL4, a key enzyme in fatty acid activation and
ferroptosis®, was elevated in AD, while free fatty acids were reduced
in AD hippocampus, suggesting that upregulated ACSL4 may drive
lipid peroxidation and ferroptosis’”. ExM showed medium HYOU1
expression (Fig. 6g) and high ACSL4 expression in myelin (Fig. 6h).
AmongMAP hits, GRK2, NUDCD3 and HAPLN1were upregulatedin AD
(Figs.4gand 6i-k, Supplementary Fig. 11e and Supplementary Table1).
HAPLNI, an extracellular matrix protein, is upregulated in AD” with
increased glycosylation””. NUDCD3 binds to the dynein complex and
its depletioninduces degradation of dyneinintermediate chain®. ExXM
showed HAPLN1was highly expressed along myelin segments (Fig. 6i
and Supplementary Fig. 11a), while NUDCD3 was highly expressed in
axonsand also detected in myelin (Fig. 6j and Supplementary Fig.11a).
In contrast, GRK2 exhibited low expressionin myelin (Supplementary
Fig.11a,e). Although ExM provided high-resolutionimaging, variability
in staining and heterogenous expansion between samples prevented
precise quantification. Nonetheless, among MAP proteins, NUDCD3
was the most upregulated at the myelin-axoninterfacein AD compared
with controls (Fig. 6j,k and Supplementary Fig. 11a).

Paranodal and periaxonal myelin regions are sites of amyloid-§
accumulation

Given our findings that amyloid- processing is dysregulated in the
myelin—-axoninterface proteome (Figs. 4a,iand 5g and Extended Data
Fig.7a), weinvestigated possible amyloid deposition within myelinated
axons. We used super-resolution ExM in Thyl-YFP neuronal reporter
mice crossbred with 5XFAD mice, combined with immunolabeling of
myelin-axon markers and amyloid-f3 (Fig. 7a). 4G8 antibody labeling
revealed distinct amyloid patterns: amyloid-f} aggregates formed spiral
patterns along some YFP-positive axons (Fig. 7b,b”and Supplementary
Fig. 12a)’® that terminated in dense helical loops (Fig. 7c,c’ and Sup-
plementary Fig.12b,c,f,g)”’. We often observed pairs of adjacent loops
separated by agap, consistent with paranodal myelin regions across a
node of Ranvier (Fig. 7c—-c’). This paranodal localization was confirmed
by CASPR (Fig. 7d,d’ and Supplementary Fig.12b,c) and CNPase immu-
nolabeling (Fig. 7e and Supplementary Fig. 12d). Quantification showed
that~20% of axonsinthe corpus callosum and supracallosal regionsin
5XFAD mice had axonal amyloid spirals and paranodal coils (Fig. 7f).
Co-staining with the juxtaparanode marker anti-Kv7.3 revealed that
most dense amyloid coils originated at paranodes and extended into
juxtaparanodes (Fig. 7g and Supplementary Video 2). The dense helical
patterns likely represent amyloid-f accumulation within paranodal
channels, while the less dense spirals may be extensionsinto periaxonal
spaces atinternodes. Interestingly, bulbous axonal enlargements were
sometimes observed at these helical amyloid-f aggregationssites, with
disrupted axonal cytoskeletal continuity indicated by neurofilament
SMI34 labeling (Fig. 7h,h’ and Supplementary Video 2). In some cases,
amyloid-f fibers were also detected outside myelinated structures,
near nodes of Ranvier (Supplementary Fig.12e). These findings in mice
indicate that aggregation-prone proteins tend to accumulate within
myelin and paranodal channels, possibly due to axonal secretion or
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sagittal view of the amyloid fiber wrapped around the CASPR-positive axon
(green). e, ExXM image showing an amyloid spiral (4G8, red) along a myelinated

axon (CNPase, green). f, Quantification of the percentage of axons with amyloid
spirals and coils in SXFAD mice (n = 4; unpaired t-test; error bars indicate

s.e.m. g, Confocal image showing an amyloid spiral and coil (4G8, red) along

an axon (NFH, green) associated with paranodes (yellow arrowheads) and
juxtaparanodes (blue arrowheads) (CASPR and Kv7.3, gray). h, ExXM and zoom
in (h’) images showing that amyloid paranodal coils (4G8, red) are sometimes
associated with enlarged axons (SMI34, green). Scale bars, 5 pm (b-eand h)
and 10 um (g). i, Schematic summarizing the association of amyloid fibers at
theinternode (no.1) and the paranode and juxtaparanode (no.2) of myelinated
axons, asrevealed by ExM.
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diffusion from the interstitial space (Fig. 7i). In human brains, heli-
cal paranodal aggregates were not observed; instead, fiber-like amy-
loid aggregates were detected at myelin internodes, albeit much less
frequently than in mice (Supplementary Fig. 12h). Together with the
proteomic abnormalities, these findings indicate that paranodal and
internodal regions are particularly susceptible to disruptionin AD, with
potential consequences for axonal integrity and function.

Aberrant myelination of amyloid-plaque-associated axonal
spheroids

Amyloid plaquesinboth humans and mice are surrounded by hundreds
of axons with spheroid-like enlargements (dystrophic neurites) that
disrupt action potential conduction and correlate with AD severity
(Fig. 8a)”. Interestingly, we frequently observed myelination of these
spheroidsinboth postmortem AD brains and 5XFAD mice (Fig. 8a-c).
Myelinated spheroids were significantly larger than unmyelinated
ones (Fig. 8c,d), suggesting that previously myelinated axons are more
prone to form large spheroids or, alternatively, that larger spheroids
promote de novo myelination. Most myelinated spheroids were partly
covered by the paranodal marker CASPR (Fig. 8e-i), with abnormal
paranodal architecture evident by both CASPR staining and transmis-
sion electron microscopy (TEM) (Fig. 8e,f,m’). Additionally, myelin,
paranodal and juxtaparanodal markers, including CNP, CASPR and Kv
1.2, were frequently present within spheroids (Fig. 8j-1). TEM further
revealed aberrant myelination frequently wrapping multiple spheroids
together (Fig. 8m and Supplementary Fig. 13), likely explaining the
atypical distribution of these markers within spheroids observed at
lower-resolution imaging (Fig. 8j-1).

To determine whether spheroid-associated myelin reflects
de novo myelination or originates from previously myelinated axons,
we attempted to capture spheroid myelination by intravital imaging
but were proved unsuccessful due to the temporal and spatial unpre-
dictability of spheroid myelination events. Instead, we leveraged the
factthat BCASlis expressed in newly formed but not mature myelin®.
A combination of CNP and BCAS1 immunolabeling can thus distin-
guish de novo from mature myelination®’. Using this approachin12- to
15-month-old 5XFAD mice, we found that many spheroids were highly
BCASI-positive (Fig. 8n,0 and Supplementary Fig.14a). Approximately
4% of the spheroid halo around plaques was BCAS1-positive (Fig. 8p),
and around 6% was CNP-positive (Fig. 8g,h,p), strongly suggesting
active de novo myelination of spheroids in AD-like mice. However,
despite substantial BCAS1-positive spheroids, only about 10% were
ultimately CNP/PLP-positive in both mouse and human AD brains
(Fig. 8g,h). Analysis of spheroid size relative to BCASI (de novo mye-
lin) or CNP (mature myelin) labeling revealed that BCAS1-positive

spheroids tended to be smaller, while CNP-positive/BCAS1-negative
spheroids were significantly larger (Fig. 8q), suggesting continued
spheroid enlargement post-myelination. Additionally, we and others
found evidence of spheroids forming from previously myelinated
axons®, as indicated by small nascent spheroids, marked by endolyso-
some accumulation, within mature myelinated axons (Supplementary
Fig. 12b,c), and similar to observations in mutant mice with myelin
defects®. Together, these results indicate that while de novo myelina-
tion occurs onsome spheroids, other instances arise from preexisting
myelinated axons.

Discussion

Oligodendrocyte and myelin disruptions areimportant factorsin AD,
although the mechanisms remain unclear. We employed a multi-faceted
approach to characterize the molecular and structural architecture
of the myelin—-axon interface in AD human brains and AD-like mice.
To overcome the limitations of gradient fractionation-based prot-
eomics, which oftenintroduces contaminants from other subcellular
compartments®’, we employed subcellular proximity labeling with
antibody recognition®**. This method allowed enrichment and map-
ping of proteins from distinct axonal subdomains, including paranodes,
juxtaparanodes andinternodes (Figs. 2 and 3, Extended DataFig. 5and
Supplementary Table 1), which conventional purification techniques
cannot achieve®, Integrating our proteomics with snRNA-seq data
from AD brains identified ligand-receptor interactions and signaling
pathways associated with early axonal pathology and myelin disruption,
revealing molecular changes not detected in previous bulk proteomics
and snRNA-seq studies (Extended Data Fig. 9).

Our findings show that the myelin-axoninterface is highly vulner-
ablein AD, exhibiting reduced paranode numbers and enlargement of
paranodal structures near amyloid deposits without overt myelin loss
(Fig.1and Extended Data Fig. 2)***%>, This s further highlighted by our
reanalysis of recent transcriptomics and proteomics studies'*"*1¢
showing that myelin markers such as PLP1, CNP and MBP remain
largely unchanged in AD (Extended Data Fig. 1). The patchy myelin
density and altered white matter magnetic resonance imaging signals
reported in AD¥ %555 ikely reflect microischemia and cerebral amy-
loid angiopathy?~*° rather than primary demyelination.

