
Article

Physiological brain clearance architecture revealed
by neuronal protein tracing

Graphical abstract

Highlights

• Neuronal protein tracing maps brain border clearance routes

distinct from CSF tracers

• Skull borders clear slowly and harbor tolerogenic B cells that

sample brain antigens

• Clearance is compartmentalized and follows a ‘‘nearest

exit’’ principle by brain region

• Neuroinflammation and amyloid pathology disrupt

clearance via distinct mechanisms

Authors

Yuichi Chayama, Nalini R. Rao,

Daniela Perla, ..., Zeynep Ilgin Kolabas,

Yadong Huang, Andrew C. Yang

Correspondence

andrew.yang@gladstone.ucsf.edu

In brief

Neuronal protein tracing, unlike CSF

tracers, reveals that brain clearance

follows a ‘‘nearest exit’’ principle through

distinct border immune niches disrupted

differently by disease.

Chayama et al., 2026, Cell 189, 1–19

July 23, 2026 © 2026 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.cell.2026.04.048 ll

mailto:andrew.yang@gladstone.ucsf.edu
https://doi.org/10.1016/j.cell.2026.04.048


Article

Physiological brain clearance architecture 
revealed by neuronal protein tracing

Yuichi Chayama,1,14 Nalini R. Rao,1,14 Daniela Perla,1 Zimo Zhang,1 Madigan Reid,1 Sophia Nelson,1,2 Xinlan Wen,1

Bella Ding,1 Jessica Blumenfeld,1,3 Amanda Apolonio,1 Sahith Doddipalli,1 Haoyue Zhou,1 Sena Gül Turhan,4

Pu-Yun Shih,6 Matthias Brendel,5,7 Ying-Hui Fu,6,8,9 Ali Ertürk,4,7,11,12,13 Zeynep Ilgin Kolabas,4,5,7 Yadong Huang,1,6

and Andrew C. Yang1,6,10,15,*
1Gladstone Institute of Neurological Disease, San Francisco, CA, USA
2Biomedical Sciences Graduate Program, University of California, San Francisco, San Francisco, CA, USA
3Neuroscience Graduate Program, University of California, San Francisco, San Francisco, CA, USA
4Institute for Intelligent Biotechnologies, Helmholtz Center Munich, German Research Center for Environmental Health, Neuherberg, 

Germany
5Department of Nuclear Medicine, LMU University Hospital, LMU Munich, Munich, Germany
6Department of Neurology, University of California, San Francisco, San Francisco, CA, USA
7Munich Cluster for Systems Neurology (SyNergy), Munich, Germany
8Weill Institute for Neurosciences, University of California, San Francisco, San Francisco, CA, USA
9Kavli Institute for Fundamental Neuroscience, University of California, San Francisco, San Francisco, CA, USA
10Bakar Aging Research Institute, University of California, San Francisco, San Francisco, CA, USA
11German Research Center for Environmental Health, Neuherberg, Germany
12Institute for Stroke and Dementia Research, Klinikum der Universität München, Ludwig-Maximilians-Universität LMU, Munich, Germany
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SUMMARY

The brain must efficiently clear protein waste to maintain homeostasis, yet physiological drainage pathways 

remain poorly defined. Standard tracer injection approaches may not reflect endogenous efflux. Here, we 

develop a non-invasive genetic system to trace neuron-derived protein clearance from the brain to cerebro

spinal fluid (CSF) and border tissues. We identify distinct drainage routes and border hotspots missed by 

tracer injection, confirmed by bioorthogonal labeling of endogenous neuronal proteins. Pulse-chase kinetics 

reveal slow skull outflow versus rapid dural and nasal clearance. Transcriptomic analyses uncover border 

cells sampling neuronal antigens, including tolerogenic skull-resident B cells. Region-restricted reporter 

expression demonstrates compartmentalized clearance following a ‘‘nearest exit’’ principle, where anatom

ical origin dictates drainage pathway. Disease disrupts clearance through distinct mechanisms: inflammation 

drives vascular leakage into blood, while amyloid pathology causes parenchymal retention and border exit 

obstruction. These findings define brain clearance as a compartmentalized system of organized pathways 

and immune niches whose dysfunction may underlie regional vulnerability in neurological disease.

INTRODUCTION

The brain’s high metabolic activity produces waste that must 

be continuously cleared to maintain neural function and homeo

stasis.1–3 In the absence of a conventional lymphatic system, the 

central nervous system (CNS) relies on a complex network 

involving cerebrospinal fluid (CSF), perivascular spaces, and 

meningeal pathways to manage waste clearance.4–11 CSF, pro

duced primarily by the choroid plexus within the brain’s ventri

cles, bathes the brain and spinal cord and is the conduit for 

waste clearance via exchange with the brain’s interstitial fluid 

(ISF).4,12–23 Disruption of brain waste clearance has emerged 

as a key feature of brain aging and a common hallmark 

across neurodegenerative diseases, where aberrant accumula

tion of waste products like amyloid-beta (Aβ) drives cellular 

dysfunction.4,24–34 For example, impairments in the glymphatic 

system,4,25,33,35–38 which clears waste from the brain via flow- 

mediated CSF-ISF exchange, have been implicated in Alz

heimer’s disease (AD).24,25,27,39–44

Once waste enters the CSF, its efficient removal relies on an 

elaborate network of drainage pathways. Over the past decade, 

tracer injections into the CSF have illuminated the anatomical 

landscape of viable brain waste clearance pathways and poten

tial exit routes.4,5,12,15,27,45–54 CSF can drain along perivascular 
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channels before reaching one of several fates: drainage via 

arachnoid granulations,5,6,55 cranial nerve sheaths,15,56 menin

geal lymphatics in the dorsal5,6,27,57,58 or basal9,54,59 aspects 

of the dura,5,9,12 the skull,60–64 and the cribriform 

plate16,19,55,65–70 and nasal cavity16,19,32,50,59,69,71 en route to 

the draining cervical lymph nodes.10,32,54,59,65,72 While these ap

proaches have mapped where CSF and solutes could anatomi

cally flow, the relative utilization of each CNS drainage pathway 

for the clearance of brain-derived proteins remains an important 

open question. A significant consideration in interpreting these 

studies is that pressure-driven tracer infusion can alter intracra

nial pressure and fluid dynamics, potentially obscuring physio

logical efflux routes and forcing open anatomical paths, even 

at low volumes and flow rates.35,73–77 Furthermore, technical 

variation in tracer type, doses, volumes, anesthesia, and exper

imental protocols has led to conflicting results between 

studies.18,22,44,78–80 While alternative approaches tracking dis

ease-relevant proteins such as Aβ have provided insight into pa

thology-specific clearance, the unique disease-predisposing 

biophysical properties and aggregation-prone nature of these 

proteins may skew their drainage distribution and sites of accu

mulation in ways that may not reflect the handling of the broader 

set of CNS proteins.4,40,42,44,48

To complement existing approaches and elucidate the clear

ance routes of brain-derived proteins from their site of origin, 

we developed a non-invasive system to genetically express 

and track a fluorescent reporter secreted from neurons without 

altering fluid dynamics. This approach was inspired by pioneer

ing studies tracking antigen transfer and immune surveillance in 

cancer immunology by using the highly stable, soluble, and bio

logically inert fluorescent protein ZsGreen.81–85 In adopting this 

established system for the CNS, we reveal the physiological 

clearance architecture of neuron-derived proteins. To ensure 

these findings reflect native protein handling, we validated our 

reporter using endogenous biorthogonal proteome labeling 

and compared our results to multiple tracer injection paradigms. 

Using these techniques, we define the hierarchy of exit routes, 

identify surveilling immune cells at neuro-immune checkpoints, 

determine how clearance pathways are regionally organized, 

and investigate how they are disrupted in models of neuroinflam

mation and neurodegenerative disease.

RESULTS

A genetic system to trace the clearance of neuron- 

derived proteins

To identify the physiological routes through which brain-derived 

proteins exit the CNS, we sought a strategy to express and track 

the clearance of an endogenously expressed reporter from the 

brain. To do this, we adapted a Cre-dependent system to drive 

expression of ZsGreen81 selectively in neurons. In this paradigm, 

2- to 4-month-old ZsGreen reporter mice (ZsG) were intrave

nously administered AAV-PHP.eB-hSynapsin1-Cre to induce 

neuron-specific expression and secretion of ZsGreen protein 

(Syn-ZsG mice) (Figure 1A). Immunostaining, western blot 

(WB), and fluorescence-based quantification of brain homoge

nates confirmed robust brain-wide ZsGreen expression in Syn- 

ZsG mice relative to PBS-injected wild-type (WT) controls 

2 weeks after transduction (Figures 1B–1D). To confirm that 

neuron-derived ZsGreen enters the extracellular space for clear

ance, we biochemically fractionated81,86 cortical tissue into 

extracellular vesicle (EV) and soluble components (Figure S1A). 

Enrichment of Tsg101 validated the EV enrichment process 

(Figures S1B and S1C).87 Critically, ZsGreen was significantly 

elevated in both the EV and soluble fractions from Syn-ZsG 

brains, demonstrating that it is actively secreted and available 

within the brain’s ISF for subsequent clearance (Figures 1E 

and 1F).

To visualize ZsGreen expression in the brain and investigate po

tential transfer to non-neuronal populations, we performed immu

nohistochemistry (IHC) on brain sections from Syn-ZsG and WT 

mice. As expected, ZsGreen colocalized with Cre and the 

neuronal marker NeuN (Figure 1G). Notably, ZsGreen puncta 

were also observed in non-neuronal cells lacking Cre expression, 

including astrocytes (glial fibrillary acidic protein [GFAP+]), 

vascular endothelial cells (CD31+), and microglia (Iba1+), suggest

ing transfer of neuronal proteins across CNS cell types 

(Figures 1G, S1D, and S1E). Flow cytometric analysis confirmed 

this intercellular transfer, showing that a significant proportion of 

microglia, astrocytes, brain endothelial cells (BECs), and border- 

associated macrophages (BAMs) were ZsGreen+ in Syn-ZsG 

mice compared with WT controls (Figure 1H). This demonstrates 

that neuron-derived proteins are sampled by a diverse array of cell 

types within the CNS parenchyma. Finally, to visualize the spatial 

distribution of ZsGreen at the whole-brain level, we performed 

light sheet fluorescence microscopy (LSFM) on CUBIC-cleared 

Syn-ZsG brains (Figure 1I). Using wheat germ agglutinin (WGA- 

647) and alpha smooth muscle actin (αSMA) to label vasculature, 

this analysis confirmed broad ZsGreen expression in the brain 

with notable punctate signal at vascular interfaces (Figure 1J).

Together, these data establish the Syn-ZsG system as a 

robust platform for tracking the secretion and movement of a 

neuronal protein from its site of origin. We next used this system 

to map its precise exit routes from the brain.

Drainage routes for brain-derived proteins differ from 

CSF-injected tracers

To understand how the clearance of brain-derived proteins 

compares with conventionally injected tracers, we performed 

intracisterna magna (ICM) injections of fluorescently labeled oval

bumin (OVA-555 or OVA-647) in Syn-ZsG mice. 1-h post-injec

tion,4,52,53,59,88 we collected brain border tissues or cleared whole 

heads for tissue clearing and 3D imaging LSFM analysis to visu

alize and quantify the distribution of both ZsGreen and OVA 

across drainage sites within the same mice (Figure 2A). Immuno

staining of the brain, dura, nasal cavity, and superficial cervical 

lymph nodes (sCLNs) was performed to verify that brain border 

tissues were Cre-negative (Figure S2A). LSFM imaging of the 

whole mouse head revealed striking bulk differences in the local

ization of the two fluorescent reporters. ZsGreen signal, in addition 

to being highly abundant in the brain, was also broadly distributed 

across brain borders. On the other hand, OVA tracer signal was 

highly concentrated near the injection site (Figure 2B).

To systematically assess the distribution of each tracer, we 

quantified ZsGreen and OVA-555 levels across a panel of brain 

border and drainage tissues using fluorescent plate reader 
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Figure 1. A genetic system to trace the in vivo distribution of brain-derived proteins 

(A) Schematic of experimental paradigm. ZsGreen reporter expression is induced in neurons via retroorbital delivery of AAV-PHP.eB-hSynapsin1-Cre into 

ZsGreen-Cre transgenic mice (Syn-ZsG). ZsGreen, produced in neurons, is secreted in soluble form and EVs. 

