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SUMMARY

The�borders�of�the�central�nervous�system�(CNS)�host�a�repertoire�of�immune�cells�and�mediate�critical�neuro-�
immune�interactions,�including�the�infiltration�of�peripheral�myeloid�cells�into�the�CNS.�Despite�the�funda-�
mental�role�of�leukocyte�infiltration�under�physiological�and�pathological�conditions,�the�neuroanatomical�
route�of�cell�entry�into�the�brain�remains�unclear.�Here,�we�describe�a�specialized�structure�underneath�the�
hippocampus,�the�velum�interpositum�(VI),�that�serves�as�a�site�for�myeloid�cell�entry�into�the�CNS.�The�VI�
functions�as�an�extra-parenchymal�leptomeningeal�extension�containing�distinct�myeloid�cells�subsets.�
Fate-mapping�studies�confirm�meningeal�and�peripheral�myeloid�cell�occupancy�within�the�VI.�Additionally,�
we�highlight�the�distinct�use�of�this�route�in�the�developing,�irradiated,�and�demyelinating�disease�brain,�indi-�
cating�that�myeloid�cell�trafficking�through�the�VI�could�have�important�clinical�implications�for�neurological�
disease.

INTRODUCTION

The�central�nervous�system�(CNS)�hosts�an�array�of�myeloid�
cells�that�play�integral�roles�in�health�and�disease.�1�Microglia�
serve� as� the� brain� parenchyma’s� resident�myeloid� cells,�
responsible�for�immune�surveillance,�pathogen�removal,�and�
tissue� homeostasis.�2,3� Choroid� plexus,� perivascular,� and�
meningeal� macrophages� are� the� primary� tissue-resident�
macrophages�at�these�distinct�interfaces�between�the�CNS�
and�periphery—known�collectively�as�CNS-associated�macro-�
phages�or�border-associated�macrophages�(BAMs).�4–7�These�
gateways�to�the�CNS�serve�as�barriers�to�control�molecular/�
cellular�exchange�and�access�to�the�brain,�implicating�BAMs�
in�immune�surveillance,�including�immune�cell�infiltration�and�
antigen�presentation.�4,8�Microglia�are�long-lived�cells�main-�
tained�by�slow�and�local�self-renewal�without�contributions�
from�bone�marrow�(BM)-derived�cells.�9–12�BAMs�also�originate�
from�an�embryonic�yolk�sac�progenitor,�with�the�exception�
of�stromal�choroid�plexus�and�dural�macrophages,�which

are� replenished� by� BM-derived� cells� in� adulthood.�13–15�

Recent�studies�have�highlighted�the�distinct�transcriptional�
and� molecular� signals� that� shape� CNS� macrophage�
niches.�7,16�

Microglia�rely�on�colony-stimulating�factor�1�receptor�(CSF1R)�
signaling�for�development�and�maintenance,�and�methods�that�
inhibit�CSF1R�signaling�have�afforded�researchers�with�remark-�
able�tools�to�study�microglia�biology.�17–19�Following�genetic�or�
pharmacological�depletion,�microglia�can�arise�from�distinct�sour-�
ces�(with�distinct�repopulating�kinetics)�depending�on�the�ablation�
method�and�brain�conditions.�17,20–31�We�recently�identified�an�
approach�achieving�→75%–99%�replacement�of�microglia�with�
BM-derived�donor�cells,�significantly�improving�traditional�BM�

transplant�strategies�(→10%–30%�replacement).�9,20,32–35�Given�
the�potential�of�donor�monocytes�for�microglial�replacement�ther-�
apies,�23,36–38�we�applied�this�approach�to�gain�insight�into�myeloid�
cell�entry�into�the�brain.�
The�two�most�studied�routes�of�peripheral�cell�trafficking�

into� the�brain� are� the�blood-brain�barrier� (BBB)� and� the
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choroid�plexus.�In�BBB�trafficking,�immune�cell�migration�oc-�
curs�at�post-capillary�venules�and�involves�selectin-depen-�
dent�leukocyte�rolling,�leukocyte�adhesion/arrest,�and�diape-�
desis�across�the�endothelium.�The�choroid�plexus,�with�its�
fenestrated�and�non-continuous�vasculature,�results�in�a�leaky�
interphase�between� the�blood� and� stroma;� however,� cell�
migration�from�the�stroma�to�the�brain�remains�unclear.�Two�
less�studied�routes�of�peripheral�cell�brain�entry�involve�lepto-�
meningeal�vessels�and�meningeal�lymphatics�and/or�glym-�
phatics.�39,40�A�recent�review�on�mechanisms�of�myeloid�cell�
entry�into�the�CNS�provides�insight�into�the�differential�factors�
(e.g.,� development,� anatomy,� and� accessibility)� of� CNS�
macrophage�niches�that�contribute�to�compartment-specific�
myeloid�cell�infiltration.�41�

Under�neuroinflammatory�conditions,�such�as�experimental�
autoimmune�encephalomyelitis�(EAE),�T�cells�crawl�along�pial�
veins,�transmigrate�across�meningeal�vascular�structures�to�
reach�the�subarachnoid�space�(SAS),�and�encounter�antigen-�
presenting�cells,�to�become�activated�and�migrate�across�the�
glia�limitans�into�the�CNS�parenchyma.�42,43�Emerging�studies�
reveal�direct�brain-meningeal�interactions,�including�vascular�
channels�and�arachnoid�cuff�exit�(ACE)�points,�which�enable�
myeloid�cell�migration�from�the�skull�BM�to�the�brain�surface�
and�dura�mater�to�the�SAS,�respectively.�44–46�While�these�studies�
provide�evidence�that�the�leptomeninges�represent�a�site�for�im-�
mune�cell�entry�into�the�parenchyma,�it�remains�unclear�how�cells�
leave�the�SAS,�pass�the�glia�limitans�and�migrate�into�the�brain�
parenchyma.�40,47�

In�this�study,�we�identify�a�specialized�structure�projecting�
into�the�extra-parenchymal�space,�the�velum�interpositum�(VI).�
We�provide�evidence�that�the�VI�serves�as�an�extension�of�the�
leptomeninges�and�route�for�myeloid�cell�entry�into�the�brain.�
Fate-mapping� study� data� confirm� meningeal� myeloid� cell�
occupancy�within�the�VI,�providing�an�important�connection�
between�meningeal�and�brain�interactions.�We�uncover�the�
utility�of�the�VI�during�non-irradiation�and�non-repopulation�con-�
ditions,�including�demyelinating�disease.�Inhibition�of�CSF1R-�
dependent�cells� in�the�meninges�and�VI�delays�onset�and�
peak�of�demyelinating�disease,�implicating�an�important�role�
of�these�cells�and�the�meningeal-VI�route�under�pathological�
conditions.�This�study�expands�our�understanding�of�basic�
myeloid�cell�biology�and�trafficking�into�the�CNS�and�provides�
important� implications� for� demyelinating� diseases� and� the�
development�of�future�therapies.

RESULTS

BM-derived�cells�first�appear�in�a�structure�under�the�
hippocampal�formation�during�CNS�myeloid�cell�
replacement�
Whole-body�(WB)�irradiation/BM�transplant�followed�by�CSF1R�
inhibitor�(CSF1Ri)�depletion�and�withdrawal�results�in�brain-�
wide�(→85%–99%)�and�long-term�(>10�months�post-transplant)�
peripheral�myeloid�cell�engraftment�in�the�CNS.�20�To�study�the�
dynamics�of�monocyte�engraftment�into�the�brain,�we�generated�
GFP�+�BM�chimeric�mice�using�this�approach�and�performed�
immunohistochemical�evaluations�to�assess�critical�areas�of�
early�GFP�+�cell�entry�into�the�brain.�Consistent�with�previous�
studies�showing�BM-derived�cell�infiltration�following�exposure�
to�irradiation,�32�we�observed�that�→35%�of�brain�IBA1�+�cells�
were�GFP�+�in�WB-irradiated�control�mice,�indicative�of�periph-�
eral/BM�origins�(Figures�1A–1C,�1B1,�1D,�S1A,�and�S1D).�We�
find�that�the�majority�of�GFP�+�cells�appeared�to�be�perivascular�
macrophages�or�macrophages�located�within�blood�vessel-like�
structures,�consistent�with�studies�showing�BM-derived�myeloid�
cells�replace�perivascular�macrophages�following�irradiation�13,48�

(Figure�1B1).�Fourteen-day�CSF1Ri�(PLX3397)�treatment�elimi-�
nated�all�myeloid�cells�in�WB-irradiated�brains�(Figures�1B,�
1B2,� and� 1D),� underscoring� their� dependence� on�CSF1R�
signaling�once�established�in�parenchymal�spaces.�
While� examining� the�dynamics�of� infiltrating�BM-derived�

myeloid�cells�into�the�CNS�during�the�early�stages�of�repopula-�
tion�(i.e.,�5–7-day�recovery),�we�noted�extensive�coverage�and�
accumulation�of�GFP�+�IBA1�+�cells�in�a�structure�running�under-�
neath�the�hippocampal�formation�(Figures�1B,�1B3,�and�S1F).�
By�14-day�recovery,�all�repopulating�IBA1�+�cells�are�GFP�+�and�
exhibit�a�distinct�radial�migratory�pattern�(Figures�1B�and�S1H).�
At�this�time�point,�we�also�observe�GFP�+�cells�within�blood-�
vessel-like�structures,�indicating�again�BM�cell�replacement�of�
perivascular�macrophages�(Figure�1B4).�Despite�this�replace-�
ment,�GFP�+�cells�do�not�appear�to�be�migrating�out�from�blood�
vessels�to�repopulate�the�brain�parenchyma�(Figure�1B4),�but�
rather� from�the�structure�under�the�hippocampal� formation�
(Figure�1B3).�Staining�for�lymphatic�vessel�endothelial�hyalur-�
onan�receptor�1�(LYVE1),�a�marker�for�lymphatic�endothelial�
cells,�and�CD31,�a�marker�for�endothelial�cells,�reveals�that�this�
tract�contains�GFP�+�and�LYVE1�+�cells�(Figure�1E).�Further,�exam-�
ination�of�brain�sections�shows�that�repopulating�GFP�+�cells�
expand�from�the�LYVE1�+�tract�under�the�hippocampus,�but�not

Figure�1.�BM-derived�cells�first�appear�in�a�structure�under�the�hippocampal�formation�during�CNS�myeloid�cell�replacement
(A)�Generation�of�BM�GFP�+�chimeras.

(B)�Whole-brain�images�of�GFP�+�(green)�and�IBA1�+�(red)�cells;�insets�show�higher-resolution�images�of�GFP�+�cells�in�a�tract�under�the�hippocampus�(HC-T,�arrows)�

and�perivascular�spaces.�

(C�and�D)�Quantification�of�GFP�+�and�IBA1�+�cells.

(E)�Confocal�image�of�LYVE1�+�(red)�and�CD31�+�(blue)�staining�in�the�HC-T�where�GFP�+�cells�accumulate�at�7-day�recovery.

(F)�Quantification�of�GFP�+�cells�in�the�LYVE1�+�HC-T,�LYVE1�+�leptomeninges�(Lm),�CD31�+�choroid�plexus�(ChP),�and�CD31�+�blood�vessels�(bv).