Paranodal and juxtaparanodal vulnerability likely arise from two
factors. First, the paranode’s exposure to the interstitial space may
increase its susceptibility to amyloid-p and protein aggregation (Fig. 1,
Supplementary Fig. 12 and Supplementary Video 2). Second, axonal
spheroid formation at paranodes appearsto disrupt their architecture,
impeding normal axonal trafficking and further promoting sphe-
roid enlargement (Fig. 8). Notably, the presence of newly generated

Fig. 8 | Myelin paranode abnormalities associated with axonal pathology

in AD humans and mice. a, Axonal spheroids (green) form around amyloid
plaques (red) and are associated with markedly delayed or blocked axonal
electrical conduction®. b, Myelin (green) wraps around an axonal spheroid in AD
brain. Scale bar,1pum. ¢, In 5XFAD mice, myelin (PIp, gray) wraps around axonal
spheroids (LAMP1, red); neurofilament (SMI312, green) and amyloid plaque
(ThioS, blue) are also shown. Scale bar, 5 pm. d, Myelinated axonal spheroids are
significantly larger than unmyelinated ones (paired ¢-test (parametric, two-tailed),
P<0.008,n=3).e,f,Myelin (green) wraps around axonal spheroids (LAMP1,

red) in Cnp-EGFP-5XFAD mice (e) and AD human brain (f) (PLP1). Paranode
(CASPR, gray) is associated with spheroids in both humans and mice. Amyloid
plaque (ThioS, blue). Scale bar, 5 pm. g, Approximately 80% of myelinated axonal
spheroids (PAAS) are CASPR-positive (n = 3). h, Comparison of CASPR-positive
versus -negative spheroid area in 5XFAD mice (CASPR-positive = 9.477, CASPR-
negative =90.523,s.d. =1.801, n = 3) and AD humans (CASPR-positive =11.20,
CASPR-negative = 88.80, s.d. = 7.405, n = 3).1i, Less than 3% of total paranodes are
associated with spheroidsin AD humans (n =3). j-1, Images showing intrusion of
CASPR-positive paranodes into axonal spheroids (red) in AD human brains (j) and
mice (kI). I, Intruded myelin (green) is associated with paranodal marker

CASPR (red) and juxtaparanodal marker Kv1.2 (gray). j-1, Scale bar, 5 um.

m, Myelin (green) wraps around several spheroids (red) to formalarge,
myelinated spheroid cluster (related to Supplementary Fig.13a). Scale bar, 5 pum.
m’, Inset (blue box) shows a pair of paranodes (green) on amyelinated axonal
spheroid (m): one half of the paranode (red arrow) is severely disrupted while the
other half (blue arrow) remains intact; axonal cytoskeleton (yellow) extends

into the spheroid. m”, Schematic of aberrant myelination of axonal spheroids.

n, Newly formed oligodendrocytes (BCAS1-positive, gray; alarge blue arrowhead
indicates the cellbody) myelinate spheroids (LAMPL, red, small blue arrowheads)
in CNP-mEGFP-5XFAD mice; mature myelinis labeled by CNP-mEGFP (green).

0, Onelarge spheroid (LAMP], red) is myelinated by mature myelin (CNP-positive,
green, blue asterisk), while BCAS1-positive newly formed myelin wraps around

an adjacent spheroid (LAMP1, red, yellow asterisk) and partially covers the
CNP-positive spheroid (blue asterisk) as well as a small spheroid (LAMPL, red, blue
arrowhead). Scale bars,10 pm (n); 5 pm (0). p, Comparison of the proportion of
BCASI-positive versus CNP-positive spheroid areain 5XFAD mice (n = 4; unpaired
t-test). q, Comparison of spheroid size as a function of BCAS1-positive versus
CNP-positive myelin coverage in 5XFAD mice (n = 4; unpaired t-test). Error bars
indicate s.e.m.; all quantifications were two-sided.
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oligodendrocytes in AD-like mice®***° and potential elongation of

remaining myelin internodes® suggest compensatory mechanisms®®
that could explain why overall myelin content remains unchanged in
5XFAD mice despite reduced paranode numbers.

Our analysisrevealed disrupted AD-related signaling at the myelin-
axon interface, including in lipid metabolism, axonogenesis and
amyloid-f formation (Fig. 4 and Extended Data Fig. 7). Furthermore,
proteomic datashowed enrichmentin lipid and fatty acid metabolism
processes (Fig. 4b), underscoring key trophic interactions between
myelinand axons (Fig.4h,i). By integrating our subcellular proteomics
with snRNA-seq to explore CCC (Fig. 5 and Extended Data Fig. 8), we
uncovered previously unrecognized ligand-receptor pairs specific to
the myelin-axoninterface (Fig. 5cand Supplementary Table 5) that are
enrichedinboth neurons and oligodendrocytes (Fig. 5d and Extended
Data Fig. 8c—e). Our results indicate that these ligand-receptor
interactions between myelin and axons may enhance axonogenesis,
response to amyloid-p and calciumion transport while reducing synap-
tictransmissionin AD (Fig. 5f,g). In oligodendrocytes, we also observed
upregulation of axonogenesis and axonal guidance pathways, along
with enhanced gene expression and transcription-related processes
(Fig. 5f,g). Collectively, these findings reveal potential molecular
mechanisms underlying myelin-axon disruption and suggest that
abnormal myelin-axon communication contributes to amyloid and
axonal pathology in AD.

ExM revealed coil-like amyloid deposits in the paranodal/
juxtaparanodal loops and myelininner tongue loops in AD-model mice
(Fig. 7 and Supplementary Fig. 12). These deposits likely represent
amyloid peptides produced by neurons® or oligodendrocytes’~**
thatbecometrapped inperiaxonal spacesorintracellularly at theinner
tongue. Given that neurons are the predominant source of amyloid-p°>*,
our ligand-receptor interaction analysis supports upregulated
responses to amyloid- in neurons rather than in oligodendrocytes
(Fig.5g). Coil-like amyloid deposits were much less frequentin humans
(Supplementary Fig.12h) and in APP/PS1 mice’* compared with 5XFAD
mice, likely due to greater neuronal amyloid-p production driven by
the Thyl promoter in 5XFAD mice. Interestingly, these coils were some-
times associated with interrupted neurofilament staining and distal
axonal enlargement, resembling spheroids (Fig. 7h and Supplementary
Video 2). This suggests that protein accumulation and disruption of
the myelin—-axon interface may compromise periaxonal compliance
and axonal trafficking, ultimately leading to spheroid formation.

We showed that some plaque-associated axonal spheroids were
heavily myelinated and associated with disrupted paranode and jux-
taparanode structures (Fig. 8 and Supplementary Fig. 13). While it is
uncertain whether myelination precedes or follows spheroid forma-
tion, the presence of multiple spheroids encapsulated together by thin
myelinsheaths (Fig. 8m and Supplementary Fig.13) suggests that myeli-
nation occurs afterward, similar to myelin mistargeting of large neural
structures such as cell bodies”. Indeed, many spheroids in AD-like
mice were labeled with BCAS], the transient marker for newly formed
oligodendrocytes and myelin®® (Fig. 8n,0 and Supplementary Fig.14).
However, while about 4% of spheroids were BCASI-positive at any one
time, only around 10% matured to express CNP/PLP (Fig. 8g,h). This sug-
gests that many newly formed oligodendrocytes fail to maintain their
myelin sheaths, do not fully mature or die prematurely®°’%, In addi-
tion, some spheroids appear to originate from preexisting myelinated
axons (Supplementary Fig.14b,c), with disrupted paranodal structures
adjacent to them (Figs. 1n and 8e-m) suggesting that degeneration of
myelin and paranodes may also promote spheroid formation®-”’, How-
ever, these spheroids were generally small with thicker myelin sheaths
(Supplementary Fig.12b,c), compared with larger spheroids exhibiting
thinner myelin sheaths (Fig. 8m,m’ and Supplementary Fig. 13), pos-
sibly reflecting myelin breakdown during spheroid growth. We previ-
ously demonstrated that axonal spheroid enlargement is associated
with markedly delayed propagation of action potentials and impaired

neuronal networks®, with the severity of axonal spheroid pathology
correlating with pre-mortem cognitive impairment in humans®. Our
observation of disrupted paranode and node of Ranvier architecture
suggests that, beyond spheroid formation, structural abnormalities at
the myelin—axon interface may also contribute to axonal conduction
deficits and neuronal network dysfunction in AD.

Our proteomics findings of enriched signaling pathways involved
in axonal growth, vesicle fusion and dysregulated lipid metabolism
(Figs. 4 and 5) may reflect the progression of axonal enlargement,
endolysosomal vesicle accumulation at spheroids and concurrent
spheroid myelination and myelin disruption (Extended Data Fig. 10).
Notably, CASPR-labeled paranode-associated proteomics revealed
striking differences between AD and controlsin bothhumans and mice
(Fig. 3a-d and Extended Data Fig. 5). In human AD, 804 proteins were
detected versus179 proteinsin age-matched controls (Fig. 3b,d), with
asimilar pattern in 5XFAD mice (Fig. 3b,d and Extended Data Fig. 5).
This marked increase likely reflects ongoing myelin-axondisruption,
plasticity and repair processes®**'°*'%!, as supported by our observations
of paranodal structural abnormalities and loss in AD (Fig.1j-0). Further-
more, aberrant myelination and disrupted paranodal/juxtaparanodal
structures in AD (Fig. 8) may lead CASPR-based proteomics to cap-
ture some proteins from adjacent regions. The detection of signaling
pathways related to axonal spheroids, such as axonal outgrowth and
vesicle fusion (Figs. 4 and 5), may therefore reflect the myelination of
spheroids with associated CASPR expression (Fig. 8). However, para-
nodes associated with axonal spheroids represent only asmall fraction
of the total paranode population (less than 3%; Fig. 8i), indicating
that the CASPR-labeled proteomic hits primarily reflect widespread
paranodal disruption rather than solely the fraction associated with
spheroids. Nonetheless, the paranode-enriched proteome included
proteins specific to the juxtaparanode and the node of Ranvier, such as
CNTN2 (juxtaparanode protein), TNR and NCAN (extracellular matrix
proteins at the node of Ranvier) (Fig. 3e,fand Supplementary Table1).
This may result from minor protein intermixing at the juxtaparanode
and node of Ranvier boundaries or reflect the limits of resolution of the
biotinylation reaction, although STED imaging (at ~50-nm resolution)
confirmed localized biotinylation (Extended Data Fig. 3).