(B) IHC of brain sections confirms neuronal expression of ZsGreen in Syn-ZsG mice compared with PBS-injected WT controls. 

(C and D) WB and fluorescent plate reader analysis of brain homogenates verifies significantly increased ZsGreen abundance in Syn-ZsG animals compared with 

WT controls. 

(E and F) Biochemical fractionation of EV and soluble fractions of Syn-ZsG brain homogenates shows ZsGreen is present in both, confirming its secretion. (F) 

Quantification of WB shows significantly more ZsGreen abundance in Syn-ZsG mice. 

(G) IHC reveals ZsGreen (green) within Cre-positive neurons (magenta) and also small puncta within Cre-negative astrocytes (GFAP), vascular endothelial cells 

(CD31), and microglia (Iba1), suggesting transfer to non-neuronal populations. 

(H) Flow cytometry of brain homogenates reveals significant uptake of ZsGreen by astrocytes (ACSA2+), microglia (CD45midCD11b+), BECs (CD31+), and BAMs 

(CD206+) in Syn-ZsG. Stars indicate comparisons of ZsGreen+ cells in WT versus Syn-ZsG. 

(I) Schematic of the CUBIC clearing of Syn-ZsG brain and 3D imaging LSFM workflow used to assess whole-brain ZsGreen distribution. 

(J) LSFM imaging of Syn-ZsG brains reveals widespread ZsGreen distribution, with notable signal localizing at vascular sites labeled by WGA-647 perfusion (pan 

blood vessels) and αSMA. White arrows indicate ZsGreen at vascular interfaces. 

All data are mean ± SEM with n = 3–4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by Student’s t test. 

See also Figure S1.
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Figure 2. Drainage routes for brain-derived proteins differ from ICM-injected tracers 

(A) Schematic of the experimental workflow. For imaging experiments, mice were administered ICM injections of OVA (OVA-647 or OVA-555) to compare 

exogenous tracer distribution with brain-derived protein efflux (Syn-ZsG). 1-h post-injection, whole heads were fixed and processed for tissue clearing and LSFM. 

(B) LSFM imaging of whole-head CUBIC-cleared Syn-ZsG mice reveals divergent spatial distribution patterns for neuron-derived ZsGreen and ICM-injected OVA- 

555. OVA-555 signal is concentrated near the injection site at the base of the brain, whereas ZsGreen signal is highly expressed in the brain and broadly dispersed. 

(C and D) Quantification of ZsGreen in Syn-ZsG mice (C) and OVA-555 from ICM-injected WT mice (D) intensities across brain borders and drainage tissues using 

fluorescence plate reader analysis. Fluorescent intensities from bulk homogenates were normalized to total protein and respective WT control tissues to enable 

comparison across samples of fold changed ZsGreen or OVA-555 abundance. ZsGreen was significantly enriched in the Syn-ZsG dorsal dura and skull (DSK + 

dura), lateral skull (LSK + dura), basal skull (BSK + dura), cribriform plate (CRP), and nasal cavity (NS), with relatively low levels in sCLNs and dCLNs. By contrast, 

OVA-555 showed high enrichment in sCLNs and dCLNs. 

(legend continued on next page) 
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analyses. Fluorescence signals were normalized to both total 

protein and respective WT controls to enable direct comparisons 

between brain borders and tracers (Figures 2C and 2D). As ex

pected, ZsGreen was significantly enriched in the brain of Syn- 

ZsG mice (Figure 2C). Compared with WT controls, the ZsGreen 

signal was significantly elevated across nearly all tissues exam

ined, with significant enrichment in the dorsal, lateral, and basal 

skull + respective dura, nasal cavity, and cribriform plate. 

Notably, however, the sCLNs and deep cervical lymph nodes 

(dCLNs) showed minimal ZsGreen. By contrast, OVA displayed 

a markedly different distribution profile. ICM-injected OVA levels 

were lower in the nasal cavity and cribriform plate but were found 

significantly higher in the sCLNs and dCLNs, demonstrating 

rapid efflux to collecting lymph nodes, likely bypassing the 

brain47 (Figure 2D). A heatmap of Z scored fluorescence inten

sities (from Figures 2C and 2D) across border tissues and lymph 

nodes revealed three major clusters. A heatmap of Z scored fluo

rescence intensities (from Figures 2C and 2D) revealed three 

clusters: tissues enriched for ZsGreen (nasal cavity, basal skull + 

dura), tissues with similar ZsGreen and OVA (dorsal/lateral skull + 

dura, cribriform plate), and tissues preferentially enriched for 

OVA (cervical lymph nodes) (Figure 2E). These results demon

strate that brain-derived proteins distribute differently and likely 

exit through routes distinct from those used by injected tracers.

Interestingly, even in tissues where both tracers were present 

at similar overall levels, such as the dorsal dura, we observed 

different within-tissue distributions comparing ZsGreen and 

OVA. In dural whole mounts from Syn-ZsG mice, ZsGreen and 

OVA both colocalized with CD31+ vasculature (perisinusal local

ization), but only ∼40% of ZsGreen signal overlapped with OVA, 

suggesting distinct uptake or accumulation sites within the dura 

(Figure S2B). ZsGreen accumulated at specific sinus structures, 

especially the bridging veins of the sagittal sinus (SS), likely re

flecting drainage through recently discovered arachnoid cuff 

exit (ACE) points,89 as well as in non-sinus regions of the dura 

(Figures 2F and 2G). Immunostaining of sCLNs and dCLNs 

confirmed significant OVA accumulation and relatively sparse 

ZsGreen signal (Figures 2H–2J and S2C). Together, these data 

suggest that the drainage routes of brain-derived proteins differ 

from those of injected tracers.

To verify that our ZsGreen paradigm reflects the drainage of 

endogenously produced neuronal proteins rather than an artifact 

of the reporter itself, we leveraged an in vivo bioorthogonal pro

teome-labeling system (PheRS).90 In this system, Cre-depen

dent incorporation of a blood-brain barrier (BBB)-permeable, 

non-canonical amino acid (AzF), administered intraperitoneally 

(i.p.), occurs into all newly synthesized proteins. Using the 

same Syn-Cre AAV strategy, neuronal proteins incorporate 

AzF, rendering them click-detectable (Syn-PheRS). Following 

1 week of AzF administration, immunostaining and in-gel fluores

cence analyses confirmed AzF-labeled neuronal proteins (AzF- 

647) in Syn-PheRS mice compared with controls (Figures S2D– 

S2F). Consistent with our ZsGreen findings, immunostaining 

and in-gel fluorescence analyses from Syn-PheRS mice demon

strated that endogenous neuronal proteins mirror the anatomical 

distribution of ZsGreen in dura and are present at brain borders 

(Figures S2G–S2K). Together, these data validate ZsGreen as a 

faithful reporter of the drainage of endogenous neuronal 

proteins.

A critical question is whether the divergent distributions of 

ZsGreen and ICM-injected OVA was due to the site of origin 

(parenchyma versus CSF) or tracer duration (chronic versus 

acute), as ZsGreen accumulates over a 2-week transduction 

period while OVA is assessed 1 h after injection. To address 

this, we chronically administered OVA into the CSF using an 

osmotic pump for 2 weeks (matching the ZsGreen production 

window) and quantified its distribution across brain-border 

tissues and draining lymph nodes. Chronically delivered 

OVA exhibited a distribution pattern similar to acute ICM-in

jection, including comparable representation in the dura, un

derrepresentation at skull-associated borders, and significant 

enrichment in both sCLNs and dCLNs (Figures S2L and S2M). 

These findings demonstrate that the distinct drainage 

routes observed for brain-derived proteins versus injected 

tracers are not attributable simply to differences in tracer 

duration.

Brain-derived proteins exit the CNS through distinct 

anatomical compartments with border-specific 

clearance kinetics

To visualize the global distribution of brain-derived proteins as 

they exit the CNS, we performed 3D LSFM on whole, CUBIC- 

cleared heads from Syn-ZsG mice after ICM injection of OVA- 

555 tracer, revealing an unexpected ZsGreen clearance route 

extending laterally along the zygomatic process that was not 

highlighted by OVA-555 (Figures 3A and 3B). In the nasal cavity, 

ZsGreen concentrated above the dorsal medial meatus (DMM) 

and along lateral nasal glands (LNGs), with IHC confirming 

(E) Data from (C) and (D) plotted as a heatmap of Z scored fluorescence intensities across tissues highlights three distinct drainage profiles: tissues with 

comparable signals for both tracers (brown), tissues with preferential OVA accumulation (pink), and tissues with elevated ZsGreen signal (green), indicating 

distinct clearance routes for endogenous proteins versus exogenous tracer. 

(F) IHC of dura whole mounts demonstrates both ZsGreen and OVA signal localize along the CD31+ dural sinuses, with notable enrichment in the SS/BV and 

rostral confluence of sinuses (RCS). 

(G) Regional anatomical analysis of tracer distribution within dura. Fluorescence intensity of ZsGreen and OVA was measured at major sinus regions (RCS, TS, 

SS/BV) and in non-sinus areas, then normalized to total tracer intensity across the dura. 

(H and I) Representative IHC images of sCLNs and dCLNs from WT and Syn-ZsG mice. OVA signal is prominent in both lymph nodes, while ZsGreen signal is 

comparatively low. 

(J) Quantification of fluorescence intensities from (H) and (I), normalized to tissue area. ICM-injected OVA signal is significantly higher than neuron-derived 

ZsGreen in both sCLNs and dCLNs. SS/BV, sagittal sinus/bridging veins; RCS, rostral confluence of sinus; TS, transverse sinus; DSK, dorsal skull; LSK, lateral 

skull; BSK, basal skull; CRP, cribriform plate; NS, nasal cavity; sCLNs and dCLNs, superficial and deep cervical lymph nodes. All data are mean ± SEM with n = 3– 

4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by one-way ANOVA with Tukey’s post hoc or Student’s t test. 

See also Figure S2.
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Figure 3. Distinct drainage hotspots and clearance kinetics for brain-derived proteins 

(A and B) LSFM of CUBIC-cleared whole anterior heads from Syn-ZsG mice following ICM injection of OVA-555. LSFM imaging reveals a prominent ZsGreen 

clearance route extending laterally along the zygomatic process that is not shown by OVA (magenta), indicating selective efflux of brain-derived proteins through 

bone-associated pathways. (i and ii) Merged channels. 

(C and D) LSFM imaging of the NS identifies additional routes of ZsGreen exit. Sagittal (C) and coronal (D) views show ZsGreen concentrated in discrete hotspots 

above the DMM and along LNGs, as well as within naso- and ethmoturbinates, with a distribution distinct from OVA. (i and ii) Insets highlight regional differences in 

ZsGreen and OVA localization. 

(E) LSFM imaging of CUBIC-cleared heads with the brain removed reveals differential distribution of ZsGreen and OVA across skull and dura compartments. 

ZsGreen accumulates prominently along dorsal, lateral, and BSK-associated regions, whereas OVA shows limited representation in these compartments. 

(legend continued on next page) 
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distributions distinct from OVA (Figures 3C, 3D, and S3A–S3D). 

This highly structured localization suggests significant efflux of 

brain-derived proteins to specific functional zones in the anterior 

head and nasal cavity.

To better resolve tracer distribution in the skull, we removed 

the brain prior to clearing and LSFM. This revealed marked differ

ences between ZsGreen and OVA-555 across bone-associated 

structures, including distinct ZsGreen accumulation in the basal 

and lateral skull regions (Figures 3E, S3E, and S3F). IHC analysis 

of dorsal skull sections revealed distinct ZsGreen signal within 

skull bone marrow hubs compared with OVA (Figure 3F). These 

imaging data demonstrate that brain-derived proteins drain to 

anatomical compartments at levels underreported by injected 

tracers.

To determine whether brain-derived proteins are internalized 

by resident cells at brain borders, we leveraged the Syn- 

PheRS platform to click-tag endogenously produced neuronal 

proteins. Flow cytometric analysis of dural cells comparing 

AzF-647 signal before and after permeabilization revealed that 

a substantial fraction of AzF-labeled neuronal proteins localized 

intracellularly within both lymphatic endothelial cells (LECs) and 

myeloid cells (Figures 3G and S3G). Immunostaining of cleared 

whole heads and dorsal skull sections followed by click detec

tion and surface labeling confirmed intracellular accumulation 

of brain-derived proteins within resident cells (Figures 3H, S3H, 

and S3I; Video S1).