(G)�Confocal�images�of�LYVE1�+�(red)�and�CD31�+�(blue)�structures�where�GFP�+�cells�expand�into�the�CNS�between�7-�and�11-day�recovery.�

(H�and�I)�Images�of�GFP�+�(green),�galectin-3�+�(Gal-3,�red),�and�IBA1�+�(blue)�cells�in�the�HC-T.�

(J�and�K)�Quantification�of�IBA1�+�and�Gal-3�+�IBA1�+�cells.�

(L)�Quantification�of�Gal-3�+�expression�intensity�in�GFP�+�BM�cells.�

Data�are�mean�±�SEM�(n�=�3–5;�3+�groups:�two-way�ANOVA�with�Dunnett�post�hoc;�2�groups:�t�test;�*p�<�0.05,�**p�<�0.01,�***p�<�0.001).�PvMac,�perivascular�

macrophages.�Scale�bars:�→200�μm�for�(B);�→100�μm�(H);�→70�μm�for�(B1)�and�(B2);�→50�μm�for�(B3)�and�(B4);�→30�μm�for�(G),�(H1),�(H2),�and�(I);�→10�μm�(E).�

See�also�Figure�S1.

ll
Article

Neuron�113,�1–19,�August�6,�2025� 3

Please�cite�this�article�in�press�as:�Hohsfield�et�al.,�Identification�of�the�velum�interpositum�as�a�meningeal-CNS�route�for�myeloid�cell�trafficking�into�the�
brain,�Neuron�(2025),�https://doi.org/10.1016/j.neuron.2025.05.004



A

D
E F

G

I

J K

L

H

M N

CB

(legend�on�next�page)

ll
Article

4� Neuron�113,�1–19,�August�6,�2025

Please�cite�this�article�in�press�as:�Hohsfield�et�al.,�Identification�of�the�velum�interpositum�as�a�meningeal-CNS�route�for�myeloid�cell�trafficking�into�the�
brain,�Neuron�(2025),�https://doi.org/10.1016/j.neuron.2025.05.004



from�other�brain�border�sites,�including�the�leptomeninges�(i.e.,�
outer�surface�of�the�brain),�perivascular�spaces,�or�the�choroid�
plexus�(Figures�1F�and�1G).�
Recent�single-cell�RNA�sequencing�studies�show�that�Lgals3,�

which�encodes�for�Galectin-3,�is�upregulated�in�disease-associ-�
ated�microglia�and�other�subsets.�49–51�However,�we�recently�
identified�MAC2/galectin-3�as�a�marker�for�peripheral�immune�
cells,�highlighting�its�expression�in�myeloid�cells�that�infiltrate�
the�brain�following�intracranial�infection�with�the�neurotropic�
JHM�strain�of�mouse�hepatitis�virus�(JHMV)�infection�and�BM�

transplant.�52�Here,�we�observe�that�GFP�+�IBA1�+�cells�that�first�
appear�in�the�tract�under�the�hippocampus�are�galectin-3�+�

(Gal-3�+�)�(Figures�1H–1K).�While�BM-derived�cells�retain�Gal-3�
staining�as�they�enter�and�engraft�the�CNS�parenchyma,�cells�
within�the�tract�exhibit�elevated�Gal-3�expression�compared�
with�those�outside�of�the�tract�(Figure�1L).�Taken�together,�
these�data� indicate� that� irradiation�allows� for� the�entry�of�
BM-derived�cells�through�specific�anatomical� locations�and�
routes,�rather�than�an�influx�through�damaged�blood�vessels.�
Thus,�we�hypothesized�that�the�influx�of�BM-derived�cells�into�
the�CNS�utilizes�a�specialized�structure�running�underneath�the�
hippocampus.

Identification�of�the�VI�
As�both�the�leptomeninges�and�the�tract�under�the�hippocampus�
stained�positive�for�LYVE1,�we�next�examined�whether�this�tract�
could�be�part�of�the�meningeal�compartment.�The�meninges�are�
known�as�a�protective�membrane�covering�the�brain;�however,�
recent�studies�have�highlighted�this�structure’s�ability�to�pene-�
trate� deeper� cerebral� territories.�53� In� the� adult� brain,� the�
meninges�not�only�form�the�roof�of�the�ventricular�system,�but�
also�includes�a�major�projection�underneath�the�hippocampal�
formation,�which�connects�to�the�choroid�plexus�stroma.�54,55�

Immunohistochemistry�using�LAMININ,�a�marker�commonly�
used�to�label�the�leptomeninges,�confirmed�the�presence�of�a�
LAMININ-enriched�structure�running�between�the�hippocampus�
and� thalamus� in�control�murine�brains—the�same�site�we�
observed� GFP�+� peripheral� cell� entry� in� chimeric� mice�
(Figures�2A�and�2A1).

Further�anatomical�exploration�of�this�structure�suggested�that�
it�may�represent�an�extension�of�the�meninges.�The�tela�choroi-�
dea—a�double-layered�fold�of�pia�mater—adheres�to�the�epen-�
dyma�of�the�ventricle,�forming�the�roof�of�the�ventricle�and�giving�
rise�to�the�choroid�plexus.�In�humans,�the�space�between�the�two�
layers� of� the� tela� choroidea� is� referred� to� as� the�VI�56–58�

(Figures�2A3�and�S2A).�Previous�microsurgical�study�of�the�hu-�
man�brain�describes�the�VI�as�a�membrane�that�lies�over�the�thal-�
amus,�which�is�continuous�with�the�choroid�plexus�of�the�lateral�
ventricles�as�well�as�with�the�pia/arachnoid�of�the�cerebellum�and�
inferior�surface�of�the�parietal/occipital�lobes�(Figures�2A4�and�
S2A).�59� Thus,�this�structure�under�the�murine�hippocampus�
aligns�with�that�of�the�VI�in�humans�but�has�not�been�extensively�
explored�or�characterized�in�mice.�
To�further�explore�this�structure,�we�next�performed�whole-�

brain�structural�imaging�on�wild-type�(WT)�mouse�brains�using�
light-sheet�microscopy.�Videos�S1�and�S2�and�a�series�of�
maximum� intensity�projection�representative� images�display�
the�geospatial�distribution�of�the�VI�spanning�whole�brains�in�cor-�
onal,�sagittal,�and�horizontal�planes�(Figures�2B,�S2B,�and�S2C).�
Whole-brain�imaging�reveals�that�a�LAMININ�+�projection�running�
under�the�hippocampal�formation�connects�the�third�ventricle�to�
the�lateral�ventricle�(as�seen�in�the�coronal�plane;�Figures�2B�and�
S2D)�as�well�as�connects�the� leptomeninges�to�the� lateral�
ventricle�(as�seen�in�the�sagittal�plane;�Figures�2B�and�S2E).�
Since�the�VI�is�known�to�be�highly�vascularized�with�internal�ce-�

rebral�arterioles�and�veins�58�and�given�that�the�meninges�are�
associated�with�an�extensive�vascular�network,�we�next�stained�
for�vascular�and�lymphatic�endothelial�cell�markers,�TIE2�and�
LYVE1,�respectively.�Here,�we�observe�both�TIE2�+�and�LYVE1�+�

staining�within� the�murine�VI� (Figures�2C,�2C1,�and�2C2),�
although�LYVE1�+�staining�appears�cellular.�LYVE1�is�a�well-�
known�marker�of�resident�meningeal�and�perivascular�macro-�
phages;�thus,�our�data�indicate�that�BAMs�are�dispersed�in�this�
structure.�60�

Expression�of�mannose�receptor�CD206,�encoded�by�Mrc1,�and�
LYVE1�has�been�identified�in�discrete�subsets�of�BAMs.�6,13,61–63�

Here,�we�observe�that�CD206�+�IBA1�+�and�LYVE1�+�IBA1�+�cells�are�
present�in�both�the�dural�sinuses�(i.e.,�the�superior�sagittal�sinus

Figure�2.�Identification�of�the�VI
(A)�Coronal�and�sagittal�sections�of�wild-type�(WT)�mouse�brains�stained�for�IBA1�(green)�and�LAMININ�(red);�inset�shows�higher-resolution�image�of�VI�(A2�↑�).

Schematics�indicate�location�of�the�VI�in�mouse�and�human�brains.

(B)�Whole-brain�light-sheet�imaging�of�LAMININ;�arrows�highlight�connections�between�the�Lm,�VI,�and�LV.

(C)�Images�of�endothelial�(TIE2,�CD31;�green),�lymphatic/meningeal�(LYVE1;�red),�and�glial�cells�(IBA1,�GFAP;�blue)�in�the�VI;�insets�indicate�the�VI�is�composed�of

endothelial�cells,�meningeal�macrophages,�surrounded�by�astrocytes.

(D)�Confocal�images�of�IBA1�+�(red),�LYVE1�+�(green),�CD206�+�(blue�or�green)�cells�in�the�dura�mater�and�VI�(LAMININ,�blue).�Dotted�white�lines�illustrate�the�location

of�the�VI.

(E�and�F)�Quantification of LYVE1�+�IBA1�+ (E)�and CD206�+�IBA1�+ (F)�cells�in�the�VI,�Lm,�and�ChP.

(G)�Schematic�of�lineage�labeling�in�Lyve1�CreERT2�/tdT�mice;�tamoxifen�administration�causes�tdT�expression�in�Lyve1�cells.�

(H�and�I)�Images�of�IBA1�+�(green),�Lyve1�CreERT2�/tdT�(red),�and�LYVE1�+�(blue)�cells�in�the�dura�mater�(H),�VI�and�Lm�(I)�of�control�Lyve1�CreERT2�/tdT�mice;�insets�show�

cells�in�the�SSS�and�non-sinus�areas�of�the�dura.�Arrows�highlight�cells�within�the�VI�and�Lm.�

(J�and�K)�Quantification�of�tdTomato�+�cells�in�the�dura�mater,�VI,�Lm,�and�ChP.�

(L)�Images�of�Cx3cr1�GFP/+�/Ccr2�RFP/+�mouse�brains.�Dotted�white�lines�indicate�the�VI.�White�insets�show�Cx3cr1�GFP/+�and�Ccr2�RFP/+�cells�(arrows)�in�the�VI�and�Lm.�

(M�and�N)�Quantification�of�Cx3cr1�GFP/+�and�Ccr2�RFP/+�cells�in�the�cortex�(M),�VI,�Lm,�and�ChP�(N).

Data�are�mean�±�SEM�(n�=�3;�two-way�ANOVA�with� �Sidá�k’s�post�hoc;�*p�<�0.05,�**p�<�0.01,�***p�<�0.001).�HC,�hippocampus;�MHb,�medial�habenula;�Fm,�fimbria;�T,

thalamus;�LV,�lateral�ventricle;�CTX,�cortex;�CB,�cerebellum;�3V,�third�ventricle;�CC,�corpus�callosum;�F,�fornix;�HT,�hypothalamus;�CP,�caudoputamen;�CN,�

caudate�nucleus;�ICV,�internal�cerebral�vein;�PG,�pineal�gland;�H,�habenula;�4V,�fourth�ventricle;�SSS,�superior�sagittal�sinus.�Scale�bars:�→700�μm�for�(B);�→200�μm�

for�(A1),�(A2),�(C),�(H),�and�(L);�whole�brains�and�dura�mater);�→100�μm�for�(A2�↑�),�(H1),�and�(H2);�→70�μm�for�(C1),�(C2),�(D1),�and�(D2);�→50�μm�for�(D),�(L1),�and�(L2);