Altogether, our study defined the molecular architecture and
structural abnormalities of the myelin—-axon interface at subcellular
resolution, revealing striking differences in AD. We demonstrated
that this interface is a critical site of protein aggregation and cellular
vulnerability, withimportantimplications for the progression of axonal
pathology and neural circuit disruption. Furthermore, the altered
signaling pathways and ligand-receptor interactions we uncovered
offer new mechanistic and therapeutic insights for future investigation.
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Methods

Mice

Allanimal procedures were approved by the Institutional Animal Care
and Use Committee at Yale University (IACUC protocol 2023-11438).
Animals were housed at the Yale University Animal Facility, witha12-h
light/12-h dark cycle, temperature 18.3-23.9 °C and 40-60% humidity.
Wild-type (WT) (C57BL/6J) mice, 5XFAD (Tg6799) mice'®?, Thyl-YFP
mice (JAX cat.no.003709)'> and CNP-EGPF mice (JAX cat. no. 026105)
were obtained from the Jackson Laboratory. For proximity labeling
proteomics, 15-month-old 5XFAD mice were euthanized followed
by transcardial perfusion. Three male mice per genotype (WT and
SXFAD) were used. Animals used for immunofluorescence validation
were euthanized at 12-15 months of age, with three biological repli-
cates per experiment. Both male and female mice were used. Brain
slices obtained from the mouse posterior somatosensory cortex were
used for proteomics, immunofluorescence staining, ExM and electron
microscopy experiments.

Human postmortem brain tissue

Fixed and snap-frozen postmortem human frontal cortices from
patients with AD and age-matched controls were obtained fromthe Yale
ADRC, the Banner Institute and the NIH NBB. Detailed demographic
and clinical information can be found in Supplementary Fig. 1. Four
AD cases and four age-matched unaffected controls were analyzed by
proximity labeling proteomics. Forimmunofluorescence experiments,
six to ten biological replicates of human AD and control specimens
were used.

Antibodies

Anti-LAMP1 antibody (1:200, DSHB, 1D4B, RRID:AB_2134500) was
used to label axonal spheroids in mice. Anti-PLD3 antibody (1:250,
Atlas Antibodies, cat. no. HPA012800, RRID: AB 1855330) was used to
label axonal spheroids inhumans. SMI312 antibody (1:500, BioLegend,
RRID:AB_2566782) or NFH (1:1,000, EnCor cat. no. CPCA-NF-H, RRID:
AB_2149761) was used to label neurofilament in both humans and mice.
CASPR antibody (1:600, abcam, cat. no. ab34151, RRID:AB_869934)
was used to label paranodes in both humans and mice. Myelin PLP
(1:1,000, Bio-Rad, cat. no. MCA839G, RRID:AB_2237198), PLP (1:200,
abcam, cat. no. ab254363, RRID:AB_3095302), CNPase (1:1,000, Bio-
Legend, cat. no. 836404, RRID:AB_2728547) and MBP (1:200, Mil-
lipore, cat. no. AB9348, RRID: AB_11213157) antibodies were used
to label myelin in mice and humans. 4G8 antibody (1:200, BioLeg-
end, cat. no. 800701, RRID:AB_2564633) and 6e10 antibody (1:200,
BioLegend, cat. no. 803001, RRID: AB_2564653) were used to label
amyloid plaques and amyloid fibers. Anti-GFP antibody (1:500,
Aves Labs, RRID:AB_10000240) was used to label Thyl-YFP neurons
or CNP-EGFP myelin in mice. BCASI antibody (1:1,000, Synaptic
Systems, cat. no. 445 003, RRID: AB_2864793) was used to labeled
newly formed myelinating oligodendrocytes. Kv 7.3 antibody (1:200,
Synaptic Systems, cat. no. 368 003, RRID: AB_2620129) was used
to label juxtaparanode. ATP8A1 (1:200, Atlas Antibodies, cat. no.
HPA052935, RRID: AB_2681992), ATP2B3 (1:200, Atlas Antibodies,
cat. no. HPAOO1583, RRID: AB_1079641), LICAM (1:200, Millipore,
cat.no. MAB5272, RRID: AB_2133200), TF (1:200, Proteintech, cat. no.
17435-1-AP, RRID: AB_2035023), NRXN3 (1:200, Atlas Antibodies, cat.
no. HPA002727, RRID: AB_1079468), ALCAM (1:200, Novus, cat. no.
AF1172, RRID: AB_354644), LSAMP (1:200, Atlas Antibodies, cat. no.
HPA076122, RRID: AB_2686779), HAPLN1 (1:200, Atlas Antibodies, cat.
no.HPA019105, RRID: AB_1850496), NUDCD3 (1:200, Atlas Antibodies,
cat.no. HPAO19136, RRID: AB_1852370), HYOU1 (1:200, Invitrogen, cat.
no. PA5-27655, RRID: AB_2545131), ACSL4 (1:200, Invitrogen, cat. no.
PAS5-27137, RRID: AB_2544613) and GRK2 (1:200, Invitrogen, cat. no.
MAS5-15840, RRID: AB_11152830) antibodies were used to label top pro-
teomic hitsin humans postmortem brains. Alexa dye-conjugated sec-
ondary antibodies were used (1:600, ThermoFisher, cat. nos. A32790,

A-31572,A-31573,A32773, A-31570, A-31571, A-21447). PLD3, PLP, MBP,
Kv7.3, ATP8AL, TF, ATP2B3, L1ICAM, NRXN3, ALCAM, LSAMP, HAPLN]1,
NUDCD3,HYOUl and GRK2 antibodies require antigen retrieval treat-
ment of human and mouse tissues. 4G8 and 6e10 antibodies require
formic acid treatment before immunofluorescence staining. See the
‘Immunofluorescence of fixed specimens’ section.

Proximity labeling in human and mouse brain tissues

Paranodal proteins or myelin—axon interface proteins were proxim-
ity labeled using anti-CASPR or anti-MAG antibodies, respectively, in
humans and mice. No-antibody was used as control in this study, except
in Supplementary Fig. 12. Anti-HA tag antibody was used as another
control, to compare with the results fromno-antibody samples. Briefly,
mouse brains were fixed in 4% paraformaldehyde at 4 °C for 22-24 h
with shaking. For human tissue, frozen postmortem human brain speci-
mens were fixed by submerging into ice-cold 4% paraformaldehyde,
withshakingat 4 °Cfor22-24 h. Mouse and humanbrain sections were
vibratome sectioned at 50-um thickness. Ten sections were used for
each biological replicate. Four biological replicates of human AD or
age-matched unaffected control samples were used. Three mouse bio-
logicalreplicates were used in each group. Sections were permeabilized
by PBS with 0.5% Triton X-100 for 7 min, followed by rinsing with PBST
(0.1% Tween-20 in PBS). Then, sections were incubated in 0.1% H,0,
for 10 min, followed by rinsing with PBST twice. Primary antibody in
blocking buffer (0.1% Tween-20 with 1% BSA in PBS) was incubated for
12 hat4 °Conashaker, followed by PBST washes three times for 20 min
perwash. Secondary antibody conjugated with HRP was incubated in
blocking buffer for1hatroomtemperature, followed by PBST washes
three times for ~40 min per wash. Proximity labeling was performed
using Biotin-XX-Tyramide (ThermoFisher, cat. no. B40951) dissolved in
50 mM Tris-HCl buffer (pH 7.4) with H,0, for 4 min. Biotinylation reac-
tions were terminated by rinsing sections with freshly made 500 mM
sodium ascorbate three times, followed by PBST washes three times.

Pull-down of biotinylated proteins

Brain sections from proximity labeling experiments were lysed and
de-crosslinkedin100 mM Tris-HCl buffer (pH 8.0) with 2% SDS and pro-
tease inhibitor (Roche) at 95 °C for 45 min with constant shaking. For
every tenbrain sections, 500 pl of lysis buffer was used. Protein lysate
was sonicated using a Sonic Dismembrator Model 500 (ThermoFisher)
at 4 °C, 3 s per time, three times. Protein lysate was centrifuged at
12,000g for 5 min. Then, 450 pl of protein lysate supernatant was col-
lected from each sample, incubated with 550 pl of PBST containing
200 plof prewashed streptavidin magnetic beads (ThermoFisher, cat.
no.88817) and protease inhibitor (Roche, cat.no.11836170001) and put
ona360°rotator at 4 °C overnight. The rest of the protein lysate was
used for protein concentration measurement by BCA (ThermoFisher).
Beads were thensequentially washed once with PBST, twice with PBST
with 1M NaCl and twice with PBS. Biotinylated proteins were then
eluted with 20 pl of 20 mM dithiothreitol (DTT) and 2 mM biotin in
1x LDS lysis buffer (ThermoFisher, cat. no. NPO007) with protease
inhibitor at 95 °Cfor 5 min. Supernatant was collected and centrifuged
at12,000gfor1min, followed by runninginto a4-20% Tris-Glycine gel
(Invitrogen, cat. no. XP04205BOX) at a constant voltage of 150 V until
allthe proteins had runinto the gel (approximately 10 min). Gels were
rinsed once inultrapure water (AmericanBio) and incubated in~50 ml
of Coomassie blue R-250 staining solution (Bio-Rad) three times, for
30 min per incubation. Gels were de-stained with Coomassie blue
R-250 destaining solution (Bio-Rad) for 2 h with three buffer changes.
Gel pieces containing protein samples were visualized, cut with clean
razor blades and kept at —20 °C before the next step.