To assess flux dynamics, we performed a Syn-PheRS pulse- 

chase where, after 7 days of labeling, AzF was withdrawn for 

0, 2, or 5 days (Figure 3I). In-gel AzF-647 fluorescence analyses 

across border tissue homogenates revealed distinct clearance 

(sum of efflux and degradation) kinetics across compartments 

(Figures 3J and 3K). Skull-associated borders exhibited slow 

outflow (k = − 0.008), whereas the dura, nasal cavity, and cribri

form plate showed rapid clearance (k = 0.127–0.261). Together, 

these data demonstrate that brain-derived proteins are actively 

taken up by resident border cells and that borders exhibit diver

gent clearance kinetics with slow skull retention versus rapid du

ral and nasal turnover.

Distinct brain border and skull immune cells surveil 

brain-derived proteins to support immune tolerance

Having identified key anatomical border sites for drainage, we 

next sought to define the specific cell types within them that 

uptake and surveil neuronal proteins. We collected the dorsal 

dura, dorsal skull, and nasal cavity from Syn-ZsG mice 

and WT controls. Tissues were dissociated, and ZsGreen+ 

and ZsGreen− cells were quantified by flow cytometry, 

then sorted for single-cell RNA sequencing (scRNA-seq) 

(Figure 4A).

Flow cytometry quantified the proportion of ZsGreen+ and 

ZsGreen− cells in each tissue. We observed significantly greater 

ZsGreen sampling by dural cells compared with skull and nasal 

across cell types such as BECs and conventional dendritic cells 

(cDC1 and cDC2) (Figures 4B and S4A). In the dorsal dura, for 

example, approximately 60% of CD206+ BAMs and 65% of 

BECs were ZsGreen+ compared with ∼35% and ∼15% in skull 

and nasal tissue, respectively (Figure 4C). IHC analyses corrob

orated significant uptake of ZsGreen across CD206+ cells at du

ral sinuses (Figures 4D and S4B). Despite similar bulk ZsGreen 

levels in dorsal dura and skull versus nasal tissue (Figure 2), 

brain-derived antigen sampling varied across borders and did 

not scale with total uptake, suggesting border-specific structural 

or cellular specialization. To assess transcriptional signatures 

linked to antigen sampling, we performed scRNA-seq on near- 

equal numbers of ZsGreen+ and ZsGreen− cells from dura, 

skull, and nasal cavity. Uniform manifold approximation and 

projection (UMAP) embedding revealed a complex community 

of immune, endothelial, and stromal cells at each 

border57,62,76,91–93 (Figures 4E–4G and S5A–S5C; Tables S1

and S2). Across all three borders, ZsGreen and Cre transcripts 

were largely undetectable, indicating ZsGreen+ cells reflect up

take rather than expression (Figures S5D and S5E).

To further investigate cell populations exhibiting distinct 

transcriptional profiles linked to brain-derived protein uptake, 

we assessed transcriptional signatures associated with ZsGreen 

uptake (Figures 4H–4J). As expected, cell types like macro

phages exhibited significant ZsGreen uptake across borders. 

Yet, comparison of ZsGreen+ versus ZsGreen− macrophages 

revealed minimal transcriptional differences (Figures S5F and 

S5G; Tables S3, S4, and S5). This implies that macrophage an

tigen sampling is governed less by specialized transcriptional 

programs and more by extrinsic factors such as the anatomy 

of each border and their positioning relative to outflow pathways. 

Among endothelial and immune populations identified across 

brain borders, dorsal dura endothelial cells and skull-resident 

B cells exhibited distinctive transcriptional profiles linked to 

(F) Sagittal IHC sections of the DSK demonstrate ZsGreen localization within skull bone marrow hubs compared with OVA, indicating differential access of brain- 

derived proteins to skull-associated cellular niches. (i–iii) Insets show zoom in of boxed regions. 

(G) Flow cytometric analysis of dural cell populations from Syn-PheRS mice following click labeling of AzF-incorporated neuronal proteins (AzF-647). The AzF-647 

signal was quantified before and after permeabilization to distinguish surface-associated and intracellular pools, revealing a substantial intracellular accumulation 

in both LECs and myeloid cells. Bar plots show mean fluorescence intensity (MFI) relative to controls. LECs gated on (CD45− CD31+PDPLN+); myeloid gated on 

(CD45hiCD11b+). n = 2 pooled mice. 

(H) Immunostaining of DSK sections from Syn-PheRS mice following click detection of AzF-647. Co-staining with a surface marker (WGA) highlights intracellular 

localization of neuron-derived proteins within resident skull cells. 

(I) Schematic of the Syn-PheRS pulse-chase paradigm used to assess protein flux dynamics across brain borders. After 7 days of AzF labeling, AzF was 

withdrawn and allowed to wash out for 0, 2, or 5 days. 

(J and K) In-gel fluorescence analysis of AzF-647 labeled proteins across brain border tissues reveals compartment-specific clearance kinetics. AzF-647 in

tensities were normalized to total protein and scaled with respect to T0. Decay constants (k) for each border show that skull-associated borders exhibit slow 

outflow, whereas the dura, NS, and CRP display faster clearance rates. 

All data are mean ± SEM with n = 3–5. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by one-way ANOVA with Tukey’s post hoc. 

See also Figure S3.
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neuronal protein uptake. Differentially expressed gene (DEG) 

analysis revealed upregulated genes in ZsGreen+ cells from dor

sal dura BECs, which were significantly enriched in pathways 

associated with immune cell adhesion and recruitment, including 

key genes such as Vcam1, Icam1, Cxcl10, Il15, and Plcg2 

(Figure 4K; Table S3). These results suggest that select dural 

endothelial cells actively surveil brain-derived antigens and facil

itate local immune responses.57,94

Notably, skull-resident B cells demonstrated the most pro

nounced distinct transcriptional profile linked to ZsGreen uptake 

(Figure 4I; Table S4). ZsGreen+ skull B cells upregulated genes 

that were enriched for pathways involved in antigen processing 

and presentation, proteasomal degradation, and vesicular traf

ficking (Figure 4Li). Core genes involved in antigen processing 

(Erap1, Pdia3, Calr, Canx, and Hspa5) were significantly upregu

lated, along with vesicle trafficking genes such as Vamp3, Sar1b, 

and Sec24a/b (Figure 4Lii). Concurrently, ZsGreen+ compared 

with ZsGreen− skull B cells significantly upregulated numerous 

key tolerogenic markers, including Il10ra, Cd1d1, Zbtb20, and 

Ptpn22, which are involved in limiting immune responses and 

promoting immune regulation.63,64,95–97 To confirm this tran

scriptomic signature at the protein level, we performed quantita

tive immunostaining for the checkpoint molecule PD-L1 (CD274). 

We found that ZsGreen+ skull B cells displayed significantly 

higher PD-L1 protein levels compared with their ZsGreen−

counterparts (Figures S5H and S5I). By contrast, classical pro- 

inflammatory genes such as Tnf, Il1b, and type I interferon 

signaling components (Irf1, Irf3, and Irf7) were either unchanged 

or significantly downregulated (Figure 4Liii). Trajectory analysis 

revealed a gradual enrichment of tolerogenic module genes 

(Ptpn22, Zbtb20, and Cd274)97 from pre-B to B cells 

(Figure 4Liv). Strikingly, from this analysis, ZsGreen+ cells dis

played significantly higher tolerogenic module expression 

compared with ZsGreen− . Expanding on and consistent with 

prior studies,63,64,95,96 these data suggest that a distinct popula

tion of skull B cells take up and drive a tolerogenic immune 

response to brain-derived antigens.

Brain regions preferentially utilize nearby drainage 

routes to clear neuron-derived proteins

Having established the overall architecture of brain-wide 

neuronal protein clearance, we next asked whether this sys

tem is uniform or spatially compartmentalized (Figure 5A). 

We asked whether proteins from distinct brain regions drain 

via common or unique pathways by restricting Cre-mediated 

ZsGreen production to select brain regions and comparing 

ZsGreen clearance dynamics. Compared with our pan- 

neuronal Syn-ZsG model, we generated three regionally 

restricted ZsG models: (1) forebrain-ZsG (CaMKII-Cre) labeling 

forebrain excitatory neurons; (2) anterior-ZsG (AAV:hDLX- 

4X2C-Cre)98 labeling forebrain and olfactory bulb GABAergic 

interneurons; and (3) striatal-ZsG (AAV:AiE0441h_3xC2- 

Cre)99 labeling striatal medium spiny neurons. We confirmed 

successful, region-specific ZsGreen expression in each para

digm (Figure 5B).

As total brain ZsGreen levels varied across paradigms, we 

normalized all border tissues by total brain ZsGreen and quanti

fied the relative utilization of each border (Figure 5C). Compari

son of relative border utilization revealed a divergence in the 

drainage pathways engaged by each brain region (Figures 5D 

and S6A). Across all three regionally restricted models, the 

ZsGreen signal was enriched at borders proximal to the labeled 

region and reduced at distal borders (Figure 5E). For example, 

dorsal dura exhibited significantly greater ZsGreen drainage in 

forebrain-ZsG mice compared with striatal-ZsG mice. 

Conversely, the nasal cavity showed significantly greater 

Figure 4. Distinct brain border and skull immune cells surveil brain-derived proteins to support immune tolerance 

(A) Schematic of the experimental workflow. Dorsal dura, DSK, and NS tissues were collected from Syn-ZsG and WT mice. Isolated endothelial, stromal, and 

immune cell types were analyzed by flow cytometry to quantify relative levels of ZsGreen uptake. Cells of each types major cell type were then sorted into equal 

proportions of ZsGreen+ and − cells for scRNA-seq. 

(B) Flow cytometry-based quantification of the proportion of ZsGreen+ and − cells within each immune cell population in the dorsal dura, skull, and nasal, based 

on flow cytometry. BECs: CD45(− )CD31+; LECs: CD45(− )CD31(− )PDPLN+; cDC1: CD45hiCD11b(− )CD11c+; cDC2: CD45hiCD11b+CD11c+MHC II+; CD206+ 

BAMs: CD45hiCD11b+CD206+; monocytes: CD45hiCD11b+Ly6C+; macrophages: CD45hiCD11b+F480+CD206(− ). 

(C) Comparison of ZsGreen+ populations of CD206+ BAMs and CD31+ BECs across brain border tissues shows that dural resident cells take up significantly more 

ZsGreen compared with cells residing in both skull and nasal compartments. 

(D) Immunofluorescence of dorsal dura whole mounts from Syn-ZsG mice reveals colocalization of ZsGreen with CD206+ BAMs and CD31+ vasculature. The 

ZsGreen signal shows perisinusal accumulation, including the RCS, SS, and TS. 

(E–G) UMAP projections of scRNA-seq data from dorsal dura (E), skull (F), and NS (G), background shaded color for each cluster represents annotated cell type. 

Green dots represent ZsGreen+ cells, gray dots represent ZsGreen− cells. 

(H–J) Bar plots summarizing the number of DEGs between ZsGreen+ and ZsGreen− cells by cell type in dorsal dura (H), skull (I), and NS (J). The skull shows 

substantially greater transcriptional differences in ZsGreen+ versus ZsGreen− immune cells, compared with similar populations in the dura and nasal tissue. 

(K) Upregulated DEGs between ZsGreen+ versus ZsGreen− BECs (CD31+) in the dura show a significant enrichment of Gene Ontology (GO) terms related to 

immune cell recruitment and adhesion. 

(L) Upregulated DEGs between ZsGreen+ versus ZsGreen− skull B cells reveal immunological specialization. (Li) Upregulated DEGs were significantly enriched 

for GO terms such as antigen processing and ubiquitin proteasome system (UPS) degradation, and major histocompatibility complex class I (MHC class I) antigen 

processing and presentation. Many of the genes in these two GO terms are key antigen processing and presentation genes. String interactome analysis confirms 

that the genes in this GO term have been shown to interact. (Lii) Gene expression changes for key tolerogenic and inflammatory genes from the B cell cluster 

demonstrate that ZsGreen+ skull B cells display an upregulated tolerogenic transcriptional profile. (Liii) Pseudotime trajectory analysis comparing the expression 

of a tolerogenic module (Ptpn22, Zbtb20, Cd274) across the transition from pre-B to B cells. The expression of the tolerogenic module was significantly higher in 

ZsGreen+ cells compared with ZsGreen− . 