→30�μm�for�(I).�

See�also�Figures�S2�and�S3.
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[SSS])�and�throughout�the�non-sinus�areas�of�dura�mater�of�the�
meninges�(Figures�2D1�and�2D2).�Moreover,�we�observe�deposi-�
tion�of�CD206�+�IBA1�+� and�LYVE1�+�IBA1�+� cells�within� the�VI�
(Figures�2D–2F�and�S3A).�Using�lineage�tracing�studies�with�
Lyve1�CreERT2�crossed�to�tdTomato�(tdT)�reporter�mice,�we�show�

that�Lyve1-derived�cells�markedly�populate� the�dura�mater,�
comprising�→65%�of�all�meningeal�IBA1�+�myeloid�cells�(Figures�
2H–2K).�LYVE1�+�cell�staining�is�prominent�within�the�VI�and�lepto-�
meninges�(composed�of�pia�and�arachnoid�meningeal�layers)�with
→38%�and�→45%�of�myeloid�cells�labeled�with�tdT�(Figures�2I–2K),�
respectively.�No�or�few�Lyve1-derived�cells�are�found�in�the�
choroid�plexus�(Figures�2J,�2K,�and�S3B).�Statistical�analysis�re-�
veals�that�the�dura,�VI,�and�choroid�plexus�exhibit�distinct�distribu-�
tion�of�Lyve1-derived�cells;�however,�the�distribution�of�these�cells�
in�the�VI�and�leptomeningeal�are�comparable.�
To�explore�whether�the�VI�potentially�receives�peripheral�input,�

we�next�sought�to�investigate�the�presence�of�Cx3cr1�and�Ccr2�
myeloid�cells�within�this�structure.�To�accomplish�this,�brain�
and�meningeal�tissue�was�collected�from�Cx3cr1�GFP/+�Ccr2�RFP/+�

dual�reporter�mice;�in�these�mice,�red�fluorescent�protein�(RFP)�
is�expressed�in�CCR2�+� cells,�and�green�fluorescent�protein�
(GFP)� is�expressed� in�CX3CR1�+� cells.� In� the�meninges�of�
Cx3cr1�GFP/+�/Ccr2�RFP/+� mice,� Cx3cr1�GFP�cells� are� distributed�
throughout�the�dura�mater—whereas�Ccr2�RFP�are�found�exclu-�
sively� in� the� sinuses� (Figures�S3C–S3E).� In� the�brains� of�
Cx3cr1�GFP/+�/Ccr2�RFP/+�mice,�we�observe�prominent�Cx3cr1�GFP+�

and�Ccr2�RF2+�cell�accumulation�in�the�VI�(Figure�2L1),�leptome-�
ninges�(Figure�2L2),�longitudinal�fissure,�and�choroid�plexus�
(Figures�2L–2N),�highlighting�the�potential�myeloid�cell�trafficking�
route�from�the�meninges�into�the�brain�via�the�VI.�Together,�these�
data�provide�evidence�that�the�structure�we�identify�under�the�
hippocampus�is�a�vascularized�structure�that�shares�a�similar�
cellular�composition�profile�to�the�meninges,�i.e.,�it�is�filled�with�
BAMs�and�peripheral�myeloid�cells.

Molecular�characterization�of�the�VI—A�leptomeningeal�
extension�into�the�extra-parenchymal�spaces�of�
the�brain�
To�visualize�the�gene�and�protein�expression�patterns�and�iden-�
tify�cellular�and�molecular�constituents�of�the�VI,�we�performed�
high-plex�single-cell�resolution�in�situ�analysis�of�protein�and

RNA�by�spatial�molecular�imaging.�64�Frozen�WT�brains�were�
analyzed�using�the�CosMx�Spatial�Molecular�Imager�platform�

(Figure�S4A),�providing�spatial�proteomic�and�transcriptional�in-�
formation�while�preserving�native�cellular�architecture.�We�again�
demonstrate�that�the�VI�is�enriched�for�LAMININ,�a�known�
constituent�of�endothelial�basement�membranes�(Figure�3A).�
Focusing�on�a�selected�field�of�view�(FOV)�that�captured�the�
LAMININ�+� VI,� the�LAMININ�+� leptomeninges�and� the� lateral�
ventricle�(Figure�S4B),�we�identified�several�intermediate�filament�
proteins�that�distinguish�these�specific�and�distinct�brain�re-�
gions.�Glial�fibrillary�acidic�protein�(GFAP)�is�expressed�in�cells�
that�surround�the�VI,�within�the�leptomeninges,�along�the�walls�
of�the�lateral�ventricle,�and�within�the�corpus�callosum.�Cells�pos-�
itive�for�VIMENTIN,�a�protein�expressed�in�mesenchymal�cells—�

including�fibroblasts,�and�NESTIN,�a�protein�expressed�in�neuro-�
epithelial�stem�cells,�are�prevalent�in�both�the�VI,�leptomeninges,�
and�lateral�ventricle�(Figures�3A�and�3B).�In�contrast,�staining�for�
CD31,�a�glycoprotein�expressed�on�the�vascular�endothelium,�as�
well�as�platelet-derived�growth�factor�receptor�beta�(PDGRβ),�a�
growth�factor�receptor�highly�expressed�in�pericytes,�is�only�
found�in�the�VI�and�leptomeninges,�but�not�within�the�walls�of�
the�ventricles�(although�it�is�present�in�some�cells�in�the�choroid�
plexus)�(Figures�3A�and�3B).�Interestingly,�we�observe�CD31,�
VIMENTIN,�and�PDGRβ�expression�within�LAMININ�+�structures�
in�the�hippocampal�fissure�(Figure�3A).�As�expected,�we�found�
high�expression�of�FOXJ1,�a�regulator�of�motile�cilia,�in�the�epen-�
dymal�layer�of�the�lateral�ventricle,�where�cilia�are�essential�for�
cerebrospinal�fluid�movement,�but�no�expression�in�the�VI�or�lep-�
tomeninges�65� (Figures�3A�and�3B).�These�data�highlight�the�
unique�molecular�and�cellular�profile�of�the�VI�from�other�brain�
border�interfaces.�
We�next�applied�spatial�transcriptomics�to�spatially�resolve�

gene�expression�changes�within�the�murine�brain�and�identify�
distinct�genes�expressed�in�the�VI.�Across�all�sections�(207�total�
FOVs,�→69�FOVs/brain�section),�we�captured�107,671�cells�with�
a�mean�of�→400�transcripts�per�cell.�All�coronal�brain�slices�con-�
tained�the�VI�and�surrounding�hippocampal�and�cortical�tissue.�
Unbiased�cell�clustering�identified�27�transcriptionally�distinct�
clusters�within�our�dataset�(Figure�3C).�We�annotated�these�
clusters�based�on�the�expression�of�known�marker�genes�and�
unbiased�cluster�marker�gene�detection�(Figures�3D�and�S4C).

Figure�3.�Characterization�of�the�VI—A�leptomeningeal�extension�into�the�extra-parenchymal�spaces�of�the�brain
(A)�Immunofluorescence�images�of�WT�mouse�brains�showing�GFAP,�CD31,�VIMENTIN,�PDGFRβ,�NESTIN,�FOXJ1,�DAPI,�and�LAMININ�expression�in�the�VI,�Lm,�

and�LV.

(B)�Heatmap�quantifying�protein�expression�in�(A)�as�visualized�across�3�brains;�high�expression�=�1.0;�moderate�=�0.5;�low/no�expression�=�0.0.

(C)�Uniform�manifold�approximation�and�projection�(UMAP)�of�107,671�cells�across�WT�hemibrains�(n�=�3),�identifying�27�clusters�based�on�gene�expression�and�

anatomical�location�in�x-y�space.

(D)�Heatmap�of�top�5�genes�enriched�in�each�cluster,�highlighting�cluster�12�(C12)�as�a�VLMC�cluster.

(E)�Schematic�of�clusters�in�XY�space�accompanied�by�a�depiction�of�major�brain�areas.

(F)�Schematic�of�cluster�12�plotted�in�XY�space,�highlighting�the�enrichment�of�this�cluster�in�the�VI�and�Lm.

(G)�Top�28�genes�enriched�in�cluster�12.

(H)�Gene�Ontology�analysis�of�differentially�expressed�genes�(DEGs)�in�cluster�12,�highlighting�pathways�involved�in�extracellular�matrix-receptor�interactions,�

adhesion,�and�migration.

(I)�Confocal�images�of�DPP4�(green)�and�panLAMININ�or�LAMININα1�(red)�in�WT�brains.

(J)�Confocal�images�of�GFP�+�(green),�MMP2�+�(red),�and�IBA1�+�(blue)�staining�in�the�VI�(white�dotted�lines)�of�WT�and�GFP-BM�chimeric�mice.

(K)�Quantification�of�(J).�

Data�are�mean�±�SEM�(n�=�5–7;�two-way�ANOVA�with�Fisher’s�least�significant�difference�(LSD)�post�hoc;�***p�<�0.001).�MMP2,�matrix�metalloproteinase�2.�

Scale�bars:�→200�μm�for�(A,�top)�and�(I,�whole�brains);�→50�μm�for�(A,�bottom);�→30�μm�for�(I)�and�(J).�

See�also�Figure�S4.
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Visualization�of�these�clusters�in�X-Y�space�reveals�one�cluster�
(cluster�12)�that�aligns�spatially�with�the�location�of�the�VI�and�lep-�
tomeninges�(Figures�3E,�3F,�and�S4D),�providing�evidence�that�
the�VI�shares�transcriptional�resemblance�with�the�leptome-�
ninges.�The�top�enriched�genes�in�cluster�12�include�those�pre-�
viously� identified� in� vascular� leptomeningeal� cells� (VLMCs)�
(Dcn,�Col1a2,�Col1a1,�Col3a1,�Vtn,�Apod,�Pecam1,�Cldn5,�Flt1,�
Acta2,�and�Tagln),�including�markers�for�collagens�and�blood-�
vessel-associated�cells�66–71�(Figure�3G).�In�line�with�our�data,�
previous�studies�have�shown�that�VLMCs�are�mainly�located�in�
the�pia�and�arachnoid�membranes�of�the�brain.�66,72�Moreover,�
several� cluster� 12�genes� and/or� associated�proteins� have�
been�identified�in�the�leptomeninges,�including�in�arachnoid�bar-�
rier/fibroblasts�(Ptgds,�Vim,�and�Tagln),�73–75�perivascular�macro-�
phages/fibroblasts� (Spp1)�68,76� and� meningeal� fibroblasts�
(Col1a2,�Col1a1,�and�Cfh).�73,77�We�also�found�genes�associated�
with�astrocytes�(Gfap�and�Aqp4),�which�likely�corresponds�with�
the�glia�limitans.�78�Pathway�analysis�of�the�top�enriched�genes�
in�cluster�12�implicate�several�pathways�involved�in�cell�adhe-�
sion,�migration,�and�signaling,�including�focal�adhesion,�extracel-�
lular�matrix� (ECM)-receptor� interaction,�P13K-Akt� signaling,�
Relaxin� signaling,� and� leukocyte� transendothelial� migration�
(Figure�3H).�Together,�these�data�indicate�that�the�VI�is�a�lepto-�
meningeal�extension�where�several�cell�types�exhibit�spatial�co-�
localization,�alongside�a�network�of�collagens�and�extracellular�
matrix�components,�vascular�endothelium,�basement�mem-�
brane,�and�glial�cells.�

Previous�studies�have�described�molecularly�distinct�com-�
partments�of�the�meninges�based�on�differential�expression�of�
basement�membrane�laminins�79�and�the�presence�of�transcrip-�
tionally�distinct�brain�border�cells�(i.e.,�meningeal�fibroblasts)�
within�different�anatomical�barriers.�72�To�better�understand�the�
molecular�identity�of�the�VI,�we�stained�brain�sections�for�LAM-�
ININα1,�a�marker�that�distinguishes�pial�and�arachnoid�layers,�79�

and�dipeptidyl�peptidase-4�(DPP4),�a�marker�for�arachnoid�bar-�
rier�cells.�72�Here,�we�observe�that�DPP4�labels�the�outer�surface�
of�the�brain�but�does�not�stain�the�VI.�Immunostaining�for�
LAMININα1�specifically�labels�the�outer�surface�of�the�brain,�as�
well�as�the�VI�(Figure�3I).�Staining�for�other�forms�of�laminin�is�pro-�
vided�in�Figures�S4E�and�S4F.�These�data�provide�evidence�that�
the�VI�consists�of�pial�basement�membrane,�in�alignment�with�our�
transcriptional�data�and�previous�studies�highlighting�collagen,�
laminin,�and�matrix�metalloproteinase�(MMP)�enrichment�in�pial�
fibroblast�subclusters.�72,73�

Recent�data�implicate�the�ECM�in�the�migration�of�leptomenin-�
geal�macrophages�into�perivascular�spaces.�7�It�is�well�known�
that�upon�penetration�of�the�endothelial�cell�monolayer�and�
basement�membrane,�extravasating�leukocytes�must�traverse�
parenchymal�basement�membrane�and�glial� limitans�before�
entering�the�brain�parenchyma.�One�of�the�major�enzymes�asso-�
ciated�with�infiltrating�leukocytes�is�MMP2,�which�exhibits�activ-�
ity�at�sites�of�leukocyte�penetration�of�the�parenchymal�base-�
ment�membrane.�80�Thus,�we�hypothesized�that�if�cells�utilize�
the�VI�for�cell�migration,�then�MMP2�expression�may�be�prevalent�
in�this�area�of�the�brain.�Immunostaining�for�MMP2�demonstrates�
that�this�protein�is�highly�expressed�in�the�VI�region�and�colocal-�
izes�with�infiltrating�GFP�+�BM�myeloid�cells�(Figures�3J�and�3K).�
Together,�these�data�indicate�that�the�structure�we�identify�as�the

VI�under�the�hippocampal�formation�is�a�vascularized�leptome-�
ningeal�structure�that�serves�as�a�potential�route�of�migration�
for�infiltrating�myeloid�cells�in�the�brain�parenchyma.