Western blotting
For western blot, 4-20% Tris-Glycine gels (Invitrogen, cat. no.
XP04205BOX) were used for protein electrophoresis following the
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manufacturer’s protocol. Proteins were transferred to nitrocel-
lulose membranes (Bio-Rad). After blocking with 5% BSA in TBST
(Tris-buffered saline with 0.1% Tween-20) for 1 h, membranes were
incubated with primary antibodies diluted in 5% BSA in TBST on a
shaker at 4 °C overnight, followed by three 5-min washes with TBST.
Membranes were then incubated with HRP-conjugated secondary
antibodies diluted in 3% BSA in TBST for 1 h at room temperature, fol-
lowed by three 5-min washes with TBST. To blot biotinylated proteins,
HRP-conjugated streptavidin was used. Clarity Western ECL blotting
substrate (Bio-Rad) and aChemiDoc MPimaging system (Bio-Rad) were
used for chemiluminescence development and detection. Silver stain
(Pierce, cat.no.24612) was carried out after electrophoresis according
to the user manual.

In-gel digestion

Gelslices were cut into small pieces and washed with 600 pl of water
on atilt-table for 10 min followed by a20-minwash with 600 pl of 50%
acetonitrile (ACN)/100 mM NH,HCO, (ammoniumbicarbonate, ABC).
The samples were reduced by the addition of 100 pl of 4.5 mM DTT in
100 mM ABCwithincubationat37 °Cfor 20 min. The DTT solution was
removed, and the samples were cooled to roomtemperature. The sam-
ples were alkylated by the addition of 100 pl of 10 mMiodoacetamide
(IAN) in100 mM ABC withincubation at room temperaturein the dark
for20 min. The IAN solution was removed, and the gels were washed for
20 min with 600 pl of 50% ACN/100 mM ABC, then washed for 20 min
with 600 pl of 50% ACN/25 mM ABC. The gels were briefly dried by
SpeedVac, thenresuspendedin100 plof 25 mM ABC containing 500 ng
of digestion-grade trypsin (Promega, cat. no. V5111), and incubated at
37 °Cfor16 h. The supernatants containing the tryptic peptides were
transferred to new Eppendorftubes. Residual peptides in the gel bands
were extracted with250 pl of 80% ACN/0.1% trifluoroacetic acid (TFA)
for15 min, then combined with the original digests and driedina Speed-
Vac. Peptides were dissolved in 24 pl of mass spectrometry (MS) loading
buffer (2% ACN, 0.2% TFA), with 5 plinjected for LC-MS/MS analysis.

LC-MS/MS on the ThermoFisher Q Exactive Plus

LC-MS/MS analysis was performed on a ThermoFisher Q Exactive Plus
equipped with a Waters nanoAcquity UPLC system utilizing a binary
solvent system (A: 100% water, 0.1% formic acid; B: 100% ACN, 0.1%
formicacid). Trapping was performed at 5 ul min™, 99.5% Buffer A for
3 min using an ACQUITY UPLC M-Class Symmetry C18 Trap Column
(100 A, 5um, 180 pm x 20 mm, 2 G, V/M; Waters, cat. no. 186007496).
Peptides were separated at 37 °C using an ACQUITY UPLC M-Class
Peptide BEH C18 Column (130 A, 1.7 um, 75 pm x 250 mm; Waters, cat.
n0.186007484) and eluted at 300 nl min™ with the following gradient:
3% buffer B atinitial conditions; 5% B at 2 min; 25% B at 140 min; 40% B
at165 min; 90% B at 170 min; 90% B at 180 min; return to initial condi-
tions at 182 min. MS spectra were acquired in profile mode over the
300-1,700 m/zrange using 1 microscan, 70,000 resolution, automatic
gain control (AGC) target of 3 x 10° and a maximum injection time of
45 ms. Data-dependent tandem MS (MS/MS) spectrawere acquiredin
centroid mode onthe top 20 precursors per MS scan using 1 microscan,
17,500 resolution, AGC target of 1 x 10°, maximum injection time of
100 msand anisolationwindow of 1.7 m/z. Precursors were fragmented
by higher-energy collision-induced dissociation (HCD) activation with
acollisionenergy of 28%. MS/MS spectra were collected on species with
anintensity threshold of 1 x 10*, charge states 2-6 and peptide match
preferred. Dynamic exclusionwas setto 30 s.

Peptide identification

Data were analyzed using Proteome Discoverer software v.2.2 (Ther-
moFisher). Data searching was performed using the Mascot algorithm
(v.2.6.1) (Matrix Science) against the SwissProtein database with tax-
onomy restricted to human (20,368 sequences) or mouse (17,034
sequences) as well as astreptavidin sequence. The search parameters

included tryptic digestion with up to two missed cleavages, 10-ppm
precursor mass tolerance and 0.02-Da fragment mass tolerance, and
variable (dynamic) modifications of methionine oxidation and car-
bamidomethyl cysteine. Normal and decoy database searches were
run, with the confidence level set to 95% (P < 0.05). Scaffold v.5.1.2
(Proteome Software) was used to validate MS/MS-based peptide and
protein identifications. Peptide identifications were accepted if they
could beestablished at greater than 95.0% probability by the Scaffold
Local FDR algorithm. Protein identifications were accepted if they
could be established at greater than 99.0% probability and contained
at least two identified peptides (one uniquely assignable to the pro-
tein). Proteins that contained similar peptides and could not be dif-
ferentiated based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony. Proteins sharing significant peptide evidence
were grouped into clusters. Label-free quantification was performed
with Scaffold software. Spectral intensity values were used for protein
quantification between groups.

Proteomic data analysis

To analyze the proteomic data, we first used Qlucore Omics Explorer
v.3.6 (Qlucore) to calculate the fold changes, Pvalues and FDRs. Accord-
ingto Qlucore, the fold change was calculated as 2 to the power of the
average difference between two groups. For example, fold change
(CASPR/noAb) =2"[(average of CASPR) - (average of noAb)]. We also
calculated theratio between test and control using this formula: ratio
(CASPR/noAb) = (average of CASPR)/(average of noAb). To calculate
theratio,apseudonumber of 0.1was used to replace any spectra count
that was detected as ‘0’. To obtain paranodal proteomes or myelin-axon
interface proteomes, we first performed Pearson correlation analysis
across samples using GraphPad Prism 9.5.0. Pearson correlation coef-
ficientvalues were used to evaluate correlations. R?greater than 0.7 was
set as the cutoff. We found that all the human AD, unaffected control
and mouse samples passed the 0.7 cutoff, except an unaffected control
human sample (Human no. 7) from the paranode dataset (Extended
Data Fig. 4b). Therefore, we removed the sample Human no. 7 from
the downstream paranode proteomic analysis. In the myelin—axon
interface samples, we observed an unaffected control human specimen
(Human no. 20) that showed a much lower correlation to other sam-
ples (R*between 0.73 and 0.80), whereas correlation among all other
samples was much higher (R* between 0.83 and 0.98) (Extended Data
Fig.4a). To maximize the number of known true hitsin the myelin-axon
interface samples, the human unaffected control sample Human no.
20 was excluded from the downstream analysis. Next, differentially
expressed proteins were analyzed by two steps: (1) a cutoff analysis and
(2) astatistical cutoff. We performed the cutoff analysis as previously
described®. Briefly, we defined the ‘True positive proteins (TPs)’, which
are very likely to be expressed in paranodes, by extracting the genes
thatbelongto these Gene Ontology Cellular Component terms (Gene-
Ontology.org'): ‘paranode region of axon’, ‘juxtaparanode region of
axon’,‘node of Ranvier’, ‘axon’ and ‘myelin sheath’, as well as the axoglia-
osome proteins that were detected in ref. 105. ‘False positive proteins
(FPs) were defined as proteins unlikely to be expressed in paranodes,
and were extracted from these Gene Ontology Cellular Component
terms (GeneOntology.org'™): ‘nucleus’, ‘lysosome’,‘mitochondria’, ‘ER;,
‘golgi’, ‘extracellular region’, ‘glial projection”and ‘astrocytic projection’.
Afilter ‘false positive protein list’ was created by removing the TPs from
the FPs (thatis, FP - TP). Briefly, cutoff analysis was performed by: (1)
comparing CASPR-labeled proteomic hits versus proteins pulled down
from no-antibody controls, then calculating fold change and P value,
and FDR using Qlucore Omics Explorer v.3.6 (Qlucore) with two group
comparison; (2) ranking the list of proteins by fold change from the
highest to the lowest; (3) defining each protein whether it is a true or
false protein; true proteins (column E in Supplementary Fig. 15) were
labeled as ‘1’, while others were labeled as ‘0’; similarly, false proteins
(column F in Supplementary Fig. 15), which were in the ‘false positive
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proteinlist’, were labeled as ‘I, while others were labeled as ‘0’; (4) cal-
culate ‘true positive rate (TPR)’ (column G in Supplementary Fig. 15)
and ‘false positive rate (FPR)’ (column Hin Supplementary Fig.15), by
calculating the cumulative number of TPs from the top to the current
one, thendividing by the total number of TPs (or FPs) in the dataset; (5)
calculating TPR minus FPR (column I in Supplementary Fig. 15); ROC
analyses were plotted using TPRand FPRin the proteomic datasets; (6)
cutoff analyses were plotted using ‘TPR - FPR’ and log;,(fold change)
(Supplementary Fig. 5). Cutoff point was set at the maximum value of
‘TPR - FPR.. For statistical cutoff, FDR < 0.05 and fold change > 1 was
further applied to the human proteomics datasets of AD and unaf-
fected controls, while a statistical cutoff FDR < 0.1and fold change > 1
was applied to the mouse proteomics dataset.