All data are mean ± SEM with n = 4. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 by one-way ANOVA with Tukey’s post hoc, Wilcoxon, or Student’s t test. The top ten to 

twelve GO biological processes or reactome terms were selected based on a 0.01 false discovery rate (FDR) cutoff and sorted by nGenes. 

See also Figures S4 and S5.
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Figure 5. Brain waste clearance is regionally compartmentalized and follows a nearest exit principle 

(A) Schematic comparing global neuronal labeling using Syn-ZsG mice (left) versus a restricted ZsGreen expression. The cartoon illustrates two possibilities for 

ZsGreen clearance through global non-specific (top) or region-specific pathways (bottom). 

(B) Representative IHC analysis of restricted ZsG expression for 3 brain regions. Forebrain-ZsG (CaMKII-positive neurons), anterior-ZsG (forebrain and olfactory bulb 

GABA-ergic interneurons), and striatal-ZsG (striatal medium spiny neurons). IHC confirms restricted ZsGreen expression for each compared with PBS::WT controls. 

(C) Fluorescent plate reader quantification of ZsGreen signal in the brain shows significantly different ZsGreen abundances across Syn-ZsG, forebrain-ZsG, 

anterior-ZsG, and striatal-ZsG paradigms. 

(D) Heatmap of ZsGreen utilization (proportion of ZsGreen at a border/total ZsGreen across borders) from fluorescence plate reader analysis. Fluorescent in

tensities from bulk homogenates were normalized to total protein and respective ZsGreen abundance in the brain. Across all regionally restricted models, 

ZsGreen signal is enriched at borders proximal to the labeled region and reduced at more distal borders. 

(E) Boxplots showing the proportion of ZsGreen detected at selected brain border compartments (dorsal dura, BSK + dura, and NS) across Syn-ZsG and 

regionally restricted labeling paradigms. Significant differences in border utilization were observed depending on the anatomical origin of ZsGreen, with 

enrichment at borders proximal to the labeled region. 

(F) Representative IHC of dural whole mounts from forebrain-ZsG and striatal-ZsG mice demonstrates varied anatomical distributions of ZsGreen colocalizing 

with vascular structures (CD31). 

(G) LSFM of whole CUBIC-cleared heads from striatal-ZsG mice with ICM-injected OVA-555. Top-down and side perspectives of the striatum-distal dorsal dura 

showing little ZsGreen signal in the dorsal dura of striatal-ZsG mice. 

(legend continued on next page) 
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drainage in striatal-ZsG mice compared with forebrain-ZsG 

mice, while anterior-ZsG mice showed a strong bias toward crib

riform plate drainage. Dural whole mounts and whole-head 

LSFM imaging provided visual confirmation of this pattern, 

revealing decreased ZsGreen in the dorsal dura and increased 

signal in the nasal cavity and basal skull in striatal-ZsG mice 

(Figures 5E–5G and S6B–S6E).

Having ruled out tracer duration as the source of divergence 

between ZsGreen and CSF tracers, we next asked whether 

matching the anatomical site of origin would eliminate this differ

ence. We compared striatal-ZsG mice to mice receiving intrapar

enchymal OVA injections into the striatum (Str-Inj:OVA). IHC of 

brain sections confirmed OVA-647 injection at 1 h, with clear

ance evident by 24 h (Figure S6F). Plotting the proportion of 

OVA and ZsGreen at each drainage border in Str-Inj:OVA and 

striatal-ZsG mice, respectively, revealed that skull borders 

were underrepresented by OVA with substantially greater 

drainage to sCLNs (Figure S6G). This indicates that bolus injec

tion, even when delivered directly into the parenchyma, over

whelms local border uptake capacity and shunts flow to cervical 

lymph nodes.

Together, these findings indicate that brain-derived protein 

clearance is regionally compartmentalized, with preferential 

drainage to proximal borders, supporting a ‘‘nearest exit’’ princi

ple (Figure 5H).

Neuroinflammation and amyloid pathology differentially 

disrupt the clearance of brain-derived proteins

Having defined the architecture of physiological brain clearance, 

we next investigated how this system is altered under patholog

ical conditions. We used two distinct and clinically relevant 

models: acute systemic inflammation induced by lipopolysac

charide (LPS) and the 5XFAD transgenic model100 of amyloidosis 

and AD.

First, we examined the impact of acute inflammation. We i.p. 

injected Syn-ZsG mice with 3 mg/kg LPS, an endotoxin known 

to compromise the BBB and activate neuroimmune responses 

(Figure 6A).101,102 As expected, LPS impaired BBB integrity, re

sulting in Cadaverin-647 tracer extravasation as well as neuroin

flammation confirmed by GFAP+ reactive astrogliosis (Figures 

6B and S7A). Next, we investigated if LPS treatment modulated 

ZsGreen drainage. While ZsGreen levels within the brain re

mained unchanged compared with WT controls, clearance to 

major border exit routes, including the dorsal and basal skull 

and nasal cavity, was significantly reduced after LPS treatment 

(Figures 6C and 6D). Given the brain showed no difference in 

abundance and select brain borders displayed less ZsGreen, 

we hypothesized that the ZsGreen was inappropriately shunted 

through compromised vasculature into the blood (Figures S7B 

and S7C). Indeed, we quantified an increase in ZsGreen fluores

cence in plasma with LPS (Figures 6E, S7D, and S7E). These 

findings suggest that acute neuroinflammation disrupts homeo

static drainage routes through brain borders, triggering a 

collapse of normal efflux pathways and shunting of neuronal pro

teins directly into peripheral circulation through a leaky 

vasculature.

To assess how a chronic, age-related stressor impacts brain 

clearance, we next turned to the 5XFAD mouse model, which de

velops early and aggressive amyloid pathology beginning at 

2 months of age.100 While these mice do not recapitulate all as

pects of human AD, they represent a strong model for investi

gating how ZsGreen drainage across brain borders is affected 

by progressing neuropathology. We leveraged AAV-based 

expression of ZsGreen in neurons in WT and 5XFAD mice fol

lowed by biochemical analyses (Figure 6F). IHC analysis of brain 

sections and quantification of brain confirmed neuronal ZsGreen 

production and revealed that 5XFAD brains displayed substan

tial ZsGreen and Aβ42 accumulation relative to controls 

(Figures 6G–6I). Given ZsGreen’s retention in the brain, we 

next investigated if brain borders had modulated uptake of 

ZsGreen. Indeed, nearly all brain borders showed significantly 

decreased ZsGreen levels in 5XFAD-ZsG mice compared with 

controls (Figure 6J). ZsGreen levels across brain borders did 

not correlate with Aβ42: while ZsGreen drains across diverse 

brain borders, Aβ’s unique biophysical properties and regional 

expression may favor dorsal dura efflux pathways.27 Immuno

staining of dural whole mounts confirmed Aβ42 at the dura with 

accumulation at bridging veins’ exit points103 (Figures 6K and 

S7F). This impairment in brain-to-border clearance was reflected 

in the periphery, where plasma ZsGreen was significantly lower 

in 5XFAD-ZsG mice compared with controls (Figure 6L). To verify 

that ZsGreen production did not alter endogenous Aβ42 distribu

tion, we quantified Aβ42 levels across brain borders in 5XFAD- 

ZsG and 5XFAD and observed comparable patterns 

(Figure S7G). Finally, to assess how clearance impairments track 

with disease progression, we analyzed 5XFAD mice at 2 months 

of age (Figures 6M and S7H). ZsGreen efflux from brain to blood 

diminished from 2 to 7 months of age, and the degree of impair

ment correlated strongly with Aβ42 levels (Figures 6N and S7I).

Together, these findings demonstrate that when disease- 

relevant insults disrupt CNS protein clearance, they do so 

through fundamentally distinct mechanisms. Acute inflamma

tion reroutes homeostatic drainage through a destabilized 

vasculature directly into the bloodstream. By contrast, amyloid 

pathology progressively obstructs brain protein drainage by 

trapping proteins within the parenchyma and blocking their ac

cess to border efflux routes, resulting in reduced clearance 

(Figure 6O).

DISCUSSION

In this study, we developed and validated a genetic system to 

track the clearance of neuron-derived proteins as they efflux 

from their site of origin in the brain to exit sites across CNS 

(H) Schematic depicting proposed nearest-exit paradigm for brain waste clearance (top). Distances from the mid-forebrain and mid-striatum to dorsal and basal 

brain borders illustrate how anatomical proximity may bias drainage toward closer border compartments. 

SS/BV, sagittal sinus/bridging veins; RCS, rostral confluence of sinus; TS, transverse sinus. All data are mean ± SEM with n = 4. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤

0.001 by one-way ANOVA with Tukey’s post hoc or Student’s t test. 

See also Figure S6.
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Figure 6. Neuroinflammation and neurodegenerative pathologies induce distinct forms of drainage dysfunction 

(A) Schematic of the experimental paradigm for inducing acute inflammation. WT mice and Syn-ZsG mice (1 week after transduction) were given LPS (3 mg/kg) or 

PBS via intraperitoneal (i.p.) injection to induce acute neuroinflammation. After 24 h, mice were administered intravenous Cadaverin-647 tracer to assess LPS- 

induced sequelae and BBB compromise. 

(B) IHC of brain sections from Syn-ZsG mice shows Cadaverin-647 extravasation in Syn-ZsG + LPS mice compared with Syn-ZsG + PBS controls. 

(C) Fluorescent plate reader analysis demonstrates that LPS treatment does not significantly alter ZsGreen abundance within the brain. 

(D) Fluorescent plate reader quantification of ZsGreen levels across brain borders and drainage sites from Syn-ZsG PBS or LPS-treated mice reveals an overall 

decrease in drainage to brain borders, with significant decreases across the DSK, BSK, and NS following LPS treatment. 

(E) Fluorescent plate reader analysis demonstrates that LPS treatment significantly increases ZsGreen abundance in the blood plasma of Syn-ZsG mice. 

(F) Schematic of the experimental paradigm for investigating how ZsGreen clearance is affected by amyloid pathology in the 5XFAD model. In 7- or 2-month-old 

5XFAD mice, retroorbital AAV transduction of AAV::hSyn-ZsGreen-P2A-mCherry was performed. After 14 days of transduction, brain borders and drainage 

tissues were collected for biochemical analyses. WT::hSyn-ZsG (WT-ZsG) and 5XFAD::hSyn-ZsG (5XFAD-ZsG). 

(legend continued on next page) 
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borders. Using this system, we reveal that neuron-derived pro

tein drainage differs from routes predicted by injected tracers. 

We establish that physiological clearance follows a nearest exit 

principle for brain regions, exhibits distinct clearance kinetics 

across brain borders, is surveilled by select pro-tolerogenic 

border immune cells, and fails via distinct mechanisms in inflam

mation versus neurodegeneration. These findings support a 

framework where brain waste clearance is spatially compart

mentalized and organized to deliver neuronal antigens from spe

cific brain regions to corresponding border niches.

Our results help clarify long-standing discussions regarding 

the primary routes of CNS protein clearance.4,6,32,35,71 We pro

pose the divergence in clearance patterns observed between 

our ZsGreen paradigm and CSF-tracer studies reflects funda

mental differences in how these approaches engage physiolog

ical pathways. We found that under physiological conditions, 

neuronal proteins primarily drain to dorsal and basal dura, skull, 

and nasal sites, with less prominent drainage to sCLNs and 

dCLNs.4,6,32,35 This distribution differs from many studies using 

ICM-injected tracers, which report that the majority (typically 

>50%–80%) of infused tracers are recovered in the 

CLNs.4,33,47,59,104,105 This discrepancy may stem from method

ology where acute bolus or chronic CSF infusions may favor 

rapid flow to lymph nodes and bypass the brain,47 whereas our 

steady-state tracing of protein from the brain highlights the 

importance of immune-rich ‘‘staging areas’’ in the dorsal 

dura5,6,9,12,27,57,58 and skull60–64 upstream of cervical lymph no

des. Our findings are consistent with immunopeptidomics 

studies demonstrating richer repertoires of CNS antigens in 

dura compared with lymph nodes.106

Critically, we demonstrate this discrepancy is not an artifact of 

tracer duration. Matching the chronicity of ZsGreen production 

with 14-day osmotic pump infusion of OVA into the CSF did 

not recapitulate the parenchymal drainage pattern. Instead, 

chronic CSF tracers still accumulated preferentially in cervical 

lymph nodes. This indicates that lymph node accumulation in 

tracer studies reflects the site of tracer introduction (CSF versus 

parenchyma) and dose (bolus versus continuous production). 