The�VI�as�a�route�for�myeloid�cell�trafficking�and�entry�
into�the�brain�
The�meninges�host�an�extensive�repertoire�of�immune�cells�
including�pools�of�myeloid�cells�that,�under�pathological�condi-�
tions,�can�mobilize�and�accumulate�within�this�CNS�border�
before� infiltrating� into� the� parenchyma.�46,81–84� To� explore�
whether�the�VI�serves�as�a�route�for�myeloid�cell�mobilization,�
trafficking,�and�entry�into�the�brain,�we�explored�two�distinct�con-�
ditions�involving�myeloid�cell�CNS�colonization�or�reconstitution:�
Utilization�of�VI�during�development�
Microglia� originate� from� yolk-sac-derived� progenitors� and�
migrate�to�colonize�the�CNS�from�embryogenesis�(→E9.5)�until�
the�end�of�the�second�postnatal�week.�85–87�While�previous�
data�suggest�that�CX3CR1�+�microglial�precursors�migrate�into�
the�brain�via�blood�vessels,�and�report�high�densities�of�these�
cells�near�pial�and�ventricular�surfaces�prior�to�cortical�distribu-�
tion,�88,89� the� neuroanatomical� route� of� cell� entry� remains�
unknown.�Here,�we�evaluated�the�spatiotemporal�features�of�
myeloid�cell�colonization� in�the�developing�mouse�brain�at�
different�embryonic�and�early�postnatal�stages�of�development:�
E17,�P1,�P5,�and�P9�(Figures�4A–4D).�At�E17,�the�most�prominent�
IBA1�+�accumulation�occurs�in�areas�known�in�the�adult�murine�
brain� as� the� leptomeninges,� longitudinal� fissure� and� third�
ventricle,�along�with�blood�vessel-like�staining�(Figure�4A).�In�
postnatal�stages�(P1–P9),�LAMININ�+�staining�is�present�in�similar�
regions,�as�well�as�the�VI�(Figure�4A).�At�P1,�IBA1�+�cells�are�
densely�packed�along�the�VI,�longitudinal�fissure,�and�certain�
areas�of� the�ventricles,�with� few� in� the�brain�parenchyma�
(Figures�4A–4D�and�S5A).�At�P5�and�P9,�IBA1�+�cells�are�still�pre-�
sent�in�the�VI,�but�display�broader�spreading�to�the�thalamus�(at�
P5)�and�cortex�(at�P9)�(Figures�4A–4D�and�S5A),�mirroring�re-�
ported�spatiotemporal�spreading�and�migratory�of�microglial�
colonization.�Given�the�deposition�of�IBA1�+�cells�within�the�VI�
following�primitive�BBB�formation�(→E15.5),�these�data�could�
also� represent� the� routes�by�which�early�BAM�precursors�
begin�to�occupy�and�expand�within�this�CNS�border�niche.�90�A�
recent�study�indicates�that�developing�leptomeninges�act�as�
an�intermediate�environmental�niche,�from�which�meningeal�
macrophages�migrate�into�perivascular�spaces�to�give�rise�to�
perivascular�macrophages�postnatally.�7�Future�lineage�tracing�
experiments�will�be�necessary�to�confirm�the�identity�of�myeloid�
cells�in�the�VI�during�development.�
BM-derived�myeloid�cell�entry�into�the�brain�
parenchyma�via�the�VI�following�head�irradiation�
We�next�explored�whether�this�leptomeningeal�structure�is�uti-�
lized�by�BM-derived�myeloid�cells�to�access�the�adult�brain�in�
the�absence�of�CSF1R�signaling�disruption.�Brains�of�WB�irradi-�
ated�chimeric�mice�→10�months�post-irradiation�were�examined,�
providing�extended�recovery�from�BBB�disruption.�91�Few�GFP�+�

cells� were� present� in� the� brain� parenchyma� (Figures� 4E�
and�4F),�but�GFP�+�cell�deposition�was�prominent�within�the�VI�
and�fimbria,�as�well�as�the�leptomeninges�and�choroid�plexus�
(Figures�4E,�4G,�4H,�and�S5B).�GFP�+�cell�accumulation�was�
also�visible�in�the�hippocampal�fissure�and�cortical�blood�vessels
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Figure�4.�The�VI�as�a�route�for�myeloid�cell�trafficking�and�entry�into�the�brain
(A)�Whole-brain�images�of�embryonic�and�early�postnatal�mouse�brains�(E17,�P1,�P5,�and�P9)�stained�for�IBA1�(green),�LAMININ�(magenta),�and�DAPI�(blue);�inset�

shows�higher-resolution�image�of�IBA1�+�cells�within�this�LAMININ�+�structure.

(B)�Quantification�of�IBA1�+�cells�in�the�thalamus�and�cortex.

(C)�Confocal�images�of�the�VI�in�embryonic�and�early�postnatal�mice�stained�for�IBA1�(green)�and�DAPI�(blue).

(D)�Quantification�of�(C).

(E)�Whole-brain�image�of�GFP�+�BM�(green)�and�NeuN�+�(red,�to�show�brain�structure)�cells�in�chimeric�mice�→10�months�post-irradiation.�Dotted�white�lines�indicate�

the�VI�and�dotted�yellow�lines�denote�the�hippocampal�fissure�(HF).

(F–I)�Quantification�of�GFP�+�IBA1�+�/IBA1�+�(%)�in�the�brain,�VI,�Lm�(pia�and�arachnoid),�and�dura�mater.

(J)�Meningeal�whole�mount�and�confocal images�of GFP�+�, IBA1�+�, and DAPI�+ cells�in�the�dura�mater�of�WT�mice�(J1�and�J2)�and�WB-irradiated�GFP-BM�chimeric

mice�(J3�and�J4).

Data�are�mean�±�SEM�(n�=�3–9;�3+�groups:�two-way�ANOVA�with�Tukey’s�post�hoc�testing,�B�and�D;�and�Dunnett�post�hoc�testing,�M,�2�groups:�t�test;�*p�<�0.05,

**p�<�0.01,�***p�<�0.001).�LF,�longitudinal�fissure.

Scale�bars:�→250�μm�for�(A);�→200�μm�for�(J);�→100�μm�for�(E);�→30�μm�(C)�and�(J1)–(J4).

See�also�Figure�S5.
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Figure�5.�Myeloid�cells�occupy�the�VI�and�utilize�this�route�during�demyelinating�disease
(A)�EAE�induction�of�mice�with�myelin�oligodendrocyte�glycoprotein�(MOG)�35–55�/complete�Freund’s�adjuvant�(CFA)�and�pertussis�toxin�(PTX).�First�signs�of�pa-�

ralysis�appeared�at�day�9.�Animals�were�euthanized�at�clincal�scores�(CS)�1,�2,�and�3�(days�13–20).

(legend�continued�on�next�page)

ll
Article

10� Neuron�113,�1–19,�August�6,�2025

Please�cite�this�article�in�press�as:�Hohsfield�et�al.,�Identification�of�the�velum�interpositum�as�a�meningeal-CNS�route�for�myeloid�cell�trafficking�into�the�
brain,�Neuron�(2025),�https://doi.org/10.1016/j.neuron.2025.05.004



(Figure�4E).�Since�our�data�indicate�that�the�VI�serves�as�an�
extension�of�the�leptomeninges,�we�next�collected�dura�mater�
and�assessed�whether� the�peripheral�myeloid�cell�makeup�
of�the�meninges�matched�the�VI.�Here,�we�observe�100%�

reconstitution�of�the�meningeal�dura�mater�myeloid�cell�compart-�
ment�with�BM-derived�GFP�+� cells�following�head�irradiation�
(Figures�4I,�4J,�4J3,�and�4J4).�No�GFP�+�cells�are�found�in�the�
dura�mater�of�non-irradiated�control�mice�(Figures�4J1�and�
4J2).�These�data�confirm�long-term�BM�cell�replacement�of�
meningeal�macrophages�post-irradiation,�consistent�with�prior�
studies,�20,34,92� and�highlight�a�potential�connection�between�
the�VI�and�meninges�and�the�VI’s�role�in�peripheral�myeloid�cell�
trafficking�into�the�CNS�under�certain�experimental�conditions.

Myeloid�cells�occupy�the�VI�and�utilize�this�route�during�
demyelinating�disease�
To�investigate�the�VI’s�role�in�peripheral�myeloid�cell�CNS�infiltra-�
tion�under�pathological�conditions,�we�employed�a�mouse�model�
of�demyelination—experimental�autoimmune�encephalomyelitis�
(EAE).�EAE�was�induced�in�WT�mice�and�brains�collected�at�clin-�
ical�scores�1–3�(CS�1–3)�to�visualize�myeloid�cell�changes�across�
the�disease�(Figures�5A�and�5B).�Demyelination�was�confirmed�
by� loss� of� myelin� basic� protein� (MBP)� immunostaining�
(Figures�5C�and�5D).�During�EAE,�we�observed�a�significant�in-�
crease�in�IBA1�+�cells�in�the�VI�and�brain�(Figures�5E–5G),�with�
the�most�pronounced�accumulation�at�CS2�(Figure�S6A).�Immu-�
nostaining�for�galectin-3�(Gal-3)�reveals�that�Gal-3�+�IBA1�+�cells�
are�specifically�localized�in�the�VI�during�EAE�and�appear�to�
expand�into�parenchymal�spaces�from�the�VI�(Figures�S6B,�
S6B1,�S6B2,�and�S6C).�Concurrently,�we�noted�extensive�accu-�
mulation�of�Gal-3�+�IBA1�+�cells�in�the�dura�mater,�particularly�in�the�
SSS�(Figures�S6D,�S6D1,�S6D2,�and�S6E).�
We�next�leveraged�two�complementary�fate-mapping�ap-�

proaches�to�explore�whether�peripheral�myeloid�cells�exploit�
the�VI�route�to�enter�the�brain�during�demyelinating�disease.�First,�
we�induced�EAE�in�Cx3cr1�GFP/+�Ccr2�RFP/+�dual�reporter�mice�
(Figures� 5H� and� S6F).� These� mice� display� pronounced�
CX3CR1�+�and�CCR2�+�cell�deposition�in�the�brain,�VI,�and�dura�
mater�at�CS2�(Figures�5I–5M).�Notably,�CCR2�+�cells�accumulate