Principal component analysis (PCA) was performed using Qlu-
core Omics Explorer v.3.6 (Qlucore). Subcellular compartment loca-
tion analysis was performed using the ‘All channel integrated” human
dataset downloaded from the COMPARTMENTS database'®°. Protein-
protein interaction network analysis (Supplementary Fig. 10) was
performed using STRING v.11 (ref. 107) and visualized using Cytoscape
(v.3.9.1)'%, Pathway enrichment analyses of biological process and
molecular function were performed using the CASPR-labeled or
MAG-labeled human unaffected control proteomics datasets. Briefly,
biological process and molecular function signatures were analyzed
using g:Proflier'®® with no electronic Gene Ontology (GO) annotations,
and applied term size filter 5 to 350. For IPA (Fig. 4i), final proteomes
(after comparing CASPR-labeled AD humans versus unaffected con-
trols, P < 0.05) wereimported into IPA software (QIAGEN, 2022 released
version)"’ for canonical pathway analysis. The top IPA pathways were
retrieved with the lowest FDRs. For comparison of the PAPs or MAPs
with the bulk brain tissue protein expression'® and single-cell RNA
expression' (Extended Data Fig. 9), upregulated and downregulated
proteomic hits (P < 0.05) in AD human paranode compared with unaf-
fected controls were used for retrieval of protein expression in bulk
proteomics of prefrontal cortex of AD humans and controls, as well
as cell-type-specific RNA expressions from snRNA-seq of prefrontal
cortex of humans with or without AD pathology.

Additionally, in human brain we noticed that we did not detect
MCT1(SLC16A1) or MCT2 (SLC16A7) in our proteomic datasets, despite
these molecules having been reported to be expressed at the myelin—
axoninterface in mouse brains"""2, which could be partly explained by
the low levels of expression of MCTs in humans'®, Additionally, both
MCT1and MCT2 may not be compatible with MS detection, based on
the peptide sequence annotation from the Uniprot database. Given that
MCT1and MCT2have veryintricate transmembrane tertiary structures,
they are low in solubility and this could hinder the MS detection. Fur-
thermore, the cytoplasmic/cellular regions of these two proteins are
very short, and therefore would likely generate short tryptic peptides
whichmay have been missed by the mass spectrometer dataacquisition
settings (for example, fragmentation of 2+ (or higher) peptide charge
state in the method setting).

Integrative pathway enrichment analysis of proteomes

To interpret the potential significance of the differentially expressed
proteins in the internodal and paranodal myelin-axon interfaces
(Fig. 4a,b and Extended Data Fig. 7), we performed an integrative
pathway enrichment analysis using the ActivePathways method
(FDR < 0.05)**2, Asthe input to ActivePathways, we used amatrix of P
values consisting of 3,008 protein-coding genes across two datasets
that compose the internode and paranode differential expression
analyses between AD and unaffected individuals. Gene sets comprising
biological processes and molecular functions of GO™* and molecu-
lar pathways of Reactome™* were downloaded from the g:Profiler
website® on 27 March 2023. ActivePathways was run using the fol-
lowing parameters: gene sets with 5to 300 genes were used, the FDR
method was utilized for multiple testing correctionand a conservative

background set of 3,008 genes was applied to account for proteins
detected in the MS experiments. Otherwise, the default parameters
of ActivePathways were used. Pathways were visualized as an enrich-
ment map'°® in Cytoscape using standard protocols'’. Subnetworks
were manually organized as functional themes of related pathways.
Significant genes in individual pathways were visualized as dot plots

with fold change and Pvalues.

Public single-cell transcriptomics data analysis

The single-cell data analyzed here™® were analyzed using standard
procedures™, as follows. We applied data pre-processing steps, includ-
ing filtering out cells expressing fewer than 200 genes and genes
expressed in fewer than three cells. Additionally, cells with unique
gene counts exceeding 8,000 or falling below 750 were excluded.
Cells exhibiting over 10% mitochondrial gene expression, indicating
potential poor quality, were also removed. To reduce dimensionality,
we conducted PCA on the scaled data. For refined cell clustering, we
utilized the FindNeighbors() and FindClusters() functionsonthe PCA
space, computing Euclidean distances between cells to iteratively
group those with similar expression patterns. The resulting clusters
were visualized using Uniform Manifold Approximation and Projection.
Toidentify cluster markers, we employed the FindMarkers() function,
which compared each cluster against all others through differential
expression analysis. We selected gene markers with a Pvalue of <0.05
andanaverage |log,Foldchange| of >0.25. We used the top cell markers
for cell-type annotation combined with the cellmarkers used from the
publications™, It is worth noting that the primary results and down-
stream CCC analysis presented in this study were primarily based on the
datasetinref.13. This dataset contained a considerably larger number
of single cells sequenced (42,528 cells from the entorhinal cortex and
63,608 cells fromthe superior frontal gyrus) and was matched region-
ally with our proteomics data.

CCCanalysis

The CCC analysis aimed to identify ligand-receptor interactions for
mappingour subcellular proteomics data. To predict these interactions
across various brain cell types, we leveraged multiple resources, includ-
ing OmniPath, acomprehensive intercellular database™, CellChatDB*
and CellPhoneDB database'. Our approach involved integrating the
results from three distinct methods: CellPhoneDB v.2 (ref. 56), Cell-
Chat” and LIANA®, The input for these methods was the seurat R object
containing all the annotated cell types'®. They assigned probabilities
toeachinteractionthrough permutation tests. For the three methods,
we conducted 1,000 permutations, calculating Pvalues for interactions
with mean expression levels higher than those expected by random
chance. Interactions with Pvalues of <0.05 were considered significant.
Toenhance the coverage of our analysis and increase the likelihood of
identifying novel ligand-receptor interactions, we merged the out-
puts of these three methods. This integration was essential due to the
diverse databases and resources employed in each method.

Integrated ligand-receptor subcellular proteomics analysis

We conducted an enrichment analysis using the Fisher test to verify
whether the protein abundance at the paranode and myelin-axon
interface was enriched specifically in CCC processes involving oligo-
dendrocytes and neurons, as opposed to other cell types identified
through single-cell-type annotation. For this analysis, we considered
all ligand-receptor pairs identified in the CCC results as the universe
of proteins. In our contingency table, we categorized proteins as either
presentininteractions between oligodendrocytes and neurons or pre-
sentininteractionsinvolvingall other cell types. A positive enrichment
for oligodendrocyte-neuron specificity was indicated by a P value of
<0.05and positive residuals (Extended DataFig. 8c). Subsequently, we
refined our subcellular proteomics dataset using the ligand-receptor
predictions specificto oligodendrocyte-neuroninteractions (Fig. 5b).
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To calculate transcription factor activity, we utilized the latest collection
of transcription regulatory interactions from CollecTRI’’, applyingit to
the DEGsin oligodendrocytes and neurons under both AD and control
conditions. Subsequently, we performed two rounds of pathway enrich-
mentanalysis using the Kyoto Encyclopedia of Genes and Genomes and
Gene Ontology of Biological Processes databases. In the first round,
we focused on receptors and TFs predicted for each cell type in each
condition. Theenriched pathways from this analysis were then used to
select the DEGs within their respective cell types that belonged to these
pathways. In the second round of enrichment analysis, we considered
thereceptors, TFs and filtered DEGs, aiming to enhance signal quality
and reduce noise, instead of using the full list of DEGs (refer to Fig. 5f,g).
Pathways were considered enriched if they had an adjusted P< 0.05,
using Benjamini-Hochberg to correct for multiple tests.

Immunofluorescence of fixed specimens

Immunofluorescence staining was performed as we previously
described®*. Briefly, mouse brains were fixed in 4% paraformaldehyde
at4 °Cfor22-24 hwith shaking. For humantissue, frozen postmortem
human brain specimens were fixed by submerging into ice-cold 4%
paraformaldehyde, and with shaking at 4 °C for 22-24 h. Mouse and
human brain sections were vibratome sectioned at 50-um thickness.
Primary antibody incubationswere12 hto2 dat4 °Cinblocking buffer
(PBS with 0.1% Tween-20 and 1% BSA) and then secondary antibodies
in blocking buffer for 2 h at room temperature or 4 °C overnight on
a shaker. Thioflavin S (Sigma-Aldrich, cat. no. T1892, 2% w/v stock
solution, 1:10,000 staining) was used for labeling amyloid deposits
before mounting on slides with PermaFluor (ThermoFisher, cat. no.
TA-030-FM). Heat-induced sodium citrate antigen retrieval was per-
formed for PLD3 and PLP antibody staining with the following protocol:
tissue was boiled in 50 mM sodium citrate with 0.05% Tween-20 at 95 °C
for 45 min and washed three times with PBS. Formic acid treatment was
performed for 4G8 antibody staining before proceeding to antigen
retrieval or other immunofluorescence staining procedures. Briefly,
brain sections were submerged into 70% formic acid for 10 min, then
rinsed three times with PBS.

ExM

ExM was performed as we previously described”. Before expansion,
brain sections were placed in PBS and exposed to blue light overnight
toquench autofluorescence. The plates with brain sections were placed
onatemperature control deviceto keep the brainsection cold at around
4 °C.Next,immunofluorescence staining was performed using mouse
or human brain sections according to the methods in the Immuno-
fluorescence of fixed specimens’ section. Then, brain sections were
processed for gelation, digestion and expansion. Briefly, brain sec-
tions were first incubated with monomer solution (1 x PBS, 2 M NaCl,
8.625% (w/w) sodium acrylate, 2.5% (w/w) acrylamide, 0.15% (w/w)
N,N’-methylenebisacrylamide) at 4 °C for 45 min. The sections were
then transferred into a gel chamber and incubated in gelling solution
(concentrated stocks (10%, w/w) of ammonium persulfate initiator
and tetramethyl-ethylenediamine accelerator added to the monomer
solution up to 0.2% (w/w) each and the inhibitor 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl added up to 0.01% (w/w) froma 0.5% (w/w)
stock) at 37 °Cfor 2.5 hexactly for gelation. Gels were then digested with
digestion buffer (50 mM Tris pH 8.0, 1 mM EDTA, 0.5% Triton X-100,
0.8 Mguanidine HCl with protease K 8 units per ml) for 30 min exactly at
37 °C.Next, gel was placed in excess volumes of double-deionized water
(double-distilled H,0) for 10 min to expand. This step was repeated 3-5
times in double-distilled H,0, until the size of the expanding sample
plateaued. Samples were then processed to confocal imaging.