Consistently, intraparenchymal OVA injection into the striatum 

still substantially drained to sCLNs, unlike the drainage of stria

tal-ZsG mice.

By revealing neuron-derived proteins draining to both dor

sal5,6,27,57,58 and basal9,54,59 aspects of the dura and skull, our 

findings suggest both routes mediate brain waste clearance 

and reveal an additional layer of spatial organization. Indeed, 

our neuron-derived tracing strategy reveals a previously unap

preciated degree of spatial compartmentalization in brain clear

ance, indicating that ‘‘primary’’ routes of CNS clearance will 

depend on where the molecule in question originates in the brain. 

This clearance compartmentalization may also inform transla

tional relevance. Given the evolutionary expansion of the human 

neocortex,107,108 our nearest exit principle suggests a potentially 

greater functional role for dorsal clearance pathways in hu

mans.109,110 In addition, we found that border compartments 

differ in clearance kinetics, with skull-associated borders exhib

iting slower outflow than dura, nasal cavity, and cribriform plate, 

indicating that CNS waste clearance is both spatially and tempo

rally compartmentalized. Slower skull kinetics may facilitate pro

longed antigen retention and immune surveillance.

Our flow and transcriptomic analyses suggest dorsal path

ways play a significant role in immune surveillance relative to 

other brain borders.5,6,9,12,27,57,58,60–64,111,112 For instance, 

despite similar overall ZsGreen exposure, BAMs64,113,114 in dor

sal dura sampled significantly more ZsGreen than BAMs in the 

nasal cavity. Yet, comparison of ZsGreen+ and ZsGreen−

BAMs did not reveal distinct transcriptional signatures, suggest

ing extrinsic, anatomical differences or BAM positioning within 

each border regulates their antigen uptake. By contrast, we 

discovered a distinct transcriptional program in ZsGreen-sam

pling skull-resident B cells. ZsGreen+ B cells upregulated key 

components of the antigen processing and presentation 

pathway, while simultaneously expressing tolerogenic regula

tors, including PD-L1 protein. This ‘‘tolerogenic-presentation’’ 

profile supports a model where antigen-sampling skull B cells 

maintain immune tolerance to CNS-derived proteins. This 

concept extends recent studies showing that the skull marrow 

(G) IHC of brain sections from WT-ZsG and 5XFAD-ZsG mice confirms that both genotypes have strong neuron-specific ZsGreen production, but only 5XFAD 

mice have amyloid pathology. Insets show ZsGreen puncta colocalized and associated with extracellular Aβ plaques. 

(H) Aβ42 ELISA analysis of brain homogenates confirms that 5XFAD-ZsG mice produce significantly more Aβ42 compared with WT-ZsG healthy controls. 

(I) Fluorescent plate reader analysis of ZsGreen abundance in brain homogenates reveals that 5XFAD-ZsG brains have significantly more ZsGreen compared with 

WT-ZsG mice. 

(J) Fluorescent plate reader quantification of ZsGreen levels across brain borders and drainage sites of WT-ZsG or 5XFAD-ZsG mice reveal an overall decrease in 

drainage to nearly all brain borders in 5XFAD mice compared with healthy controls. In 5XFAD-ZsG tissues, corresponding Aβ42 ELISA analysis demonstrates Aβ42 

mostly accumulates at the dorsal dura, despite global impairment in ZsGreen drainage across brain borders. 

(K) Dural whole mounts from 7 M 5XFAD confirm Aβ42 is highly abundant in the dorsal dura at distinct bridging veins exit points. 

(L) Fluorescent plate reader analysis of ZsGreen abundance in blood plasma reveals 5XFAD-ZsG has significantly less ZsGreen in the blood compared with WT- 

ZsG mice. 

(M) Aβ42 ELISA analysis of 2- and 7-month-old 5XFAD-ZsG confirms that over time Aβ42 accumulation is significantly increased in the brain and dura com

partments but is decreased in the plasma. 

(N) Correlation of ZsGreen and Aβ42 abundance in 5XFAD-ZsG blood plasma mice reveals a significant positive correlation. 

(O) Summary schematic showing the change in ZsGreen abundance in the brain, borders, and blood with acute inflammation (LPS) and with amyloid pathology 

(5XFAD). Neuroinflammation and neurodegenerative pathologies induce distinct forms of drainage dysfunction: while LPS shunts neuron-derived ZsGreen away 

from homeostatic drainage routes directly into the blood, likely via BBB compromise, Aβ pathology induces ZsGreen clogging and retention in the brain. DSK, 

dorsal skull; LSK, lateral skull; BSK, basal skull; CRP, cribriform plate; NS, nasal cavity; sCLNs and dCLNs, superficial and deep cervical lymph nodes. 

All data are mean ± SEM with n = 3–4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by one-way ANOVA with Tukey’s post hoc, Spearman’s correlations, 

or Student’s t test. 

See also Figure S7.
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hosts a reservoir of immature B cells capable of responding to 

local CNS cues.61,63,64,115–117

The heterogeneity in clearance kinetics and CNS immune sur

veillance across borders, together with the nearest exit hypoth

esis, opens new hypotheses for understanding regional vulnera

bility in disease. For instance, this patterning could function as a 

biological ‘‘zip code’’ system, ensuring that self-antigens from a 

specific neuronal neighborhood are consistently delivered to an 

immune niche at the corresponding brain border.63,106,111,114 We 

hypothesize that in aging and disease, these precise pathways 

can degrade, effectively ‘‘scrambling’’ these zip codes. Expand

ing on prior studies, we found that neuroinflammation and amy

loid pathology dysregulate brain clearance via distinct mecha

nisms.25,27,30,38,42,118–120 Specifically, acute inflammation 

shunts brain-derived proteins into the blood via vascular 

leakage, while amyloid pathology causes parenchyma retention 

and obstruction of border exits. Both mechanisms could pro

mote dysregulated neuroimmunity. For example, leakage may 

misroute brain antigens to the peripheral immune system rather 

than the proper pro-tolerogenic brain borders,57,64 and retention 

leads to a loss of antigen drainage to and education at bor

ders.106 Further, this model could explain how the selective fail

ure of clearance pathways servicing specific brain regions could 

lead to localized buildup of toxic proteins, initiating a cascade of 

pathologies characteristic of neurodegenerative disorders.

Overall, by developing a genetic system to trace the in vivo dis

tribution of brain-derived proteins, we map the brain’s physio

logical clearance architecture, revealing preferred drainage 

pathways, distinct border immune interfaces, and mechanisms 

of dysfunction in disease.

Limitations of the study

While our approach provides significant advantages over tradi

tional tracer methods, limitations remain. First, our findings are 

in mice, owing to the need for genetic manipulation. Though 

conservation of meningeal lymphatics between rodents and hu

mans has been shown, the precise anatomical flow patterns 

may differ in primates, necessitating future validation of these 

findings in non-human primate or human tissue studies.44,46

Second, although we validated our findings with the endoge

nous proteome (Syn-PheRS),90 ZsGreen is an exogenous pro

tein that can form tetramers. Third, while Cre immunostaining 

and scRNA-seq of border tissues confirmed brain-restricted 

Cre expression, AAV-PHP.eB can transduce extra-CNS neu

rons (e.g., spinal cord and dorsal root ganglia). Finally, 

steady-state accumulation does not equal clearance rate. We 

addressed this with pulse-chase kinetics, though decay rates 

reflect combined local degradation and efflux, which cannot 

be fully disentangled. Complementary live imaging will be 

needed to capture acute temporal dynamics of CNS waste 

clearance.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will 

be fulfilled by the lead contact, Andrew C. Yang (andrew.yang@gladstone. 

ucsf.edu).

Materials availability

This study did not generate any new, unique reagents.

Data and code availability

• Raw sequencing data are available in the NCBI Sequence Read Archive 

(SRA) under BioProject accession number SRP599291.

• This paper does not report original code.

• Any additional information in this paper is available from the lead 

contact upon request.

ACKNOWLEDGMENTS

This research was supported by the National Institutes of Health 

(DP5OD033381), the National Institute of Neurological Disorders and Stroke 

(1R01NS128909 and 1RF1NS139975), the Alzheimer’s Association (ADSF- 

24-1345199-C), the Burroughs Wellcome Fund Career Awards at the Scientific 

Interface, the Ludwig Family Foundation, the Longevity Impetus Grant from 

Norn Group, the UCSF Sandler Program for Breakthrough Biomedical 

Research New Frontier Research Award, and the Dolby Family. Y.C. is em

ployed by Daiichi Sankyo Co., Ltd., and was a visiting scholar. M.B., A.E., 

and Z.I.K. were funded by the Deutsche Forschungsgemeinschaft (DFG) under 

Germany’s Excellence Strategy within Munich Cluster for Systems Neurology 

(EXC 2145 SyNergy – ID 390857198 and CRC1744, DFG, German Research 

Foundation). We thank Mylinh Bernardi, Felicia Miller, and Horng-Ru Lin of 

the Gladstone Genomics Core for their assistance. We also thank participants 

of the 2024 ‘‘Brainwashing: Where Do We Stand on It?’’ meeting and 2025 

CSHL Brain Barriers meeting, Robert Thorne, and members of the Yang labo

ratory for their feedback and support.

AUTHOR CONTRIBUTIONS

A.C.Y., Y.C., and N.R.R. conceptualized the study. Y.C. and N.R.R. led exper

iments, including immunohistochemical stains and imaging, flow cytometry, 

brain border dissections, scRNA-seq, and fluorescence quantifications, with 

the support of M.R., S.N., B.D., D.P., Z.Z., A.A., J.B., H.Z., S.G.T., S.D., and 

P.-Y.S. N.R.R. and A.C.Y. wrote the manuscript with input from all authors. 

A.E., Z.I.K., Y.-H.F., Y.H., and A.C.Y. supervised the study.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include 

the following:

• KEY RESOURCES TABLE

• EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

○ Animals

○ AAV Production

○ Retroorbital Injection

○ Intracisterna magna (ICM) injections of tracers

○ Intrastriatal injection of OVA

○ Chronic CSF-infusion of OVA

○ Endogenous labeling of neuronal proteomes

• METHOD DETAILS

○ Cu-Click for IHC

○ In-gel fluorescence detection of azide-modified proteins

○ Immunohistochemistry

○ Tissue Clearing and Light Sheet Fluorescence Imaging

○ Tissue homogenization and plate reader quantification

○ Western blot

○ Flow cytometry

○ Single-Cell RNA Sequencing

○ Blood-Brain Barrier Permeability Assay

○ LPS-induced inflammation

ll
OPEN ACCESS 

14 Cell 189, 1–19, July 23, 2026 

Please cite this article in press as: Chayama et al., Physiological brain clearance architecture revealed by neuronal protein tracing, Cell (2026), 

https://doi.org/10.1016/j.cell.2026.04.048

Article 

mailto:andrew.yang@gladstone.ucsf.edu
mailto:andrew.yang@gladstone.ucsf.edu


○ 5XFAD ZsGreen Induction

○ Aβ42 ELISA

• QUANTIFICATION AND STATISTICAL ANALYSIS

○ scRNA-seq data preprocessing

○ Clustering and cell annotation

○ Differential expression analysis

○ Monocle Trajectory and Module Analysis

○ Statistical analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.cell. 

2026.04.048.

Received: July 15, 2025

Revised: February 13, 2026

Accepted: April 29, 2026

REFERENCES

1. Murphy, J.B., and Sturm, E. (1923). Conditions Determining the Trans

plantability of Tissues in the Brain. J. Exp. Med. 38, 183–197. https:// 

doi.org/10.1084/jem.38.2.183.

2. Attwell, D., and Laughlin, S.B. (2001). An energy budget for signaling in 

the grey matter of the brain. J. Cereb. Blood Flow Metab. 21, 1133– 

1145. https://doi.org/10.1097/00004647-200110000-00001.

3. Harris, J.J., Jolivet, R., and Attwell, D. (2012). Synaptic energy use and 

supply. Neuron 75, 762–777. https://doi.org/10.1016/j.neuron.2012. 

08.019.

4. Iliff, J.J., Wang, M., Liao, Y., Plogg, B.A., Peng, W., Gundersen, G.A., 

Benveniste, H., Vates, G.E., Deane, R., Goldman, S.A., et al. (2012). A 

paravascular pathway facilitates CSF flow through the brain parenchyma 

and the clearance of interstitial solutes, including amyloid beta. Sci. 