in�other�brain�borders�during�EAE�(i.e.,� leptomeninges�and�
choroid�plexus);�however,�appear�to�only�expand�into�the�brain�
parenchyma�from�the�VI�(Figures�5I–5K�and�S6G–S6J).�Co-stain-�
ing�with�LAMININ�revealed�several�areas�of�the�VI�in�which�we�
observe�infiltration�of�CCR2�+�cells�from�the�basement�membrane�
components�of�the�VI�into�the�brain�parenchyma�(Figures�S6K–�
S6M).�Using�super-resolution�microscopy,�we�capture�diverse�
CCR2�+�cell�trafficking�strategies�from�the�VI�into�brain�paren-�
chymal� spaces� (Figure� 5N),� including� a�massive� influx� of�
CCR2�+�cells�with�altered�cell�morphologies�(e.g.,�thin�elongated�
cells)�into�the�parenchyma�at�one�site�(Figure�5N2)�and�more�
orderly�expansion�along�small�blood�vessels�at�other�sites�
(Figures�5N3�and�5N4).�Evaluation�of�other�brain�border�sites�
reveals�that�the�VI�is�a�unique�site�for�CCR2�+�and�CX3CR1�+�cell�
expansion�and�entry�into�the�brain�parenchyma�(Figures�5P�
and�S6N),�though�the�mechanism�of�cell�entry�(e.g.,�remodeling�
or� loss� of� the� basement� membrane),� requires� further
investigation.�
Second,� Ms4a3�Cre�-Rosa�TdT� reporter� mice,� which� label�

granulocyte-monocyte�progenitor�(GMP)�cells�and�progeny�93�

(Figure�S7A),�were�induced�with�EAE�(Figures�S7B�and�S7C).�
Here,�we�observe�a�significant� increase� in� tdT�+�,� including�
tdT�+�Gal-3�+�cells�in�the�brain�parenchyma�and�VI�of�EAE�mice�
compared�with�controls�(Figures�S7D–S7H).�The�dura�mater�of�
EAE�mice� also� exhibited� a�marked� increase� in� tdT�+� and�
tdT�+�Gal-3�+� cells� (Figures�S7I–S7K).�Super-resolution�micro-�
scopy�revealed�a�diverse�composition�of�myeloid�cells�within�
the�VI,�including�tdT�+�cells,�Gal-3�+�cells,�and�tdT�+�Gal-3�+�cells.�
Notably,�several�tdT�+�IBA1�+�cells�in�the�brain�parenchyma�of�
EAE�mice�exhibit�microglial-like�morphology,�suggesting�that�
tdT�+�cells�may�engraft�and�differentiate�into�macrophages�during�
EAE�(Figures�S7L,�S7L1,�and�S7L2).�Together,�these�findings�
indicate�that�specific�subsets�of�myeloid�cells,�such�as�CCR2�+�

and�Ms4a3-derived�myeloid�cells,�utilize�the�VI�to�gain�entry�
into�the�brain�parenchyma�during�EAE.�
In� JHMV-infected�mouse�brains,�94,95� another�established�

model�of�demyelination,�we�examined�myeloid�cells�trafficking�
through�the�VI�at�3�and�7�days�post-infection�(Figures�S7M�

and�S7N).�At�3�days,�Gal-3�+� staining�was�observed�near

(B)�CS�of�EAE�mice�plotted�over�time.

(C)�Whole-brain�images�of�MBP�(white)�staining�in�control�and�EAE�mice.

(D)�Quantification�of�(C).

(E)�Whole-brain�images�of�EAE�mice�at�CS�1–3�stained�for�IBA1�(red);�inset�shows�IBA1�+�cells�in�the�VI.�

(F�and�G)�Quantification�of�IBA1�+�cells�in�the�whole�brain�(F)�and�VI�(G).

(H)�EAE�induction�in�Cx3cr1�GFP/+�Ccr2�RFP/+�mice.�Animals�were�euthanized�at�CS�2�(days�11–17).

(I)�Whole-brain�images�of�control�and�EAE�Cx3cr1�GFP/+�Ccr2�RFP/+�mice�at�CS2,�stained�for�GFP�(CX3CR1�+�,�green)�and�RFP�(CCR2�+�,�red).�

(J�and�K)�Quantification�of�CX3CR1�+�and�CCR2�+�cells�in�the�whole�brain�(J)�and�VI�(K).

(L)�Quantification�of�(M).

(M)�Meningeal�whole�mounts�and�confocal�images�of�CX3CR1�+�and�CCR2�+�cells�in�the�dura�mater;�inset�shows�the�SSS.

(N)�Super-resolution�images�of�brains�from�control�and�EAE�mice�stained�for�GFP�(green),�RFP�(red),�and�LAMININ�(blue).�Insets�(N1–N4)�show�CCR2�+�cells�

(arrows)�within,�near,�and�exiting�the�basement�membrane�of�the�VI�under�control�(N1)�and�EAE�(N2)�conditions,�illustrating�various�strategies�of�cell�migration�into�

the�CNS�parenchyma�(N2–N4).

(O)�Images�of�CX3CR1�+�(green),�CCR2�+�(red),�and�LAMININ�(blue)�staining�in�the�Lm�and�ChP�in�EAE�mice.

(P)�Quantification�of�CCR2�+�cells�that�expand�from�the�VI,�Lm,�and�ChP�into�adjacent�brain�parenchyma.�

Data�are�mean�±�SEM�(n�=�5–11;�2�groups:�t�test;�3+�groups:�two-way�ANOVA�with� Sidá�k’s�post�hoc;�*p�<�0.05,�***p�<�0.001).

Scale�bar:�→200�μm�for�(C);�→160�μm�for�(E),�(I),�and�(M,�whole�brain�and�dura�mater);�→40�μm�for�(E,�white�insets);�→60�μm�for�(M,�white�insets);�→30�μm�for�(N)�and�

(O);�→20�μm�for�(N1);�→10�μm�for�(N2)–(N4).�

See�also�Figures�S6�and�S7.
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ventricular�areas,�with�limited�Gal-3�+�cell�deposition�in�the�VI�
(Figures�S7O–S7S).�At�7�days,�Gal-3�+�cell�accumulation�was�
extensive�in�the�CNS�tissues�surrounding�the�ventricles�and�
white�matter�(WM)�areas�(Figures�S7O–S7S).�These�findings�indi-�
cate�that�myeloid�cell�trafficking�via�the�VI�is�disease�context�
dependent.

Low-dose�CSF1Ri:�A�novel�method�for�selective�CNS�
macrophage�depletion�
To�explore�the�role�of�the�meninges�and�VI�in�CNS�myeloid�cell�
trafficking,�we�developed�an�approach�to�selectively�deplete�
meningeal�macrophages,�a�subset�of�BAMs�(Figure�6A).�Previous�
studies�have�shown� that�BAMs�are�dependent�on�CSF1R�
signaling�for�survival�and�function.�6,15�Taking�advantage�of�the�
differential�BBB�penetration�properties�of�CSF1Ri,�we�identified�
two�compounds�that�could�selectively�eliminate�BAMs,�without�
affecting�microglia:�PLX3397�(75�ppm)�and�PLX73086�(200�pm).�
PLX3397�has�→5%�plasma-CNS�penetration,�and�at�75�ppm,�it�
provides�peripheral�CSF1R�inhibition�exposure�without�paren-�
chymal�CNS�penetration.�24�PLX73086�does�not�cross�the�BBB�
(Figure�6B).�96�Two-month-old�mice�were�treated�for�14�days�
with�CSF1Ri,�and�brains�and�dura�mater�were�collected�for�eval-�
uation�(Figure�6C).�Immunostaining�for�IBA1�reveals�that�low-�
dose�PLX3397�(75�ppm)�or�PLX73086�(200�ppm)�treatment�signif-�
icantly�reduces�dural�macrophages�and�VI�myeloid�cells�without�
affecting�microglial�numbers�(Figures�6D–6F).�
Evaluation�of�BAM-specific�markers�CD206�and�LYVE1�6,13,61–63�

shows�that�CD206�+�IBA1�+�cells�are�extensively�distributed�within�
all�BAM�compartments—leptomeninges,�perivascular�spaces,�
choroid�plexus,�as�well�as�the�VI�(Figures�6A�and�S8A–S8H);�while�
LYVE1�+�IBA1�+� cells� appear� localized� to�meningeal� regions,�
including�the�VI�and�leptomeninges�(Figures�6D�and�S8I–S8K).�
Low-dose� CSF1Ri� treatment� results� in� significant� loss� of�
CD206�+�IBA1�+�and�LYVE1�+�IBA1�+�cells�in�the�VI,�leptomeninges,�
and�choroid�plexus� (Figures�S8A–S8D�and�S8G–S8L),�while

CD206�+�IBA1�+�perivascular�macrophages�remain�intact�following�
PLX3397�(75�ppm).�Single-cell�transcriptional�analysis�and�fate-�
mapping�studies�have�revealed�the�presence�of�distinct�macro-�
phage�CNS�populations�with�differential�origins.�7,16,97�Given�this,�
we�postulate�that�the�differential�impact�of�CSF1Ri�on�BAM�

subsets�could�reflect�differential�sensitivity�to�CSF1R�inhibition�
or�reliance�on�distinct�signaling�pathways�for�survival�and�prolifer-�
ation.�Together,�these�data�indicate�that�the�VI�contains�similar�
properties�and�dependencies�as�the�dura�mater,�leptomeninges,�
and�choroid�plexus,�suggesting�they�may�belong�or�be�connected�
to�similar�anatomical�structures.�Furthermore,�these�data�demon-�
strate�that�PLX3397�(75�ppm)�treatment�can�serve�as�a�viable�
method�for�VI/meningeal-associated�macrophage�depletion.

Low-dose�CSF1R�inhibition�during�demyelinating�
disease�
We�next�investigated�the�impact�of�low-dose�CSF1R�inhibition�
during�demyelinating�disease�using�PLX3397�(75�ppm).�Three�
cohorts�(WT,�Cx3cr1�GFP/+�Ccr2�RFP/+�,�and�Ms4a3�Cre�-Rosa�TdT�)�of�
mice�were�induced�with�EAE�(Figures�6G,�6H,�and�S9A–S9C)�
and�treated�with�PLX3397�(75�ppm)�or�vehicle�diet�starting�
7�days�post-induction�(Figure�6G).�While�PLX3397�(75�ppm)�did�
not�significantly�affect�overall�EAE�score�(Figure�S9D),�treated�
mice�exhibited�a�significantly�longer�time�to�disease�symptom�

onset�and�peak�(Figures�6I�and�6J).�Moreover,�a�higher�propor-�
tion�of�treated�mice�never�progressed�to�the�peak�of�EAE�disease�
(i.e.,�50%�of�mice�never�reached�CS2+)�(Figure�6K).�These�data�
suggest�that�VI-associated�macrophage�depletion�may�delay�
disease�progression.�Next,�we�evaluated�the�effects�of�low-�
dose�CSF1Ri�on�distinct�subsets�of�myeloid�cells�in�the�CNS�dur-�
ing�EAE.�Here,�we�show�that�PLX3397�(75�ppm)�did�not�impact
parenchymal�myeloid�cell�numbers,�as�assessed�by�IBA1�+�,
CX3CR1�+�,�and�CCR2�+�(Figures�S9E–S9H)�but�reduced�specific�
VI�and�dural�myeloid�cell�subsets.�In�WT�EAE�mice,�IBA1�+�and�
Gal-3�+�IBA1�+� cells� were� significantly� reduced� in� the� VI

Figure�6.�Low-dose�CSF1R�inhibition�during�demyelinating�disease
(A)�Sites�of�CNS�borders�and�macrophages.�Immunofluorescence�images�of�CD206�+ (green)�and�IBA1�+ (red)�cells�in�the�Lm�and�VI.

(B)�Schematic�of�CSF1Ri�distribution�in�blood�and�CNS.

(C)�Experimental�paradigm:�WT�mice�were�treated�for�14�days�with�vehicle,�PLX3397�(600�ppm),�low-dose�PLX3397�(75�ppm)�or�PLX73086�(200�ppm).

(D)�Meningeal�whole�mount�and�higher-resolution�images�of�IBA1�+�cells�in�the�dura�mater�(top)�and�whole-brain�and�higher-resolution�images�of�LYVE1�+�and�IBA1�+

cells�in�the�VI�(lower);�insets�show�IBA1�+�staining�in�the�cortex.