Confocal microscopy
Confocal imaging was performed as we previously described**.
Briefly, a Leica SP8 confocal microscope was used to generate all

images. Laser and detector (the GaAsP hybrid detection system, photon
counting mode) settings were maintained constant. For all analyses,
tiled imaging using a motorized stage was used to image across brain
specimens in humans and mice. Human or mouse brain slices were
imaged usingax63 oilimmersion objective (NA1.4) or x25water immer-
sion objective (NA 0.95) at 1,024 x 1,024 pixel resolution, z-step size
of 1 mm (ref.121). Images were processed with FlJI (Image)) software.

TEM

TEM was performed as we previously described”. Briefly, 12-15-
month-old 5XFAD mice were perfused with PBS and 4% PFA. Fixed
human postmortem or mouse brains were sectioned into 50-pmslices
using avibratome (VT1000S, Leica). The slices were refixed in 2% glu-
taraldehydein 0.1 M cacodylate buffer (pH 7.4) for 1 h, then post-fixed
in1% OsO, in the same buffer at room temperature for 1 h. After en
bloc staining with 2% aqueous uranyl acetate for 30 min, tissues were
dehydratedinagraded series of ethanolto 100%, followed by propylene
oxide, and finally embedded in EMBed 812 resin. Tissue blocks were
polymerized overnightinanovenat 60 °C. Thinsections (60 nm) were
cut by aLeica ultramicrotome (UC7) and post-stained with 2% uranyl
acetate and lead citrate. Sample grids were examined on the FEIl Tecnai
transmission electron microscope with an accelerating voltage of
80 kV, and digital electron micrographs were recorded withan Olympus
Morada CCD cameraand iTEM imaging software.

STED imaging

STED imaging was performed as we previously described'?. Briefly,
human postmortem brain tissues were processed with immunofluo-
rescence staining and proximity labeling as described in the ‘Proximity
labelingin human and mouse brain tissues’ and ‘Immunofluorescence
of fixed specimens’ sections, till the point of secondary antibodies and
streptavidin labeling. We used STED compatible secondary antibody
Atto594 (Sigma-Aldrich) (1:100 dilution) and Atto647N-streptavidin
(Sigma-Aldrich) (1:100 dilution) to label the paranodes, internodes and
biotinylated proteins, respectively. Tissues were then mounted using
Prolong Gold (ThermoFisher) according to the user manual, and keptin
thedark atroomtemperature for 24-72 hbeforeimaging. STED imag-
ing was performed using a Leica SP8 STED 3X equipped with a pulsed
white lightlaser (SuperK Extreme EXW-12; NKT Photonics) for excita-
tion and a 775-nm pulsed laser for depletion (Onefive Katana-O8HP).
Alignment of the excitation and STED beams was achieved using
200-nm Crimson Fluospheres (ThermoFisher, cat. no. F8782). Sample
imaging was performed using the following parameters: Sequence 1:
594 nm at 4% confocal, and laser power was 1.15 pW. The baseline was
0.032 pW. Delta (difference) was around 1.15 pW. Sequence 2: 647 N
at 15% confocal, and laser power delta was 6.4 pW. Sequence 3: 647 N
at 80% STED, and laser power delta was 34 pW. Sequence 4: 594 nm at
50%STED, and laser power delta was 14 pW.

Statistics and reproducibility

We analyzed myelin, axon and paranode density and size in postmor-
tem human AD brains, age-matched controls and mice using Aivia
11.0.1(Leica) in anautomated and unbiased fashion. Confocal images
were deconvolved for better resolution before analysis. Raw images
were imported into the software, with scale parameters adjusted
based on metadata. Experts classified paranodes and undesirable
regions, training machine learning models for accurate recognition.
Three-dimensional reconstruction of myelin, axons and paranodes
was performed, with pixel segmentation tools and adjustments for
optimal segmentation. Parameters such as volume and axis lengths
were exported. We applied statistical filters to ensure accurate selec-
tion and analysis of paranodes, focusing onsize and shape criteria. Final
three-dimensional objects were evaluated for statistical significance,
with volume and surface area normalized to their respective regions
ofinterest.
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Quantification of myelin- or paranode-associated axonal dys-
trophy size was performed using Fiji Image]. Briefly, LAMP1- or
PLD3-positive axonal spheroids were circled using the freehand tool,
then area and perimeter were measured. Similarly, quantification of
the number for paranode-associated axonal dystrophy versus the rest
ofthe paranodes was performed using Fiji Image) and the number was
manually counted using the ‘multi-point’ function.

No statistical methods were used to determine sample sizes, but
our sample sizes were similar to those generally employedinthe field.
The experiments were not randomized. Data collection and analy-
sis were not performed blind to the conditions of the experiments;
however, we applied high-throughput Al-guided automated image
quantification whenever we could. All experiments have been repeated
independently in at least three animals or three human samples. No
animals or data points were excluded from the analyses, unless speci-
fied inthe Results and Methods sections. All quantifications of results
derived from this study were performed two-sided. Data distribu-
tion was assumed to be normal but this was not formally tested. Excel
(Microsoft), Prism (GraphPad), Avia (Leica), Qlucore Omics Explorer
v.3.6 (Qlucore) and RStudio (v.4.0.2) were used for data analysis and
plotting. Statistical methods used are described in the figure legend
for each relevant panel.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw proteomics data are provided in Supplementary Table 1. The
mass spectrometry proteomics datasets were deposited to the Pro-
teomeXchange Consortium viathe PRIDE partner repository with the
dataset identifier PXD045861. For proteomics sample information
see Supplementary Table 2. SwissProt database canbe accessed here:
https://www.uniprot.org/uniprotkb?query=*&facets=reviewed%3At
rue%2Cmodel_organism%3A9606. GeneOntology.org database can
be accessed here: https://geneontology.org/. g:profiler database can
be accessed here: https://biit.cs.ut.ee/gprofiler/gost. OmniPath, a
comprehensive intercellular database, can be accessed here: https://
omnipathdb.org/. CellChat database can be accessed here: http:/www.
cellchat.org/. CellPhoneDB database can be accessed here: https://
www.cellphonedb.org/. CollecTRIcanbe accessed here: https://github.
com/saezlab/CollecTRI. Axogliaosome proteins were cited from ref.
105 (PMID: 20830807). The myelin human proteome was cited from
ref.40 (PMID:35543322). Bulk brain tissue protein expression was cited
fromref. 16 (PMID: 35115731) and ref. 17 (PMID: 32284590). Single-cell
RNA expression was cited fromref. 11 (PMID: 31042697), ref. 14 (PMID:
31932797) and ref. 12 (PMID: 33432193).

Code availability

Code for STED imaging dataanalysisis available at https://github.com/
bewersdorflab/Yifei-Lukas-Collab. R codes for the analysis of paranode
size distribution can be accessed at the following location: https://
github.com/ShawnQin/calcium_trace.
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Extended DataFig. 1| Expression of myelin marker proteins in AD versus proteomics datasets'"'*'*, RNA and protein expression levels in oligodendrocyte
controls from snRNAseq and bulk proteomics studies. Fold changes in myelin clusters are shown in the three left columns and two right columns, respectively.
marker protein expression in human AD frontal cortex (including prefrontal Abbreviation: n.s. = not significant, sig. = significant.

cortex and frontal gyrus) were extracted from recent snRNA-seq and bulk
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Extended Data Fig. 2 | See next page for caption.
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Extended DataFig. 2 | Al-guided myelin quantification in Cnp-EGFP-5XFAD
and Cnp-EGFP-WT mice. a. Myelin in Cnp-EGFP-5XFAD mice and Cnp-EGFP-WT
mice was quantified using Al-guided segmentation ofimmunofluorescence
confocal images. b. Representative images showing tiled confocal images of
brains from Cnp-EGFP-WT and Cnp-EGFP-5XFAD mice. Myelin (grey) was labeled
by anti-GFP, and lysosomes/dystrophic neurites (red) were labeled by anti-
Lampl. Brain regions used for quantification are marked by yellow boxes. Low

zoom and high zoom representative images with myelin (anti-GFP), Al-generated
masks and objects. Scale bars: full-tiled images = 500 pm; low zoom myelin
images =100 um; high zoom images = 5 pm. c. Quantification of myelin volume
and mean fluorescence intensity in regions of interest for Cnp-EGFP-5XFAD

mice (n=4) and Cnp-EGFP-WT mice (n=5); (Mann Whitney test, two-tailed).
Abbreviations: RSPd = Retrosplenial area, dorsal part; PTLp = Posterior parietal
association areas; DG =dentate gyrus. Error barsindicate SEM.
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Extended Data Fig. 3 | Super-resolution STED microscopy demonstrates
spatial precision of proximity labeling. a. Bead imaging illustrates the
resolution difference between confocal microscopy (250 nm) and STED
microscopy (50 nm). Scale bar =250 nm. b-c. Representative confocal and

STED images of proximity labeling in human postmortem brains showing (B)
paranodes (anti-CASPR, magenta) and (C) internodes (anti-MAG, magenta), with
biotinylated proteins detected by streptavidin (green); scale bars: (B) 500 nm,
(C) 5um. d. Arepresentative line plot shows the radius measurements of signals

from the secondary antibody channel (magenta) and the streptavidin channel
(green). e. Adot plot showing the radius ratio between the secondary antibody
(magenta) and streptavidin (green). The average radius ratio is1.07 (SD=0.1); the
orange lineindicates the median, with the lower and upper edges representing
the 25th (Q1) and 75th (Q3) percentiles. Whiskers extend to the minimum

and maximum values within 1.5 times the interquartile range, and outliers

(pink circles) are plotted individually (and excluded from analysis). Each dot
represents amyelin segment (n=45).
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Extended DataFig. 5| Caspr-labeled paranode-enriched proteomes in 5XFAD
mice. A. Schematicillustrating the experimental design. B. Partial volcano plot
of proteomic hits in paranode-enriched samples from 5XFAD mice. Known
paranode-related hits are showninred and other hits ingreen. The gene names
ofthe top 10 proteomic hits and known paranodal proteins are indicated.
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C.Venn diagram showing the number of paranode-enriched proteomic hits
shared between AD humans and 5XFAD mice. D. Gene Ontology cellular
component (GO-CC) analysis of the shared hits between AD humans and mice,
displaying the top 8 GO-CC terms. Quantifications in panels Band D were
performed two-sided.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-01973-8