Transl. Med. 4, 147ra111. https://doi.org/10.1126/scitranslmed. 

3003748.

5. Aspelund, A., Antila, S., Proulx, S.T., Karlsen, T.V., Karaman, S., Detmar, 

M., Wiig, H., and Alitalo, K. (2015). A dural lymphatic vascular system that 

drains brain interstitial fluid and macromolecules. J. Exp. Med. 212, 

991–999. https://doi.org/10.1084/jem.20142290.

6. Louveau, A., Smirnov, I., Keyes, T.J., Eccles, J.D., Rouhani, S.J., Peske, 

J.D., Derecki, N.C., Castle, D., Mandell, J.W., Lee, K.S., et al. (2015). 

Structural and functional features of central nervous system lymphatic 

vessels. Nature 523, 337–341. https://doi.org/10.1038/nature14432.

7. Smets, N.G., van der Panne, S.A., Strijkers, G.J., and Bakker, E.N.T.P. 

(2024). Perivascular spaces around arteries exceed perivenous spaces 

in the mouse brain. Sci. Rep. 14, 17655. https://doi.org/10.1038/ 

s41598-024-67885-y.

8. Bojarskaite, L., Nafari, S., Ravnanger, A.K., Frey, M.M., Skauli, N., 
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

C57BL/6J (RRID:IMSR_JAX:000664), ZsGreen (IMSR_JAX:007906), 5XFAD (RRID:MMRRC_034840-JAX), CaMKII-Cre (RRI

D:IMSR_JAX:005359), and PheRS (RRID:IMSR_JAX:033734) mice were obtained from Jackson Laboratory and bred in-house. 

For Forebrain-ZsG mice, ZsGreen mice were crossed and bred in house to CaMKII-Cre mice to achieve homozygous robust ZsGreen 

expression in CaMKII-positive neurons. Young adult mice of both sexes under the written age are used. All animals were fed ad 

libitum and housed under 12-hour light/dark cycles (7 a.m. - 7 p.m.), under the control of humidity and temperature. All experiments 

were approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco (#AN206908-00A).

AAV Production

The pENN.AAV.hSyn.Cre.WPRE.hGH was a gift from James M. Wilson (Addgene plasmid # 105553, RRID:Addgene 105553) and was 

packaged to AAV-PHPeB in house or in VectorBuilder for bulk production. The AiP14825: pAAV-AiE0441h_3xC2-minBG- 

iCre(R297T)-BGHpA (Alias: CN4825) was a gift from The Allen Institute for Brain Science & Jonathan Ting (Addgene viral prep # 

214862-PHPeB; RRID:Addgene 214862).99 The viral prep of AiP11851-pAAV-hDLX-minBG-iCre-4X2C-WPRE3-BGHpA (Alias: 

CN1851) was purchased through Addgene.98 AAV was otherwise produced in-house using HEK293T cells as the packaging cell 

line. Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 

100 U/mL penicillin, and 100 μg/mL streptomycin at 37◦C in a humidified incubator with 5% CO₂. For transfection, cells were plated 

at 30-40% confluence in 15 cm dishes 24 hours prior, reaching 70-80% confluence at the time of transfection. DNA was transfected 

using a polyethyleneimine (PEI)-based method with modifications. Cells were incubated at 37◦C for 3 days post-transfection before 

harvesting. They were then lysed by three freeze-thaw cycles. The lysate was filtered through a .45μm PES filter, and AAV particles 

were precipitated using differential-speed ultracentrifugation. Vector titers were determined by quantitative PCR (qPCR) using 

primers and labeled probes targeting the ITR sequence.

Retroorbital Injection

Male and female mice received retro-orbital injections of AAV vectors capable of crossing the blood-brain barrier. Mice were anes

thetized with 2-3% isoflurane prior to the procedure. The virus was diluted to a concentration of approximately 6-8 × 10¹2 genome 

copies (GC) per mL in sterile saline. A total volume of 100 μL (equivalent to 6-8 × 10¹¹ GC per mouse) was injected into the retro-orbital 

sinus of the right eye using a 31G needle attached to an insulin. After injection, mice were monitored and maintained for a 1-2 week 

expression period prior to sample collection.

Intracisterna magna (ICM) injections of tracers

Mice were anesthetized with 3.0-3.5% isoflurane and administered subcutaneous injections of buprenorphine and bupivacaine prior 

to surgery. The back of the neck was shaved and disinfected, and the mouse was positioned on a surgical stage to optimize align

ment for access to the cisterna magna, as previously described. A midline incision was made, and the neck muscles were gently 

retracted to expose the cisterna magna. A total of 5 μL of Alexa Fluor-conjugated ovalbumin (8 mg/mL in PBS, Thermo Fischer prod

uct# O34782) was injected at a rate of 1 μL/min using a Hamilton syringe connected to a 33G needle via silicone tubing. Following the 

injection, the needle was held in place with positive pressure for 2 minutes to prevent backflow. The incision site was closed using a 

surgical stapler, and mice were placed on a heating pad until fully recovered. Meloxicam was administered subcutaneously imme

diately after surgery.

Intrastriatal injection of OVA

Mice were anesthetized with isoflurane before being placed in a stereotaxic injection rig. Mouse head was restrained by ear bars with 

placing the front teeth in the holding apparatus. Isoflurane and oxygen were provided at a low flow rate to keep the mouse anesthe

tized during the whole procedure. To prevent from drying, the eyeballs were covered with ophthalmic ointment. Buprenex (0.1 mg/kg) 

was administrated by intraperitoneal injection. 5μL of Alexa Fluor-conjugated ovalbumin (8 mg/mL in PBS) were injected in each stria

tum using Hamilton needles. Injection sites, ±1.8 mediolateral, 0.74 anteroposterior, and − 3.5 dorsoventral. An automatic injection 

pump was used to control the speed at 200 nl/min. The needle was holding at injection position for 10 min before slow withdrawal. 

After closing the wound, meloxicam (1 mg/kg) was administrated by intraperitoneal injection. The mouse was put onto a warming pad 

for recovery.

Chronic CSF-infusion of OVA

For intracerebroventricular infusions, osmotic pumps (Alzet Model 2002, 0.50 μL/hr, Cat #0000296) were filled with OVA-647 (diluted 

to delivery 40μg/day) and connected to brain infusion cannulas (Alzet brain infusion kit 3, Cat. 0008851) modified with a spacer disc to 

enable ventricular targeting. Mice were anesthetized with isoflurane (Dechra, Cat. #200-129) and secured in a stereotaxic frame (Kopf 

Instruments Model 940). The scalp was shaved, and a midline incision was made to expose the skull. After identifying bregma, a ste

reotaxic site was drilled with a 0.5 mm microburr (Fine Science Tools, Cat. #19007-05) at coordinates X = +1.0 mm and Y = − 0.25mm. 

Osmotic pump was implanted in a subcutaneous pocket formed on the back of the mouse, and the connected infusion cannula was 
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inserted Z = -2.0mm through the drill site and into the right lateral ventricle. The incision was closed with nylon monofilament non- 

absorbable 6-0 sutures (Surgical Specialties Look, Cat. #911B). Lidocaine (Vedco) was applied subcutaneously along the incision, 

and buprenorphine (Henry Schein, Cat. #55175) and ketofen (Henry Schein, Cat. #005487) were administered for analgesia. Mice 

were monitored on a heating pad until ambulatory and then single-housed for 14 days before collection.

Endogenous labeling of neuronal proteomes

To generate Syn-PheRS mice, PHP.eB.hSyn.Cre.WPRE.hGH AAV was RO injected into PheRS mice and let to transduce for 8- 

10 days. Following transduction, 185mg/kg of g4-azido-l-phenylalanine (Vector Laboratories; 1406-5G AzF) was intraperitoneally 

administered to Syn-PheRS mice every day for one week.121 For pulse-chase kinetic experiments, after Syn-PheRS received one 

week of labeling, wash out periods of 2 and 5 days where AzF was withdrawn. Mice were collected at T0, T2, and T5 timepoints 

for downstream analyses.

METHOD DETAILS

Cu-Click for IHC

Tissue sections were processed for click chemistry labeling of azide-modified proteins following the standard immunofluorescence 

protocol through the blocking step. Sections were then incubated for 1 h in a CuAAC reaction containing Alexa Fluor 647-alkyne 

(5 mM), CuSO₄ (20 mM), THPTA (50 mM), aminoguanidine hydrochloride (50 mM), sodium l-ascorbate (50 mM), and PBS. CuSO₄ 
and THPTA were pre-complexed at a 1:2 ratio for 15 min prior to addition of the remaining reagents. After the reaction, sections 

were washed three times in TBS-T and either subjected to subsequent immunofluorescence staining or mounted and cover slipped.

In-gel fluorescence detection of azide-modified proteins

For detection and quantitation of azide-modified proteins across brain border homogenates from Syn-PheRS mice, we utilized 

DBCO-based click chemistry. Protein lysates (250–500 μg per tissue) were reduced with 10 mM dithiothreitol (DTT) for 10-15 min 

at room temperature, followed by alkylation with 20 mM iodoacetamide (IAA) for 20 min in the dark. Excess IAA was quenched by 

the addition of DTT to a final concentration of 20 mM and incubated for 15 min at room temperature. Samples were then incubated 

with 6 μM DBCO-Alexa Fluor 647 (Click Chemistry Tools) for 1 h at room temperature with rotation in the dark. Following labeling, 

samples were mixed with LDS sample buffer and boiled for 10 min. Labeled homogenates were then run by SDS-PAGE.

Immunohistochemistry

Mice were anesthetized via intraperitoneal injection of Avertin solution. Brains, dura, skulls, and lymph nodes were collected following 

transcardial perfusion with cold PBS. Brains were post-fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4◦C, then cryopro

tected in 30% sucrose/PBS for at least two overnights. Brains were sectioned at 40μm thickness using a microtome (Leica), and sec

tions were stored in cryoprotectant solution at –20◦C until immunostaining. Before staining, brain sections were washed three times 

in TBS with 0.1% Tween-20 (TBST, Sigma-Aldrich) to remove the cryoprotectant, then blocked and permeabilized in blocking buffer 

(2% normal donkey serum, 0.2% Triton X-100 in TBS) for 30 minutes with shake at room temperature.

Dura and skulls were fixed in 4% PFA/PBS for 3 days. The dorsal dura was carefully dissected from the skull cap and processed 

immediately without storage. Tissues were washed three times in TBST and then blocked and permeabilized in the blocking buffer for 

30 minutes at room temperature.

Skulls were decalcified in 0.5M EDTA for more than 5 days, cryoprotected in 30% sucrose/PBS for 1-2 days, and embedded in 

OCT compound. The OCT-embedded samples were stored at –80◦C until sectioning. Cryosections of skull tissue (20 μm) were 

collected on adhesive glass slides (SuperFrost Plus, Fisher Scientific), air-dried, and stored at –80◦C until immunostaining.

Fresh lymph nodes were embedded in OCT compound immediately after collection from perfused animals, frozen on dry ice, and 

stored at –80◦C. Cryosections (20 μm thickness) were placed on adhesive glass slides and stored at –80◦C until immunostaining.

For immunostaining, the primary antibodies were applied at a 1:100-1000 dilution in blocking buffer and incubated overnight at 4 ◦C 

After three washes with TBST, appropriate fluorophore-conjugated secondary antibodies (1:200 dilution) were applied and incubated 

overnight at 4 ◦C. Sections were then washed again with TBST and mounted on glass slides using VectaShield mounting medium 

(H1800 or H1700). Images were acquired using confocal microscopes (LSM880 and LSM700).

Tissue Clearing and Light Sheet Fluorescence Imaging

Mice were anesthetized via intraperitoneal injection of Avertin solution, euthanized by severing the right atrium to allow exsanguina

tion, and then intracardially perfused with 50–80 mL of cold PBS to flush out blood, followed by 35 mL of Alexa Fluor–conjugated 

wheat germ agglutinin (10 μg/mL in PBS) to label blood vessels, and finally 40 mL of 4% paraformaldehyde (PFA) in PBS for fixation. 