(E�and�F)�Quantification�of�(D).

(G)�Three�cohorts�of�2-�to�9-month-old�female�mice�(WT,�n�=�22;�Cx3cr1�GFP/+�Ccr2�RFP/+�,�n�=�21;�and�Ms4a3�Cre�-RosaTdT,�n�=�13)�were�injected�with�MOG�35–55�/CFA

and�PTX�to�induce�EAE.�PLX3397�(75�ppm)�was�administered�at�day�7�and�continued�until�sacrifice.�First�signs�of�paralysis�appeared�at�days�8–13.�Animals�were

euthanized�at�CS�↓2�(days�11–19).

(H)�CS�of�EAE�mice�treated�with�(n�=�19)�and�without�(n�=�37)�PLX3397�(75�ppm)�plotted�over�time.

(I�and�J)�Quantification�of�time�to�EAE�onset�(CS�↓�0.5;�I)�and�peak�(CS�↓�2;�J)�in�control�and�PLX3397�75�ppm�treated�(PLX�lo�)�EAE�mice.

(K)�Percentage�of�mice�that�progress�to�the�EAE�peak�(CS�↓�2)�and�never�progress�to�peak�(CS�↔�2).

(L)�Images�of�Gal-3�+�(green),�IBA1�+�(red),�and�LAMININ�+�(blue)�staining�in�the�whole�brains�and�VI�of�WT�EAE�and�PLX�lo�treated�EAE�mice.�

(M�and�N)�Quantification�of�IBA1�+�cells�(M)�and�Gal-3�+�IBA1�+�(N)�cells�in�the�VI.�

(O)�Images�of�GFP�+�(CX3CR1�+�,�green),�RFP�+�(CCR2�+�,�red),�and�Gal-3�+�(blue)�staining�in�the�whole�brains�and�VI�(insets)�of�Cx3cr1�GFP/+�Ccr2�RFP/+�EAE�with�and�

without�PLX�lo�treatment.�

(P�and�Q)�Quantification�of�CX3CR1-GFP�+�,�CCR2-RFP�+�(P),�and�Gal-3�+�(Q)�cells�in�the�VI.

(R)�Percentage�of�Gal-3�+�RFP�+�and�Gal-3�↗�RFP�+�cells�in�the�VI.

(S)�Images�of�GFP�+�(green),�RFP�+�(red),�and�Gal-3�+�(blue)�staining�in�the�whole�dura�mater�and�the�SSS�(insets).�

(T�and�U)�Quantification�of�CX3CR1-GFP�+�,�CCR2-RFP�+�(T),�and�Gal-3�+�(U)�cells�in�the�dura�mater.

Data�are�mean�±�SEM�(n�=�3–39;�2�groups:�t�test;�3+�groups:�one-way�ANOVA�with� �Sidá�k’s�post�hoc;�#�p�<�1;�*p�<�0.05,�**p�<�0.01,�***p�<�0.001).

Scale�bar:�→200�μm�for�(D),�(L),�(O),�and�(S,�whole�brain�and�dura�mater);�→150�μm�for�(D,�insets);�→70�μm�for�(A);�→50�μm�for�(D,�bottom)�and�(L,�right);�→40�μm�for�(D,�

bottom)�and�(O,�insets);�→30�μm�for�(S,�insets).�

See�also�Figures�S8�and�S9.
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(Figures�6L–6N).�In�Cx3cr1�GFP/+�Ccr2�RFP/+�EAE�mice,�we�observe�
a�significant�reduction�in�CX3CR1�GFP+�,�CCR2�RFP+�(Figures�6O–�
6T),�and�Gal-3�+� (Figures�6S�and�6U)�cells�in�the�dura�mater,�
particularly�in�the�SSS�(Figure�6S�insets).�In�Ms4a3�Cre�-RosaTdT�
EAE�mice,�we�observed�a�trend�toward�reduction�in�Ms4a3-�
derived�(tdT�+�)�IBA1�+�cells�in�the�brain�(p�=�0.056)�(Figure�S9I).�
Interestingly,�animals�reaching�EAE�disease�peak�displayed�
higher�numbers�of�tdT�+�IBA1�+�cells�in�the�VI�compared�with�those�
that�did�not�reach�EAE�peak�(Figures�S9J�and�S9K),�indicating�
that�tdT�+�IBA1�+�VI�cell�accumulation�may�be�associated�with�
EAE� disease� peak.� Similar� to� Cx3cr1�GFP/+�Ccr2�RFP/+� mice,�
IBA1�+�,�Ms4a3-derived�(tdT�+�),�and�Gal-3�+�cells�are�significantly�
depleted� in� the� dura�mater� following� PLX3397� (75� ppm)�
(Figures�S9L–S9O).�Together,�our�study� identifies� low-dose�
CSF1R�inhibition�as�a�novel�way�to�deplete�distinct�CNS�macro-�
phage�populations�and�inhibit�cell�trafficking�through�the�menin-�
geal-VI�route,�which�may�have�important�therapeutic�implica-�
tions�for�neurological�diseases�involving�aberrant�immune�cell�
infiltration�into�the�CNS�and�brain.

DISCUSSION

Although�previously�considered�a�relatively�inert,�protective�CNS�
barrier,�evidence�suggests�that�the�meninges�is�a�dynamic�and�
immunologically�active�structure�with�important�immune�surveil-�
lance�and�defense�functions,�4,8�including�myeloid�cell�recruit-�
ment�and�infiltration.�44,45�In�this�study,�we�identified�a�specialized�
leptomeningeal�structure�that�projects� into�the�extra-paren-�
chymal�space�of�the�murine�brain�bearing�remarkable�anatomical�
resemblance� to� the�VI� and� transcriptional� resemblance� to�
VLMCs.�Through�lineage�tracing,�we�confirm�the�occupancy�of�
BAMs�and�peripheral�myeloid�cells�within�this�structure.�Impor-�
tantly,�we�demonstrate�that�under�certain�conditions,�myeloid�
cells�can�utilize�this�route�for�entry�into�the�brain.�

While�the�BBB�typically�restricts�peripheral�cell�and�molecule�
entry�into�the�brain�parenchyma,�recent�studies�reveal�close�in-�
teractions�between�the�periphery,�CSF,�skull,�meninges,�and�
CNS.�45,98� Louveau�et�al.�identified�meningeal�lymphatics�as�
important�drainage�routes�for�immune�cells.�62,99�In�vivo�cell�imag-�
ing�of�murine�stroke�and�meningitis�models�reveal�neutrophil�
migration�from�the�skull�BM�to�the�brain�surface�through�micro-�
scopic�vascular�channels.�45�Nanobody(V�H�H)-boosted�3D�imag-�
ing�of�solvent-cleared�organs�(vDISCO)�imaging�identified�short�
vascular�connections�between�the�skull�BM�and�meninges,�
which�become�filled�with�immune�cells�after�middle�cerebral�ar-�
tery�occlusion.�53�Cugarra�et�al.�report�that�many�myeloid�cells�in�
the�brain�and�spinal�cord�dura�originate�from�skull�and�vertebral�
BM,�and�that�skull�BM-dura�channels�provide�a�route�for�myeloid�
migration�from�these�skull�BM�pools.�46�During�EAE,�immune�cells�
were�seen�migrating�along�bridging�veins�and�crossing�between�
the�dura�and�SAS,�identifying�a�potential�route�for�myeloid�cell�
trafficking�during�neuroinflammation.�98�

Previous�anatomical�studies�report�that�meningeal�extensions�
penetrate�parenchymal�tissue�as�large�projections�between�ma-�
jor�brain�structures,�as�sheaths�surrounding�penetrating�blood�
vessels,�and�the�choroid�plexus�stroma.�54�The�two�largest�folded�
structures�of�dura�mater�are�the�falx�cerebri,�which�descends�into�
the�longitudinal�fissure�between�the�two�cerebral�hemispheres,

and�the�tentorium,�which�separates�the�cerebral�lobes�from�the�
cerebellum.�Of�interest,�most�of�the�dural�sinuses�are�found�adja-�
cent�to�the�falx�cerebri�and�tentorium.�Given�its�spatial�proximity�
and�myeloid�composition,�the�VI�may�be�connected�to�these�du-�
ral�infoldings�and�associated�dural�sinuses.�In�line�with�our�study,�
a�LAMININ�+�and�N-sulfated�heparan�sulfate�+�meningeal�projec-�
tion�extends�under�the�hippocampus,�where�it�is�continuous�
with�the�choroid�plexus�stroma�and�forms�the�non-neuronal�roofs�
of�the�ventricles.�54,100,101�Furthermore,�intra-meningeal�injection�
with�dextran�dye�labels�not�the�leptomeninges,�as�well�as�the�tis-�
sue�beneath�the�murine�hippocampus.�100,101�Recently,�Smyth�
et�al.�identified�ACE�points�where�bridging�veins�cross�the�arach-�
noid�barrier�and�drain�blood�to�the�dural�sinuses.�We�hypothesize�
that�the�VI’s�proximity�to�these�ACE�points�may�allow�barrier-free�
myeloid�cell�trafficking.�LAMININ�staining�is�found�around�and�in�
the�cells�that�form�ACE�points,�suggesting�laminin�may�play�a�role�
in�mediating�myeloid�cell�trafficking�at�these�sites.�44�

The�processes�underlying�myeloid�cell�recruitment�and�entry�
into�the�CNS�remain�largely�unknown.�Two�emerging�mecha-�
nisms�include�glycocalyx-associated�vascular-immune�interac-�
tions�and�endothelial�basement�membrane�(laminin)-driven�infil-�
tration.�90�We�show�that�myeloid�cells�within�the�VI�express�
CD206�that�together�with�other�glycans�contributes�to�the�glyco-�
calyx,�a�pericellular�matrix�that�regulates�immune�cell�adhesion�
and�rolling.�90�Separately,�previous�studies�indicate�that�laminins�
411�and�511,�expressed�on�endothelial�basement�membranes,�
are�critically�involved�in�peripheral�myeloid�cell�recruitment�and�
differentiation.�45�Here,�we�show�that�the�VI�is�a�laminin-enriched�
structure,�and�that�BM-derived�cells�(expressing�MMP2)�are�
mobilized�within�this�structure�under�homeostatic�and�head-�
irradiated�conditions.�Immune�cell�migration�across�the�glia�
limitans�is�mediated�by�tumor�necrosis�factor�alpha�(TNF-α)�
expression�and�activation�of�MMP2�and�MMP9�for�cleavage�of�
α-dystroglcan,� an� ECM� receptor� on� astrocytic� endfeet.�99�

Recently,�it�was�also�shown�that�MMP25�confers�brain�invasive-�
ness�by�cleaving�meningeal�fibroblast-derived�collagen,�which�
allows�endothelial�tip�cells�to�migrate�across�the�pial�basement�
membrane.�45�Together,�these�data�indicate�that�laminin�endo-�
thelial�cells�in�the�VI�may�provide�cues�for�myeloid�cell�trafficking�
and�that�myeloid�cells�may�use�MMPs�to�migrate�across�this�
structure�and�glia�limitans.�
Accumulating�evidence�reinforces�the�potential�utility�of�the�

meninges�as�a�gateway�for�immune�cell�trafficking�into�the�
CNS.�In�this�study,�we�characterize�the�VI,�a�specialized�leptome-�
ningeal�structure�that�enables�myeloid�cell�trafficking�into�the�
brain�parenchyma.�In�line�with�this,�previous�studies�highlight�
this�route�in�murine�models�of�pancreatic�cancer,�neurocysticer-�
cosis,�EAE,�and�traumatic�brain�injury.�102–105�We�hypothesize�
that�the�VI�represents�a�unique�site�where�leptomeningeal�ves-�
sels�(potentially�arteries�from�the�SAS�that�are�surrounded�by�a�
pial�sheath)�project�(positioned�near�ACE�points,�and/or�dural�in-�
foldings/sinuses)�into�the�extra-parenchymal�brain�space,�allow-�
ing�myeloid�cells�to�crawl�along�blood�vessels�before�entering�
(via�cues�from�endothelial�cells�of�the�VI)�the�CNS�parenchyma.�
Further�research�is�needed�to�determine�whether�this�structure�
becomes�compromised�under�disease�conditions,�to�identify�
the�cell�adhesion�and�chemokine�signaling�pathways�involved�
in�this�infiltration,�and�to�elucidate�the�distinct�roles�each�of�the
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VI’s�leptomeningeal�and�vascular�components�in�myeloid�cell�
trafficking.�
Our�findings�shed�light�on�the�cooperative�and�dynamic�inter-�

actions�of�the�brain�and�meninges�in�myeloid�cell�trafficking,�as�
well�as�provide�evidence�for�a�neuroanatomical�route�of�myeloid�
cell�entry�into�the�brain.