A Top 100 paranodal enriched proteins in unaffected human brains

1 CcLTC MYH9 RYR2 SCN2A* STIP1
SPTAN1* VCAN# TLN2 USP9X KIF21A
SPTBN1* ATP2B1 CADPS ACLY SYNJ1
CNTN1" FASN# PDCD6IP ADD1 GDI2
CNTNAP1® NCAM1# ROCK2 EEF2 GNB4
MAP1A DMXL2 ALDOA SPTB# TLN1
ANK3* ANXA6 PACSIN1 KIF5C PREP
SPTBN2 CYFIP2 GDI1 AAK1 PGD
NFASC" HSP90AB1 DPYSL3 SLC8A2 AP2M1

10 TNR* 30 TNC 50  HK1 70  ATP6VOA1 90  ATP6V1H
MACF1 GNAO1 ATP2A2 IPO5 NAPB
DST ATP2B3 SBF1 PTPRZ1 AHCYL1
STXBP1 NCKAP1 c3 SIRPA HAPLN2#
POTEE CNTNAP2* EEAL KIF1A SLCAA4
ACTN1 PLCB1 DCTN1 WDR7 HUWE1
ACTN4# DNM2 NCDN ccr2 NCAN#
MYO5A CAND1 DNM1L PLXNA1 EPB41L2#
ATP2B4 ACTN2 UBR4 CNTN2# SLC12A5
SPTBN4* AARS1 PLXNA4 GNAI3 RAP1GDS1

20 ATP2B2 40 L1CAM 60 IGSF8 80  ATP8A1 100 CKAP5

B Top 100 myelin-axon interface proteins in unaffected human brains

1 CNP* GSN CNTN2* LDHA FSCN1
ppysL2" GDI2 GNAI1 NCAN* NPEPPS
CNTN1* VCAN* ATP1B1 PTPRZ1 KCNAB2"
ATP1A3 vcp PLP1* RDX" SLC44A1
ATP1A1 HAPLN2 NDRG1" Bcas1’ CNDP2
CNTNAP1* QDPR MDH1 PRDX4 VAT1
NFASC* DPYSL3 GNAI2 CADM4* cD81
ATP1A2 IGsFs" MVP A2M PRDX6
GAPDH BCAN* CNTNAP2* PIP4K2A e’

10 TNR* 30  SIRT2 50  VSNL1 70  CCT3 90  MAPT'
INA" sTx18" PRDX1 NcAm2” SEPTIN2*
ANXA6 MAG* ccr7 RAP1A GNAS
NCAM1* SEPTIN7* CBR1 MSN ANXA11
GNAO1 TKT crRmp1” ATP6V1C1 GPmeA"
ENO1 FTH1 CA2 CFL2 PGM1
PKM BIN1" HSPA4 ANXA7 CAP1
ALDOA GNB1 LGI3* PLS3 SEPTIN4*
HSPAS LDHB SEPTINS* GNAQ PLEKHB1"
GDI1 NRCAM* ccT2 ADAM22* cLica

20  MOG* 40 SNAP25' 60  UBB 80  CFL1 100 PFKM

Extended Data Fig. 6 | Top 100 hits in the CASPR-labeled paranode-enriched
proteome and MAG-labeled myelin-axon interface proteome in unaffected

human brains. (a) The top 100 proteomic hits identified in the paranode-

enriched proteome. Proteins known to be expressed in the paranode are marked
with an asterisk (*): SPTAN1', SPTBN1'>*'%°, CNTN1'2*'¥, CNTNAP1*’, ANK3*"1%8,
NFASC', and SCN2A"™°, Proteins known to be expressed in the node of Ranvier
and juxtaparanode are marked with a hash (‘#): TNR!, ACTN4"*, SPTBN4', VCAN',
NCAMI™*2, CNTNAP2'’, SPTB'**, CNTN2!, HAPLN2!, NCAN', EPB41L2. (b) The top

100 proteomic hits identified in the myelin-axon-interface proteome. Proteins
known to be expressed at the myelin-axon interface are marked with an asterisk
(*): CNP™*, CNTN1%*7, CNTNAP1*, NFASC'?’, NCAM1"*?, MOG"*, MAG>* %,

SEPTIN7", NRCAM", CNTN2**"*, PLP1°, CNTNAP2', LGI3'”/, SEPTIN8"**,

CADM4?°1°, ADAM22"7, SEPTIN25%°, SEPTIN4"%, Proteins known to be related
tomyelin or axon are marked with a hash (‘#): DPYSL2'*, INA1'*?, IGSF8!#>1#,

STX1B', BIN1**, SNAP25'7, NCAM2"¢, NDRG1"****°, CRMP1**!, BCAS1'?,
KCNAB2™*, LGI1**, MAPT"*, GPM6A™°, CAP1/, PLEKHB1"®.
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Extended DataFig. 7| Integrative pathway enrichment analysis of paranode
and myelin-axoninterface proteomes using the ActivePathways method.
(a-b) The Enrichment Map depicts a network of pathways (FDR < 0.05) where
edges connect pathways sharing many genes. Node size reflects the number

of genesineach pathway, and node color indicates the dataset contribution

(combined AD and control). Theme labels were curated based on the main pathways
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connected by edges are shown. Grey nodes indicate combined evidence of pathway
enrichmentin which the respective pathways were detected in the integrative
analysis but not detected in either the AD or Control proteomes alone.
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ig. 8| See next page for caption.
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Extended Data Fig. 8 | Cell-cell communication analysis revealing ligand-
receptor interaction at the myelin-axon interface. a-b. (A) Cell clustering
and (B) cell type annotation of snRNAseq data from AD human frontal cortex
(Braak stage 6) and controls (Braak stage 0). c. Enrichment analysis shows that
myelin-axon interface proteomics (MAG or CASPR-labeled) are highly enriched
inneurons and oligodendrocytes, but not in other cell types (related to Fig. 5b).
Each row depicts contingency tables for each hypergeometric test (from top to

bottom: p-values: 0.0005275,0.0007784, 0.009328, 0.0001295). In these rows,
values with two decimal places indicate residuals and the size of the circles;
positive residuals denote that the observed values were more frequent than
expected, while negative residuals indicate lower-than-expected frequencies.
Quantifications were performed two-sided. d-e. Violin plots showing RNA
expression levesl of ligand-receptor pairs in (D) control human postmortem
brains (Braak stage 0) and (E) AD human postmortem brains (Braak stage 6).
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Extended Data Fig. 9| Paranode-enriched and myelin-axon interface (right panels, Mathys et al."") were performed. Both bulk proteomics and
Alzheimer’s disease proteomes reveal unique subcellular changes not snRNAseq data were obtained from their original studies. Neuronal cell types
observed by bulk proteomics or single cell RNA transcriptomics. Heatmaps (yellow box) and oligodendrocyte/OPC (green box) were highlighted in the
display (a) Paranode Alzheimer’s-associated proteomes (PAPs) and (b) Myelin- snRNAseq data. Abbreviations: FC =fold change; DEG = differentially expressed
axoninterface Alzheimer’s proteomes (MAPs). Heatmap denotes log,, (spectral genes. (A and B) Quantifications of subcellular proteomic data derived from this
counts). Comparison between PAPs or MAPs and bulk proteomics data (middle study were performed two-sided.

panel, Johnson et al.'®), or single nuclei RNA sequencing transcriptomics
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Extended Data Fig. 10 | Diagram of myelin-axon disruptionin AD. a. Diagram
illustrating how amyloid toxicity to axons and myelin (#1and #2) may lead to
axonal spheroid formation (a), myelin paranode/juxtaparanode disruption (b),
protein perturbation at the myelin-axon interface (c) and amyloid accumulation
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attheinterface (d). Together, these events may create a vicious cycle of
dysregulated myelin-axon crosstalk and degeneration (#3). b. Diagram outlining
potential signaling pathways that contribute to myelin-axon disruption, based on
findings from myelin-axon interface proteomics and imaging validations.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Allimaging data were collected using default software on the Leica confocal SP8 microscopy (Leica). All the LC-MS-MS data were collected
using default software on a Thermo Scientific Q Exactive Plus system (Thermo Scientific).

Data analysis Excel (v16.77.1, Microsoft), Prism (GraphPad v10), Avia (Leica, v11.0.1), Qlucore Omics Explorer v3.6 (Qlucore AB, Lund, Sweden), Proteome
Discoverer software v2.2 (Thermo Scientific), Mascot algorithm (version 2.6.1) (Matrix Science), Scaffold v5.1.2 (Proteome Software Inc.,
Portland, OR) and RStudio (4.0.2) were used for data analysis and plotting. The enrichment map was visualized in Cytoscape (v3.9.1). Pathway
analysis was performed using Ingenuity Pathway Analysis (IPA) software (QIAGEN, 2022 release version). Code for STED imaging data analysis
is available at https://github.com/bewersdorflab/Yifei-Lukas-Collab.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

£zoz |udy




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw proteomics data is provided in Table S1. The mass spectrometry proteomics datasets were deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD045861. Proteomics sample information see Table S2.