For whole-brain clearing, the brain was carefully extracted post-perfusion and incubated in 4% PFA/PBS at 4 ◦C overnight, followed 

by the CUBIC tissue clearing protocol. For head clearing, the entire head was collected after perfusion, trimmed to remove skin and 

eyeballs while preserving the skull and surrounding tissues, including muscles, salivary glands, lymph nodes, and ligaments. The 

trimmed head was incubated in 4% PFA/PBS overnight at 4 ◦C, then decalcified in 0.5 M EDTA at 37 ◦C for 5–7 days. Following three 

PBS washes, the head was coronally bisected at the level of the bregma into anterior and posterior halves prior to CUBIC clearing. For 
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both brain and head samples, tissues were incubated in CUBIC-L (TCI, cat #T3740) at 37 ◦C for 5–7 days with agitation for delipida

tion. The CUBIC-L solution was refreshed periodically when it turned yellow during the process. After delipidation, tissues were 

washed three times in PBS, then sequentially immersed in 50% and 100% CUBIC-R+(N) (TCI, cat# T3983) for refractive index (RI) 

matching. For skull imaging (head samples without brain), the head was sagittally halved after EDTA decalcification, and the brain 

was gently removed. The skull was delipidated in CUBIC-L at 37 ◦C for 5–7 days with agitation, washed three times in PBS, and 

blocked/permeabilized overnight at room temperature in blocking buffer (2% normal donkey serum, 0.2% Triton X-100, 0.2% 

NaN₃ in TBS). Following three additional washes with TBST and three rinses with PBS, the samples were immersed in CUBIC- 

R+(N) for refractive index (RI) matching. Fluorescence 3D imaging was conducted using a light sheet fluorescence microscope 

(UltraMicroscope Blaze, Miltenyi) with EasyIndex Matched Immersion Oil (RI:1.52) (life canvas technologies, cat# Oil-1.52). Imaging 

was performed using 405, 488, 588, and 647 nm lasers, with a 1× objective lens and 1× zoom. Each optical plane was illuminated 

bilaterally from both the left and right sides. Tile scans were acquired and raw image files were converted to IMS format, stitched, and 

rendered into 3D reconstructions using Imaris software (Oxford Instrument, version10.2.1) for visualization and analysis.

Tissue homogenization and plate reader quantification

Mice were anesthetized via intraperitoneal injection of Avertin. Blood was collected from the right ventricle using an EDTA-coated 

syringe (25G, Fisher Scientific), transferred to a 1.5 mL protein low-binding tube, and centrifuged at 2,000 × g for 15 min at 4 ◦C 

to isolate plasma. Following blood collection, mice were perfused intracardially with cold PBS via the left ventricle. Tissues were 

dissected to remove muscle and connective tissue, segmented into defined anatomical regions, and transferred into individual tubes. 

Dorsal durae were carefully peeled from the dorsal skull. The basal skull and nasal cavity were further divided into subregions, 

including the nasal cavity, cribriform plate, lateral skull, and basal skull. All collected tissues were snap-frozen on dry ice and stored 

at − 80 ◦C until further processing for protein extraction. Hard tissues (dorsal, lateral, and basal skulls, nasal cavity bone, and crib

riform plate), along with the brain, were homogenized in RIPA lysis buffer supplemented with Halt protease inhibitor (Thermo Scien

tific), using metal beads (Revity) and a tissue homogenizer. Soft tissues (dura, sCLNs, and dCLNs) were homogenized using a probe 

sonicator. Homogenates were centrifuged at 15,000 × g for 15 min at 4 ◦C, and the supernatants were collected. Total protein con

centrations were determined using the BCA Protein Assay Kit (Thermo Scientific). ZsGreen fluorescence was measured using 96-well 

fluorescence assay plates and a plate reader (Molecular Devices). The relative intensity values were calculated by normalizing fluo

rescence intensity to total protein concentration. To determine the fold enrichment of respective tracers at each border tissues were 

normalized to WT controls. For proportion of tracer at borders analyses, the border tracer levels were divided by the sum of tracer 

amounts across borders.

Western blot

For western blot analysis, protein concentrations in each sample were measured with BCA protein Assay Kit (Thermo Scientific). 

Equal quantities of protein samples were boiled for ten minutes in LDS buffer. Samples were then loaded onto the NU-PAGE precast 

gels and electrophoresed for high-resolution separation of proteins based on the size. Transfer onto 0.45-micron size nitrocellulose 

membrane was achieved in a Bio-Rad semi-dry quick transfer apparatus. Membrane blocking was done with 5% milk for 60 min 

before primary antibody incubation overnight at 4 ◦C. The next day, following four washes in TBST, five minutes each with shaking, 

membranes were probed with HRP-conjugated secondary antibodies obtained from the same host.

Flow cytometry

The brain, dura, skull, nasal cavity, and superficial and deep cervical lymph nodes (sCLNs and dCLNs, respectively) were collected in 

cold PBS or RPMI medium from mice, following intracardiac perfusion with cold PBS. Muscles and connective tissues were trimmed 

from the dorsal skull and nasal cavity bones. Brain cell suspensions were prepared using the Neural Tissue Dissociation Kit (Miltenyi 

Biotec, cat# 130-092-628), followed by myelin removal via centrifugation in 0.9 M sucrose/PBS. Dural cell suspensions were pre

pared according to a previously published protocol122: dorsal dura were peeled from the skull, pooled, and digested in an enzyme 

mix (2.5 mg/mL Collagenase D and 0.1 mg/mL DNase I in RPMI) at 37 ◦C for 30 minutes, followed by mechanical dissociation with 20- 

30 pipette strokes using a P1000 tip. Skull and nasal cavity cell suspensions were prepared following a previously described 

method.62 Pooled tissues were minced in RPMI medium, vortexed at maximum speed for 30 seconds, and filtered through a 

100 μm cell strainer. This process was repeated twice with fresh RPMI, and the resulting filtrates were pooled to generate a single 

cell suspension. Dissociated single-cell pellets were resuspended in cold PBS and passed through a 35 μm cell strainer of a FACS 

tube. From surface versus intracellular assays, dissociated cells were split in half and incubated in buffer with or without detergents. 

After centrifugation, cells were stained with Zombie NIR viability dye (BioLegend, cat#423106; 1:1000 dilution in PBS) on ice for 20 mi

nutes. Following a wash with PBS, cells were blocked with Fc block (BD Biosciences, 1:100) and incubated on ice for 20 minutes with 

antibodies. After staining, cells were washed with FACS buffer, permeabilized (if needed) in IC buffer, fixed for 20 minutes, and stored 

in FACS buffer at 4 ◦C until analysis. For AzF detection, cells after FACs buffer and/or permeabilization were alkylated with 20mM IAA 

for 20 min in the dark before 1 hour incubation with 6μM DBCO-647. Flow cytometry was performed using a BD FACSAria Fusion (BD 

Biosciences). Acquired data was analyzed with FlowJo.
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Single-Cell RNA Sequencing

Two weeks after AAV injection, the brain, dura, skull, and nasal cavity bone were collected in cold PBS or RPMI medium from Syn- 

ZsG mice (both sexes) following intracardiac perfusion with cold PBS. Single-cell suspensions from each tissue were prepared and 

stained using the same protocol as described for the flow cytometry experiments. To obtain sufficient cell numbers for sorting, tis

sues were pooled as follows: brain (n = 4), dorsal dura (n = 8), skull (n = 8), and nasal cavity bone (n = 4). Following antibody staining, 

cells were fixed overnight at 4 ◦C in Fixation Buffer from the GEM-X Flex Sample Preparation v2 Kit (10x Genomics, #PN-1000781). 

The next day, fixed cells were treated with Additive C (10x Genomics, #PN-1000781), centrifuged, and resuspended in PBS contain

ing 1% nuclease-free BSA and 0.2 U/μL RNase inhibitor (Roche). Flow cytometry gating was performed to exclude debris (SSC-A vs. 

FSC-A), followed by selection of singlet cells (FSC-W vs. FSC-A), and gating of ZsGreen+ and - populations for sorting. Doublets and 

multiplets were excluded. Up to 50,000 to 100,000 cells were sorted per sample. Sorted cells were centrifuged and stored overnight 

at 4 ◦C prior to probe hybridization and GEM generation. Sorted cells were hybridized with probes (10x Genomics) according to the 

manufacturer’s instructions. Custom probes targeting Cre recombinase and ZsGreen were designed following 10x Genomics guide

lines. After hybridization, cells were loaded into the 10x Genomics Chromium system, and library preparation was performed using 

the GEM-X FLEX kit, following the manufacturer’s protocol. Sequencing was conducted on an Illumina NovaSeq platform using 

paired-end reads in accordance with 10x Genomics recommendations.

Blood-Brain Barrier Permeability Assay

Mice were retro-orbitally injected under anesthesia using an insulin syringe (BD, 328421; 0.33 mm × 12.7 mm) with cadaverine-Alexa 

Fluor 647 (Invitrogen, A30677) at a concentration of 0.5 mg/mL, 100 μL per 20 g body weight. After a 2-hour circulation period, mice 

were perfused with 0.01 M PBS for 5 minutes, and brains were harvested for analysis. One hemisphere was weighed and homog

enized in 1% Triton X-100 in 0.01 M PBS. The homogenate was centrifuged at 21,000 × g for 20 minutes at 4 ◦C, and the supernatant 

was collected.

LPS-induced inflammation

ZsGreen expression was allowed to develop for one-week. Mice then received an intraperitoneal injection of LPS (3 mg/kg) or PBS as 

a control. One day after LPS administration, tissues were collected for further analysis. Sample processing for protein quantification 

followed the same procedures described in the previous section.

5XFAD ZsGreen Induction

Neuronal ZsGreen expression was induced in 2- and 7-month-old 5XFAD and age-matched WT mice with retroorbital administration 

of 6 × 10¹¹ GC PHPeB-hSyn-ZsGreen-P2A-mCherry-NLS-SV40. Transduction was allowed for 14 days before tissue collection and 

downstream analyses.

Aβ42 ELISA

Aβ42 ELISA analysis was performed as previously described,123 in short homogenized tissues from brain, brain border tissues, and 

blood were diluted in the standard diluent buffer. 50μL of blank solution, standards, and samples were loaded into antibody-coated 

wells and incubated with detection antibody for 3hr at RT. After multiple washes, HRP-conjugated antibody was added for 30 min. 

After washes, the samples were incubated with stabilized chromogen for 30 min, and the reaction was stopped with an acid-based 

stop solution. OD was measured at 450 nm with plate reader (Molecular Devices) and compared to a standard curve to determine the 

final concentration.

QUANTIFICATION AND STATISTICAL ANALYSIS

scRNA-seq data preprocessing

Raw sequencing reads were aligned to a custom mm10 reference genome containing ZsGreen and Cre transgene sequences using 

Cell Ranger, and samples were demultiplexed using barcode information from the 10x Genomics Feature Barcoding Multiplexing kit. 

Filtered gene-barcode matrices were imported into R for downstream analysis with Seurat124–126 (v5.2.1). Sample metadata, 

including tissue source (dura, skull, nasal) and ZsGreen status, were derived from sample identifiers and added to the object. Cells 

were filtered based on standard quality metrics: those with fewer than 200 detected genes, more than 6,000 genes, or over 10% 

mitochondrial transcript content were removed. Additional thresholds for total UMI counts and gene complexity were used to refine 

filtering. Doublets were identified and excluded using DoubletFinder,127 with the expected doublet rate set to 7.5% and neighbor

hood size optimized per tissue. Each tissue was processed separately for normalization, feature selection, and dimensionality reduc

tion. PCA was performed on the top variable genes, and Harmony was applied for sample-level integration within each tissue type to 

account for technical variation.

Clustering and cell annotation

Each tissue dataset (dura, skull, nasal) was independently preprocessed, including normalization, scaling, and principal component 

analysis (PCA), followed by batch correction using Harmony.128 The top 30 PCs were used to construct a shared nearest neighbor 
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graph and perform unsupervised clustering using the Leiden algorithm, with resolution parameters adjusted (0.2–0.4) based on tissue 

complexity. UMAP was applied for two-dimensional visualization. Clusters were reviewed post hoc and iteratively filtered to remove 

low-quality or artifactual populations, including those with elevated mitochondrial content, ambiguous transcriptomic profiles, or 

contaminant gene signatures (e.g., skeletal muscle). Following removal, re-clustering was performed and new markers based on final 

objects were used for cell type annotation. In the nasal dataset, initial clustering identified neuronal clusters based on strong expres

sion of Snap25, Rbfox3, and Tubb3. Neuronal and non-neuronal compartments were then independently subset and reprocessed to 

optimize subtype resolution. Cluster-specific marker genes were identified via differential expression testing. Final annotations were 

guided by reference to published adult mouse single-nucleus RNA-seq atlases. Annotated objects were saved for downstream tis

sue-specific and integrative analyses.