Limitations�of�this�study�
While�our�study�offers�insight�into�the�VI’s�role�in�myeloid�cell�en-�
try�and�migration�into�the�brain�parenchyma,�limitations�in�current�
intravital�imaging�techniques�prevent�direct�observation�of�active�
cell�trafficking.�Future�research�is�needed�to�definitively�deter-�
mine�the�extent�of�myeloid�cell�trafficking,�extravasation,�and�
movement�from�the�VI�into�the�brain�parenchymal�space.
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STAR★METHODS

KEY�RESOURCES�TABLE

REAGENT�or�RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit-anti-IBA1 FUJIFILM�Wako�Pure�Chemical�

Corporation

Cat#�019-19741;�RRID:AB_839504

goat-anti-IBA1 Abcam Cat#�ab5076;�RRID:AB_2224402

chicken-anti-IBA1 Synaptic�Systems Cat#�234�009;�RRID:AB_2891282

chicken-anti-GFP Abcam Cat#�ab13970;�RRID:AB_300798

rabbit-anti-GFP Abcam Cat#�ab6556;�RRID:AB_305564

rat-anti-MAC-2�and�Gal-3 CEDARLANE Cat#�CL8942AP;�RRID:AB_10060357

rat-anti-CD31 BD�Biosciences Cat#�550274;�RRID:AB_393571

chicken-anti-GFAP Abcam Cat#�ab4674;�RRID:AB_304558

rabbit-anti-Laminin Sigma-Aldrich Cat#�L9393;�RRID:AB_477163

mouse-anti-TIE2 Abcam Cat#�ab24859;�RRID:AB_2255983

rabbit-anti-LYVE1 Abcam Cat#�ab14917;�RRID:AB_301509

goat-anti-DPPIV/CD26 R�and�D�Systems Cat#�AF954;�RRID:AB_355739

rabbit-anti-MMP2 Abcam Cat#�ab97779;�RRID:AB_10696122

mouse-anti-NeuN Sigma-Aldrich Cat#�MAB377;�RRID:AB_2298772

rabbit-anti-RFP Rockland Cat#�600-401-379;�RRID:AB_2209751

rat-anti-CD206 Bio-Rad Cat#�MCA2235GA;�RRID:AB_322613

rat-anti-Laminin�α1 Hannocks�et al.�79�;�a gift from L.�Sorokin N/A

rat-anti-Laminin�α2 Hannocks�et al.�79�;�a gift from L.�Sorokin N/A

rat-anti-Laminin�β1 Hannocks�et al.�79�;�a gift from L.�Sorokin N/A

rat-anti-Laminin�γ1 Hannocks�et al.�79�;�a gift from L.�Sorokin N/A

anti-mouse�CD11b�APC Biolegend 101212

anti-mouse�Gr1�AF700 Biolegend 108422

anti-mouse�CD45�APC/Cy7 Biolegend 103116

Bacterial�and�virus�strains

Neurotropic�JHM�strain�of�the�mouse�

hepatitis�virus�(JHMV)

N/A

Chemicals,�peptides,�and�recombinant�proteins

Tamoxifen Sigma-Aldrich Cat#�10540-29-1

Corn�Oil Sigma-Aldrich Cat#�C8267-500ML

Formaldehyde�solution�4%,�buffered,�

pH�6.9

Sigma-Aldrich Cat#�1.00496.0700

Formalin,�Neutral,�Buffered�10%�w/v�in�

Phosphate�Buffer

EMS�Diasum Cat#�15740

PBS�-�Phosphate-Buffered�Saline�(10X)�

pH�7.4

ThermoFisher Cat#�AM9625

TBS�with�Tween™�(TBST),�20X�Solution ThermoFisher Cat#�J77500.K2

10�mM�Tris�Base FisherScientific Cat#�BP2471-500

1�mM�EDTA FisherScientific Cat#�S311-500

Tween�20 FisherScientific Cat#�BP337-500

4%�sodium�dodecyl�sulfate ThermoFisher Cat#�AM9822

DEPC-treated�water ThermoFisher Cat#�AM9922

50%�deionized�formamide ThermoFisher Cat#�AM9342
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EXPERIMENTAL�MODEL�AND�SUBJECT�DETAILS

Animals�
All�rodent�experiments�were�performed�in�accordance�with�animal�protocols�approved�by�the�Institutional�Animal�Care�and�Use�Com-�
mittee�at�the�University�of�California�Irvine�(UCI).�All�experiments�involving�mice�comply�with�the�Animal�Research:�Reporting�of�in�Vivo�
Experiments�(ARRIVE-10)�guidelines.�Experimental�procedures�were�performed�under�anesthesia�and�all�efforts�were�made�to�mini-�
mize�suffering.�
Animals�were�housed�in�autoclaved�individual�ventilated�cages�(SuperMouse�750,�Lab�Products)�containing�autoclaved�corncob�

bedding�(Envigo�7092BK�1/8’’�Teklad)�and�two�autoclaved�2’’�square�cotton�nestlets�(Ancare)�plus�a�LifeSpan�multi-level�environ-�
mental�enrichment�platform.�Animals�were�provided�with�tap�water�(acidified�to�pH2.5-3.0�with�HCl�then�autoclaved)�and�food�
(LabDiet�Mouse�Irr�6F;�LabDiet)�ad�libitum.�Cages�were�changed�every�2�weeks�with�a�maximum�of�5�adult�animals�per�cage.�
Room�temperature�(RT)�was�maintained�at�72�±�2�≃�F,�with�ambient�room�humidity�(average�40-60%�RH,�range�10�-�70%).�Light�cycle�
was�14h�light�/�10h�dark,�lights�on�at�06.30h�and�off�at�20.30h.�
Both�sexes�were�utilized�for�all�experiments,�except�for�EAE�experiments,�in�which�only�female�mice�were�used,�in�accordance�with�

manufacturer�recommendations.�For�all�experiments,�analyses�were�done�using�adult�mice�within�the�age�span�of�2-9�months.�
Wild-type�C57BL/6�(JAX�000664),�and�the�following�genetically�modified�mice�were�used:�Cx3cr1�GFP/GFP�Ccr2�RFP/RFP�(JAX�032127)�

mice�were�bred� to�C57BL/6� to�obtain�Cx3cr1�GFP/+�Ccr2�RFP/+� mice.�Ccr2�RFP� and�Cx3cr1�GFP� mice�have�been�previously�
described.�106,107�Lyve1�CreERT2�mice�113�(gifted�from�Dr.�Darci�Fink),�LysM�

CreERT2�(JAX�031674)�109�and�Ms4a3�Cre�(JAX�036382)�93�

were�bred�to�Ai9�Rosa26�tdTomato�(JAX�007909)�reporter�mice.�Rosa�tdT�reporter�mice�have�been�previously�described.�110�For�transplant�
studies,�bone�marrow�cells�were�isolated�from�CAG-EGFP�mice�(JAX�006567).�111�To�obtain�efficient�conversion�of�loxP�alleles�and�
induce�Cre�recombination,�adult�(2-6�mo�old)�mice�were�given�a�dose�of�5�mg�tamoxifen/�25�g�animal�body�weight�by�oral�gavage�over

Continued

REAGENT�or�RESOURCE SOURCE IDENTIFIER

2X�saline-sodium�citrate ThermoFisher Cat#�AM9763

Fluoromount-G Southern�Biotech Cat#�0100-01

Fluoromount-G�with�DAPI Invitrogen Cat#�00-4959-52

Critical�commercial�assays

Hooke�Kits™�for�EAE�Induction�in�C57BL/�
6�Mice

Hooke�Laboratories Cat#�EK-2110

Experimental�models:�Organisms/strains

Mouse:�Wild-type�C57BL/6 The�Jackson�Laboratory JAX�000664

Mouse: Cx3cr1�GFP/GFP�Ccr2�RFP/RFP Saederup�et�al.�106 and�Jung�et�al.�107 JAX�032127

Mouse:�Lyve1�CreERT2 Connor�et�al.�108�;�a�gift�from�D.�Fink N/A

Mouse: LysM�

CreERT2 Canli�et�al.�109 JAX�031674

Mouse: Ms4a3�Cre Liu�et�al.�93 JAX�036382

Mouse:�Ai9�Rosa26�tdTomato Madisen�et�al.�110 JAX�00790

Mouse:�CAG-EGFP Okabe�et�al.�111 JAX�006567

Software�and�algorithms

Imaris�7.5 Bitplane https://imaris.oxinst.com

R�(4.3.2) The�R�Foundation https://www.r-project.org

R�package�Seurat�(5.1.0) Hao�et�al.�112 https://satijalab.org/seurat/index.html

ggplot2�(3.5.1) The�R�Foundation https://cran.r-project.org/web/packages/

ggplot2/index.html

Las�X Leica�Microsystems https://www.leica-microsystems.com/�

products/microscope-software/p/leica-�

las-x-ls/

Zen�Blue Zeiss https://www.zeiss.com/microscopy/us/

products/software/zeiss-zen.html

FIJI Open�source https://imagej.net/ij/;�RRID:�SCR_003070

Graph�Pad�Prism GraphPad�Software https://www.graphpad.com

FlowJo FlowJo https://www.flowjo.com

SlideBook 3i�Inc. https://www.intelligent-imaging.com/

slidebook
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five�consecutive�days.�Tamoxifen�(10540-29-1,�Sigma-Aldrich)�was�suspended�in�corn�oil�(C8267-500ML,�Sigma-Aldrich)�for�60�min�
at�50�≃�C.

METHOD�DETAILS

Colony-stimulating�factor�1�receptor�(CSF1R)�inhibitor�compounds�
PLX3397�(pexidartinib)�was�synthesized�following�the�published�procedure�(PMID:�26222558).�PLX3397�and�PLX73086�was�provided�
by�Plexxikon�Inc.�and�formulated�in�AIN-76A�standard�chow�by�Research�Diets�Inc.�at�600�ppm�(PLX3397),�75�ppm�(PLX3397)�or�
200�ppm�(PLX73086).

CSF1R�inhibitor-mediated�microglial�and�CNS�macrophage�depletion�
To�deplete�microglia,�adult�(2-9�mo�old)�male�and�female�mice�were�administered�ad�libitum�with�pexidartinib�(PLX3397)�at�a�dosage�
of�600�ppm�for�14�days.�To�stimulate�microglial�repopulation,�PLX3397�was�withdrawn�and�replaced�with�vehicle�chow�for�duration�of�
recovery�period.�For�CNS�macrophage�depletion,�mice�were�administered�ad�libitum�with�PLX3397�at�a�dosage�of�75�ppm�or�
PLX73086�at�200�ppm�for�14�days�or�the�duration�of�experiment.