SwissProt database can be accessed here:https://www.uniprot.org/uniprotkb?query=*&facets=reviewed%3Atrue%2Cmodel_organism%3A9606.
GeneOntology.org database can be accessed here: https://geneontology.org/.

g:profiler database can be accessed here: https://biit.cs.ut.ee/gprofiler/gost

OmniPath, a comprehensive intercellular database, can be accessed here: https://omnipathdb.org/,

CellChat database can be accessed here: http://www.cellchat.org/.

CellphoneDB database can be accessed here: https://www.cellphonedb.org/.

CollecTRI can be accessed from here: https://github.com/saezlab/CollecTRI.

Axogliaosome proteins that were cited from this paper: Dhauchak et al., Glia, 2010 (PMID: 20830807).

Myelin human proteome was cited from this paper: Gargareta et al., Elife, 2022 (PMID: 35543322).

Bulk brain tissue protein expression was cited from these papers: Johnson et al., Nat Neurosci, 2022 (PMID: 35115731) and Johnson et al., Nat Med, 2020 (PMID:
32284590).

Single-cell RNA expression were cited from these papers: Mayths et al., Nature, 2019 (PMID: 31042697), Zhou et al., Nat Med, 2020 (PMID: 31932797) and Leng et
al., Nat Neurosci, 2021 (PMID: 33432193).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The use of postmortem samples is considered "non-human subject’ research.
Fixed and snap-frozen postmortem human frontal cortices from AD patients and age-matched controls were obtained from
the Yale Alzheimer’s Disease Research Center, the Banner Institute and the NIH NeuroBioBank. Detailed demographic and
clinical information can be found in Supplentary Figure S1. Four AD cases and four age-matched unaffected controls were
analyzed by proximity labeling proteomics. For immunofluorescence experiments, six to ten biological replicates of human
AD and control specimens were used.

Reporting on race, ethnicity, or The use of postmortem samples is considered 'non-human subject’ research.

other socially relevant Fixed and snap-frozen postmortem human frontal cortices from AD patients and age-matched controls were obtained from
the Yale Alzheimer’s Disease Research Center, the Banner Institute and the NIH NeuroBioBank. Detailed demographic and
clinical information can be found in Supplentary Figure S1. Four AD cases and four age-matched unaffected controls were
analyzed by proximity labeling proteomics. For immunofluorescence experiments, six to ten biological replicates of human
AD and control specimens were used.

groupings

Population characteristics The use of postmortem samples is considered ‘'non-human subject’ research.
Fixed and snap-frozen postmortem human frontal cortices from AD patients and age-matched controls were obtained from
the Yale Alzheimer’s Disease Research Center, the Banner Institute and the NIH NeuroBioBank. Detailed demographic and
clinical information can be found in Supplentary Figure S1. Four AD cases and four age-matched unaffected controls were
analyzed by proximity labeling proteomics. For immunofluorescence experiments, six to ten biological replicates of human
AD and control specimens were used.

Recruitment No donors were recruited by this study.

Ethics oversight The use of postmortem samples is considered 'non-human subject’ research.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical power analysis was used to determine sample sizes, but our sample sizes were similar to those generally employed in the field.
Three to six biological replicates were used for animal experiments, and three to ten biological replicates were used for human postmortem
brain tissue studies (Yuan et al., Nature, 2022; Yuan et al., Neuron 2016).

Data exclusions  No data were excluded from analysis, except stated in the proteomics sample data analysis method section, as below:
To obtain paranodal proteomes or myelin-axon interface proteomes, we first performed Pearson Correlation Analysis across samples using
GraphPad Prism 9.5.0. Pearson Correlation Coefficient values were used to evaluate correlations. R2 greater than 0.7 was set as the cutoff.
We found that all the human AD, unaffected control and mice samples passed the 0.7 cutoff, except an unaffected control human specimens
(Human #7) from the paranode dataset (see Result and Method sections). Therefore, we removed the sample Human #7 from the
downstream paranode proteomic analysis. In the myelin-axon interface samples, we observed an unaffected control human specimens
(Human #20) that showed a much lower correlation to other samples (R2 between 0.73 ~ 0.80), whereas correlation among all other samples
were much higher (R2 between 0.83 ~ 0.98) (see Result and Method sections). To maximize the number of known true hits in the myelin-axon
interface samples, the human unaffected control sample Human #20 was excluded from the downstream analysis.
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Replication For proximity labeling proteomics, 9 AD human cases with intermediate to high AD level and 9 age-matched unaffected controls were used.
For mice proximity labeling proteomics, 3 5XFAD mice and 3 age-matched wildtype mice were used.
For immunofluorescence proteomic validations, 5 severe AD human cases and 5 unaffected control cases were used. 3 5XFAD mice and 3 age-
matched wildtype mice were used.
For expansion microscopy, 3 AD mice and 3 control mice, 3 AD mice and 3 control human postmortem brains were used.
For electron microscopy, 3 AD mice and 3 AD human postmortem brains were used.

No biological replicates were excluded, except an unaffected control human sample (Hct16HDMAQO1) from the paranode proteomics dataset,
which did not pass the correlation cutoff 0.7, therefore be excluded for downstream data analysis, as described in the "Proteomic data
analysis" method section.

Randomization  For proximity labeling proteomics, 9 AD cases with intermediate to high AD level and 9 age-matched unaffected controls were used. To
reduce inter-sample variability and maximize signal-to-noise by avoiding brains with low-density amyloid deposition, we carefully inspected ~
40 individual postmortem brains using microscopy and selected for proteomic analysis 9 AD brains with the highest density of amyloid
plaques and axonal spheroids within the frontal cortex.

Blinding Although sample preparation and processing were not performed blindly due to the different condition of treatments, all samples and data

were processed in a high-throughput or automated fashion. For the non-automated steps of sample and data processing, all samples and data
were processed in a consistent manner.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a 7 Involved in the study

] Antibodies [] chip-seq

X[ ] Eukaryotic cell lines [] Flow cytometry

|X| |:| Palaeontology and archaeology |:| MRI-based neuroimaging
] Animals and other organisms

X[ ] clinical data

X[ ] pual use research of concern

X[ ] plants

Antibodies

Antibodies used Anti-Lamp1 antibody (1:200, DSHB, 1D4B, RRID:AB_2134500) was used to label axonal spheroids in mice. Anti-PLD3 antibody (1:250,
Atlas Antibodies, HPA012800, RRID: AB_1855330) was used to label axonal spheroids in humans. SMI312 antibody (1:500, BioLegend,
RRID:AB_2566782) or NFH (1:1000, EnCor #CPCA-NF-H, RRID: AB_2149761) were used to label neurofilament in both humans and
mice. CASPR antibody (1:600, abcam, ab34151, RRID:AB_869934) was used to label paranodes in both humans and mice. Myelin PLP
(1:1000, Biorad MCA839G, RRID:AB_2237198), PLP (1:200, abcam, ab254363, RRID:AB_3095302) and CNPase (1:1000, BioLegend
#836404, RRID:AB_2728547), MBP (1:200, Millipore AB9348, RRID: AB_11213157) antibodies were used to label myelin in mice and
humans. 4G8 antibody (1:200, BioLegend, 800701, RRID:AB_2564633) and 6e10 antibody (1:200, BioLegend 803001, RRID:
AB_2564653) were used to label amyloid plagues and amyloid fibers. Anti-GFP antibody (1:500, Aves Labs, RRID:AB_10000240) was
used to label Thy1-YFP neurons or CNP-EGFP myelin in mice. BCAS1 antibody (1:1000, Synaptic System 445 003, RRID: AB_2864793)
was used to labeled newly formed myelinating oligodendrocyte. Kv 7.3 antibody (1:200, Synaptic Systems 368 003, RRID:
AB_2620129) was used to labeled juxtaparanode. ATP8A1 (1:200, Atlas Antibodies, HPA052935, RRID: AB_2681992), ATP2B3 (1:200,
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Validation

Atlas Antibodies, HPA001583, RRID: AB_1079641) , LICAM (1:200, Millipore, MAB5272, RRID: AB_2133200) , TF (1:200, Proteintech
17435-1-AP, RRID: AB_2035023) , NRXN3 (1:200, Atlas Antibodies, HPA002727, RRID: AB_1079468), ALCAM (1:200, Novus AF1172,
RRID: AB_354644) , LSAMP (1:200, Atlas Antibodies, HPAO76122, RRID: AB_2686779), HAPLN1 (1:200, Atlas Antibodies, HPA019105,

RRID: AB_1850496) , NUDCD3 (1:200, Atlas Antibodies, HPA019136, RRID: AB_1852370), HYOU1 (1:200, Invitrogen PA5-27655, RRID:

AB_2545131), ACSL4 (1:200, Invitrogen PA5-27137, RRID: AB_2544613), GRK2 (1:200, Invitrogen MA5-15840, RRID: AB_11152830)
antibodies were used to label top proteomic hits in humans postmortem brains. Alexa dye conjugated secondary antibodies were
used (1:600, ThermoFisher Scientific, A32790, A-31572, A-31573, A32773, A-31570, A-31571, A-21447).

All antibodies were commercially available and have been tested by the manufacturers with immunofluoresence or western blot
applications, and also have been cited by other publications (references are available on the manufacturers websites). We further
validated all the antibodies for immunofluoresence or western blot applications in human brains or mice brains, depending on the
purposes of each experiment.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

All animal procedures were approved by the Institutional Animal Care and Use Committee at Yale University ((IACUC protocol
2023-11438). ). WT (C57BL/6J) (12-15 months old), 5XFAD (Tg6799) mice (12-15 months old), Thy1-YFP mice (JAX #003709) (6-12
months old), and CNP-EGPF mice (JAX #026105)(12-15 months old) were obtained from the Jackson Laboratory and maintained at
the Yale animal facility.

No wild animals were used.

Both sex of male and female animals have been used for proteomics analysis (3 male and 3 female mice).

No field-collected samples were used.

Yale University IACUC 2023-11438.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

n/a

n/a

n/a
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