Differential expression analysis

To identify transcriptional differences associated with ZsGreen expression, differential expression analysis was performed using Me

mento129 (v0.1.5), a model-aware framework optimized for single-cell RNA-seq count data. Analyses were conducted independently 

for each tissue (brain, dura, skull, and nasal) and within each annotated cell type. From each tissue-specific Seurat object, both 

normalized (data slot) and raw UMI count matrices (counts slot) were exported to AnnData format to preserve full expression and 

metadata information. For differential testing, only raw counts were used, consistent with Memento’s statistical model. Within 

each annotated cell type, cells were filtered to include only those labeled as ZsGreen+ or ZsGreen− in the ZsGreen metadata column. 

A binary label was created (0 = negative, 1 = positive) for use in the model. Genes not detected in at least 10% of cells in either group 

were excluded. Cell types with fewer than 10 cells in both ZsGreen+ and ZsGreen− groups were skipped.

Differential expression was performed using Memento’s binary_test_1d function, with a fixed capture rate of 0.25 and 5,000 boot

strap iterations. Sparse count matrices were converted to compressed sparse row (CSR) format for memory efficiency. The test pro

duced mean expression estimates and raw p-values, which were corrected for multiple testing using the Benjamini-Hochberg pro

cedure. Genes with adjusted p-values < 0.05 were considered significantly differentially expressed.

Monocle Trajectory and Module Analysis

Trajectory analysis was conducted using Monocle3130–132 on skull-derived B-lineage cells to model the transition from pre-B cells to 

B cells. Cells were embedded using UMAP, clustered, and ordered in pseudotime, with the trajectory rooted in the Pre B cell pop

ulation. Pseudotime values were transferred back to the Seurat object. To assess immune regulation along the trajectory, a tolero

genic module score was computed based on expression of Ptpn22, Zbtb20, Cd274 genes.97 Scores were visualized across pseu

dotime and compared between ZsGreen+ and - cells using statistical tests, including Wilcox.

Statistical analysis

Statistical analysis and data visualization were performed using GraphPad Prism or R. The specific statistical tests used, including 

corrections for multiple comparisons, are indicated in the respective figure legends. The number of biological replicates for each 

experiment is provided in the respective figure legends. In box plots, the horizontal bar shows the median. Error bars throughout 

represent standard error of the mean. Hierarchical clustering was performed in to identify clustering with the number of clusters 

(k) selected based on optimal silhouette score. For Gene Ontology (GO) analysis, minimum 10 or 20 group size and maximum of 

3000 was used. Statistical significance is indicated in each figure legend.
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Supplemental figures 

Figure S1. EV isolation paradigm and ZsGreen distribution in brain sections, related to Figure 1

(A) Schematic of biochemical strategy for EV and soluble fraction isolations from brain homogenates. 

(B and C) Full WB of EV protein fractions from brain homogenates shows enrichment of EV marker Tsg101 in the EV fraction and ZsGreen detection in Syn-ZsG 

with no detection of ZsGreen in the WT controls. (C) Quantification of Tsg101 shows significant enrichment of EVs in the EV fraction. 

(D and E) IHC analysis of brain sections from WT and Syn-ZsG mice shows DAPI, Cre, ZsG, Iba1, CD206, CD31, and GFAP staining, confirming exclusive ZsGreen 

and Cre expression in Syn-ZsG. 

All data are mean ± SEM with n = 3–4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by Student’s t test.
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(legend on next page)
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Figure S2. ZsGreen paradigm validated by tracing endogenous neuronal protein clearance, related to Figure 2

(A) IHC of brain, dura, NS, and sCLNs from Syn-ZsG mice confirms Cre-dependent ZsGreen expression restricted to neuronal compartments, with brain border 

tissues remaining Cre-negative. 

(B) Quantification of ZsGreen and OVA-647 colocalization with CD31+ vasculature in dural whole mounts using Mander’s correlation coefficients. While both 

tracers localize perisinusally, only ∼40% of the ZsGreen signal overlaps with OVA-647, indicating distinct distribution and uptake patterns. 

(C) Quantification of IHC signal intensity in dura, dCLNs, and NS demonstrates significantly elevated ZsGreen abundance in Syn-ZsG mice compared with WT 

controls. 

(D and E) Validation of the Syn-PheRS paradigm using click detection (AzF-647) of AzF-incorporated proteins in brain sections (D) and corresponding in-gel 

fluorescence analysis (E) of brain homogenates confirming significant labeling of Syn-PheRS brains. 

(F) Quantification of AzF-647 in-gel fluorescence intensity demonstrates significantly increased AzF-labeled protein abundance in Syn-PheRS mice compared 

with WT controls. 

(G) Dural whole mounts from WT and Syn-PheRS mice demonstrate the distribution of AzF-labeled neuronal proteins in Syn-PheRS mice paralleling anatomical 

patterns observed in the Syn-ZsG paradigm. 

(H) High-magnification views of dural whole mounts from Syn-PheRS mice show AzF-labeled neuronal proteins colocalized with CD206, CD31, and LYVE-1. 

(I) In-gel fluorescence analysis of dura homogenates confirms the presence of AzF-labeled neuronal proteins in Syn-PheRS compared with WT. 

(J and K) Representative in-gel fluorescence assay and quantification of AzF-647-labeled proteins from brain border homogenates confirm the detection of 

endogenously produced neuronal proteins at each brain border. 

(L) Experimental schematic illustrating chronic CSF infusion of OVA-647 via osmotic pump and subsequent tissue collection. 

(M) Quantification comparing the proportion of ZsGreen or OVA at each border from Syn-ZsG versus chronically CSF-infused OVA-647, respectively. Plotting this 

data showed that chronic tracer delivery recapitulates a similar distribution observed after acute ICM injection (Figure 2D), with significantly more OVA at sCLNs 

and dCLNs. SS/BV, sagittal sinus/bridging veins; COS, caudal confluence of sinus; ROS, rostral confluence of sinus; TS, transverse sinus. All data are mean ± 

SEM with n = 3–4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by one-way ANOVA with Tukey’s post hoc or Student’s t test.
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Figure S3. LSFM and IHC analyses reveal a pattern of ZsGreen and ICM-injected OVA tracer, related to Figure 3

(A–C) IHC on coronal and sagittal NS sections highlights that despite both ZsGreen and OVA-647 being detected, the signals are not concentrated in similar 

anatomical regions. (i–iii) Zoom in of boxed regions. DMM, dorsal medial meatus; ET, ethmoturbinates; LNG, lateral nasal gland; S, septum. 

(D) Quantification of the proportion of area that is exclusively ZsGreen positive across NS sections shows that ∼85% of the total ZsGreen positive area does not 

colocalize with OVA-647. 

(legend continued on next page) 
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(E and F) LSFM of whole heads with the brain removed allows visualization of protein distribution across dura and skull compartments. (E) shows ZsGreen 

drainage along the lateral and basal dura and skull, regions with distinct spatial differences compared with OVA-555. (F) LSFM additionally highlighted the 

retroorbital vein. 

(G) Flow cytometric analysis of all dural cell populations from WT and Syn-PheRS mice following click labeling of AzF-incorporated neuronal proteins (AzF-647). 

The AzF-647 signal was quantified before (surface) and after permeabilization (intracellular + surface), revealing increased intracellular accumulation of neuron- 

derived proteins across dural cell populations in Syn-PheRS mice compared with WT. 

(H and I) Immunostaining of DSK sections and in-gel fluorescence assay from WT and Syn-PheRS mice following click detection of AzF-labeled neuronal proteins 

(AzF-647).
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Figure S4. Representative flow cytometry gating of dural cell populations, related to Figure 4

(A) Representative flow cytometry-based gating of the cell type population in the dorsal dura. BECs: CD45(− )CD31+; LECs: CD45(− )CD31(− )PDPLN+; cDC1: 

CD45hiCD11b(− )CD11c+; cDC2: CD45hiCD11b+CD11c+MHCII+; CD206+ BAMs: CD45hiCD11b+CD206+; monocytes: CD45hiCD11b+Ly6C+; macs: 

CD45hiCD11b+F480+CD206(− ). 

(B) IHC of dura whole mounts from Syn-ZsG mice highlighting CD206 colocalization with ZsGreen (merges in Figure 4D). SS/BV, sagittal sinus/bridging veins; 

RCS, rostral confluence of sinus; and TS, transverse sinus.
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(legend on next page)
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Figure S5. Flow cytometry and scRNA-seq of ZsGreen distribution across dura, skull, and nasal borders, related to Figure 4

(A–C) UMAP of cell type clusters in (B) dorsal dura, (C) DSK, and (D) NS. Cell types in each tissue are annotated by unique colors. 

(D) ZsGreen and Cre transcripts are not detectable across all cell types in dorsal dura, skull, and NS compared with housekeeping genes. Mean expression for 

genes is plotted. 

(E) Proportion of ZsGreen+ and ZsGreen− cells within each resident cell population in the dorsal dura, skull, and nasal based on scRNA-seq analysis. 

(F and G) Merged UMAP of macrophage annotated cells across dorsal dura, skull, and nasal borders showing distribution of ZsGreen+ and ZsGreen− cells. 

(H and I) Quantification of CD274 intensity at ZsGreen+ B cells compared with ZsGreen− B cells in DSK section. Three sections each from n = 2. 

All data are mean ± SEM with n = 2–4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by Student’s t test.
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Figure S6. Brain region-specific ZsGreen labeling reveals spatially compartmentalized protein clearance and distinct routing compared with 

intraparenchymal tracer injection, related to Figure 5

(A) Distance matrix of normalized ZsGreen proportion across the brain border and drainage tissues comparing pan-neuronal (Syn-ZsG) and regionally restricted 

labeling paradigms (forebrain-ZsG, anterior-ZsG, and striatal-ZsG). 

(B–E) LSFM imaging of CUBIC-cleared whole heads from striatal-ZsG mice showing ZsGreen distribution, including LSK + dura, BSK + dura, and NS. 

(F) Representative IHC of brain sections following intraparenchymal injection of OVA-647 into the striatum (Str-Inj:OVA). Images show tracer localization in the 

striatum 1 h post-injection and substantial clearance by 24 h, confirming tracer clearance from the injection site. After 1 h, brain OVA-647 levels were quantified 

and compared with WT controls. 

(G) Heatmap comparing the proportion of ZsGreen (Str-ZsG) versus intraparenchymal OVA-647 (Str-Inj:OVA) detected across brain borders and drainage tissues. 

In contrast to ZsGreen, intraparenchymal OVA shows relative underrepresentation at skull-associated borders and increased accumulation in sCLNs. 

All data are mean ± SEM with n = 3–4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by Student’s t test.
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Figure S7. LPS and 5XFAD alter brain-derived protein drainage, related to Figure 6

(A) Quantification of Cadaverin-647 intensity from IHC images from Figure 6B confirms LPS-induced acute inflammation results in a compromised BBB as shown 

with the significantly elevated levels of the Cadaverin-647 tracer in the brain after treatment compared with controls. 

(B and C) IHC analysis and quantification of brain sections from Syn-ZsG PBS- and LPS-treated mice show significantly increased abundance of ZsGreen at 

CD31+ vessels. 

(D) WB analysis of ZsGreen in plasma EV and soluble fractions shows significantly increased ZsGreen signal in LPS-treated Syn-ZsG mice compared with 

controls. 

(E) Quantification of (C). ZsGreen from plasma EV and soluble fractions confirms significantly elevated ZsGreen levels after LPS. Total protein normalization was 

used for all comparisons. 

(F) IHC of dura whole mounts from WT and 5XFAD mice highlights the anatomical distribution of Aβ42. Zoom in of boxes is shown in Figure 6K. 

(G) Aβ42 ELISA from brain border extracts from WT, 5XFAD-ZsG, and 5XFAD mice confirms that ZsGreen expression does not perturb the normal drainage routing 

of endogenous Aβ42. 

(H) 2-month-old WT-ZsG and 5XFAD-ZsG clearance of ZsGreen across brain borders quantified by fluorescent plate reader and normalized to the respective 

brain’s ZsGreen. 

(I) ZsGreen abundance in blood plasma of 2-month-old 5XFAD mice was significantly increased compared with WT-ZsG healthy controls 

All data are mean ± SEM with n = 3–5. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 by one-way ANOVA with Tukey’s post hoc or Student’s t test.
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