Bone�marrow�transplant�
Adult�(2-6�mo�old)�male�and�female�C57BL/6�mice�were�anesthetized�with�isoflurane�and�then�irradiated�with�1000�cGy�(whole�body�
[WB]�or�head-shielded�[HS])�and�reconstituted�via�retroorbital�injection�with�2�x�10�6�whole�BM�cells�from�CAG-EGFP�mice�(n=3�per�
group).�Blood�was�measured�at�12�weeks�post�transplantation�to�track�granulocyte�chimerism.�WB�and�HS�GFP-BM�chimeric�mice�
were�treated�with�CSF1Ri�treatment�(PLX3397�600�ppm�for�14d)�3�months�following�irradiation�and�then�allowed�to�recover�on�control�
diet�for�14d.�For�longer�term�recovery�(→10�mo�post�irradiation)�GFP-BM�chimeric�mice,�animals�were�treated�with�CSF1Ri�treatment�
(PLX3397�600�ppm�for�14d)�3�months�following�irradiation�and�then�allowed�to�recover�on�control�diet�for�6�mo�(n=9).�At�the�time�of�
sacrifice,�the�mice�were�euthanized,�and�BM�was�harvested�and�analyzed�by�flow�cytometry�for�HSC�chimerism.�This�established�an�
average�percent�chimerism�of�>95%�in�WB�and�>40%�in�HS�irradiated�mice.

Flow�cytometry�
Peripheral�blood�cells/granulocytes�were�collected�from�adult�mice�(5-7�mo�of�age)�via�the�tail�vein�and�placed�in�EDTA�tubes.�Blood�
samples�were�treated�with�ACK�Lysis�Buffer�for�5�minutes�at�room�temperature�to�lyse�red�blood�cells.�For�bone�marrow�myeloid�cell�
analysis,�cells�were�stained�with�CD11b-APC�(101212,�Biolegend),�Gr1-AF700�(108422,�Biolegend),�and�CD45-APC/Cy7�(103116,�
Biolegend)�antibodies�at�a�dilution�of�1:200�at�4�≃�C�for�15-30�min.�Cells�were�maintained�at�4�≃�C�and�analyzed�on�a�BD�LSRII�(BD�Bio-�
sciences).�Data�were�analyzed�using�FlowJo�software.

Brain�tissue�collection�and�processing�
Tissue�was�collected�from�terminally�anesthetized�(via�carbon�dioxide�inhalation)�mice�by�first�perfusing�through�the�left�ventricle�of�
the�heart�with�ice-cold�1X�phosphate-buffered�saline�(PBS).�Brains�were�extracted�and�dissected�down�the�midline,�with�one�half�
flash-frozen�for�subsequent�RNA�and�protein�analyses,�and�the�other�half�drop-fixed�in�4%�paraformaldehyde�(1.00496.0700,�
Sigma-Aldrich).�Fixed�brains�were�cryopreserved�in�PBS�+�0.05%�sodium�azide�+�30%�sucrose,�frozen,�and�sectioned�at�40�μm�

on�a�Leica�SM2000�R�sliding�microtome.�Brain�sections�between�bregma�-1.58�and�-2.92�were�used�for�subsequent�immunohisto-�
chemical�and�spatial�molecular�imaging�analyses.�For�mouse�pups�(below�the�age�of�postnatal�day�P9),�animals�were�fully�sedated�
using�ice�and�then�decapitated.�Intact�skulls�were�fixed�and�then�decalcified�by�incubation�in�10%�HCl�for�24�hours.�After�decalcifi-�
cation,�samples�were�cryopreserved�and�brain�+�skull�sections�(20�μm)�were�generated�using�a�cryostat�(CM�1850-3-1,�Leica�
Microsystems).

Dura�mater�tissue�isolation�
To�isolate�the�dura�mater�of�the�meninges�of�adult�mice�(2–12�mo�of�age),�the�skull�was�cleaned�of�tissue�and�the�lower�portion�
removed.�The�brain�was�carefully�removed,�leaving�the�upper�half�of�the�skull�with�attached�dura�mater�intact.�The�skullcap�was�
placed�in�4%�PFA�for�two�days�and�then�placed�in�PBS�+�0.05%�sodium�azide�for�one�day�or�until�harvest.�Using�a�dissecting�mi-�
croscope,�the�dura�mater�was�carefully�removed�by�peeling�the�structure�from�the�surface�of�the�skull�cap.

Spatial�proteomics�and�transcriptomics�
Brains�were�analyzed�for�64�proteins�and�1,000�genes�using�the�CosMx�Spatial�Molecular�Imager�platform.�Brain�hemispheres�from�

adult�(6�mo�old)�wild-type�C57BL/6�male�and�female�mice�(n=4,�2�per�sex)�were�flash�frozen�in�isopentane�(-40�≃�C)�and�kept�at�-�80�≃�C�
until�future�use.�Twenty-four�to�forty-eight�hours�prior�to�CosMx�run,�frozen�brains�were�embedded�in�optimal�cutting�temperature�
(OCT)�compound�(Tissue-Tek,�Sakura�Fintek)�and�sliced�into�coronal�sections�at�a�10-um�thickness�via�cryostat�(CM1950,�
LeicaBiosystems).�Hemibrains�(one�from�each�mouse)�were�mounted�onto�a�VWR�Superfrost�Plus�microscope�slide�(48311-703,�
Avantor)�and�kept�at�-�80�≃�C�until�fixation.�Brain�sections�from�the�same�mice�were�used�for�both�proteomics�and�transcriptomics.
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Slides�were�prepared�according�to�manufacturer’s�recommendations�(Bruker�CosMx�RNA�and�protein�fresh�frozen�manual�slide�
preparation)�as�previously�detailed.�114�All�reagents�were�obtained�from�Bruker�CosMx�kits�unless�otherwise�indicated.�
Spatial�proteomics�slide�preparation�
For�fixation,�slides�were�incubated�in�pre-cooled�10%�neutral�buffered�formalin�(NBF;�15740,�EMS�Diasum)�for�2�hr�at�4�≃�C,�washed�
three�times�in�1X�PBS�(diluted�from�10X�PBS,�AM9625,�ThermoFisher)�for�5�min,�baked�in�a�baking�oven�(Model�10�Lab�Oven,�Quincy�
Lab)�at�60�≃�C�for�30�min,�then�washed�three�times�in�1X�Tris�Buffered�Saline�with�Tween�(TBS-T;�J77500.K2,�ThermoFisher)�for�5�min.�
Antigen�retrieval�was�performed�in�a�pressure�cooker�(6-quart;�BSB�7015,�BioSB�TintoRetriver)�at�80�≃�C�in�Tris-EDTA�buffer�(10�mM�

Tris�Base�[BP2471-500,�FisherScientific],�1�mM�EDTA�solution�[S311-500,�ThermoFisher],�0.05%�Tween�20�[BP337-500,�Fisher-�
Scientific],�pH�9.0)�for�7�min.�After�antigen�retrieval,�slides�were�cooled�to�RT�for�5�minutes,�then�washed�three�times�in�1X�TBS-T�
for�5�min.�For�all�subsequent�steps,�slides�were�placed�in�a�humidity�chamber�(M920-2,�Simport)�unless�otherwise�indicated.�As�a�
blocking�step,�slides�were�incubated�with�Buffer�W�for�1�hr�at�RT.�Next,�slides�were�incubated�with�CosMx�64-plex�protein�panel�
and�segmentation�markers�(GFAP,�IBA1,�NEUN,�and�S6)�at�4�≃�C�for�16-18�hr�(overnight).�After�overnight�incubation�with�primary�an-�
tibodies,�slides�were�washed�three�times�in�1X�TBS-T�for�10�min,�then�washed�in�1X�PBS�for�2�min.�Fiducials�for�image�alignment�were�
diluted�to�0.00005%�in�1X�TBS-T�and�applied�to�the�slide,�then�incubated�for�5�min.�For�post-fixation,�slides�were�washed�in�1X�PBS�
for�5�min,�incubated�in�4%�PFA�(1.00496.0700,�Sigma-Aldrich)�for�30�min,�then�washed�three�times�in�1X�PBS�for�5�min.�Slides�were�
incubated�in�DAPI�nuclear�stain�for�10�min,�then�washed�twice�in�1X�PBS�for�5�min.�Slides�were�incubated�in�100�mM�NHS-Acetate�for�
15�min�at�RT�and�then�submerged�in�1X�PBS�for�a�minimum�of�5�min.�Flow�cells�were�affixed�to�each�slide,�then�loaded�into�the�CosMx�
instrument�(Bruker�CosMx�Spatial�Molecular�Imager).�Approximately�350�FOVs�were�selected�per�slide,�capturing�the�VI,�hippocam-�
pus�and�cortical�regions�for�each�hemibrain�section.�Slides�were�imaged�for�6�days�and�then�uploaded�to�the�Bruker�AtoMx�platform�

for�analysis.�Data�visualization�of�each�exported�Seurat�object�file�was�performed�using�R�4.3.1.�
Spatial�transcriptomics�slide�preparation�
For�fixation,�slides�were�immersed�in�10%�NBF�for�2�hr�at�4�≃�C,�washed�three�times�in�1X�PBS�(pH�7.4)�for�2�min,�and�baked�at�60�≃�C�for�
30�min.�Slides�were�then�washed�and�rehydrated�as�follows:�three�washes�of�1X�PBS�for�5�min,�4%�sodium�dodecyl�sulfate�(SDS;�
AM9822,�ThermoFisher)�for�2�min,�three�washes�of�1X�PBS�for�5�min,�50%�ethanol�for�5�min,�70%�ethanol�for�5�min,�and�two�washes�
of�100%�ethanol�for�5�min,�before�air�drying�for�10�min�at�RT.�Antigen�retrieval�was�performed�in�a�pressure�cooker�at�100�≃�C�for�15�min�
in�1X�CosMx�Target�Retrieval�Solution.�Slides�were�immediately�transferred�to�DEPC-treated�water�(AM9922,�ThermoFisher)�and�
washed�for�15�sec,�incubated�in�100%�ethanol�for�3�min,�then�air-dried�for�→30�min.�For�tissue�permeabilization,�each�slide�was�incu-�
bated�with�digestion�buffer�(3�μg/mL�proteinase�K�in�1X�PBS)�for�30�min�at�RT,�then�washed�twice�in�1X�PBS�for�5�min.�Fiducials�for�
image�alignment�were�diluted�to�0.00015%�in�2X�SSC-T,�applied�to�the�slide,�and�incubated�for�5�min.�For�post-fixation,�slides�were�
processed�in�the�following�steps:�10%�NBF�for�1�min,�two�washes�of�NBF�Stop�Buffer�(0.1M�Tris-Glycine�Buffer,�15740)�for�5�min�
each,�and�1x�PBS�for�5�min.�All�subsequent�steps�were�performed�in�a�humidity�chamber.�Next,�NHS-Acetate�(100�mM;�26777)�
mixture�was�applied�to�each�slide�and�incubated�for�15�min�at�RT.�Slides�were�washed�twice�in�2X�SSC�for�5�min�each.�For�in�situ�
hybridization,�slides�were�incubated�with�a�modified�1000-plex�Mouse�Neuro�RNA�panel�along�with�an�rRNA�segmentation�marker�
in�a�hybridization/baking�oven�(HybEZ�oven,�ACDBio)�at�37�≃�C�for�16-18�hr�(overnight).�Following�in�situ�hybridization,�slides�were�
washed�twice�in�a�stringent�wash�solution�(50%�deionized�formamide�[AM9342,�ThermoFisher],�2X�saline-sodium�citrate�[SSC;�
AM9763,�ThermoFisher])�at�37�≃�C�for�25�min,�then�twice�in�2X�SSC�for�2�min.�Slides�were�incubated�in�DAPI�nuclear�stain�for�
15�min,�washed�in�1X�PBS�for�5�min,�incubated�with�GFAP�and�histone�cell�segmentation�markers�for�1�hr,�then�washed�three�times�
in�1X�PBS�for�5�min.�Flow�cells�were�affixed�to�each�slide�to�create�a�fluidic�channel�for�imaging,�then�loaded�into�the�CosMx�instru-�
ment.�Approximately�350�FOVs�were�selected�per�slide,�capturing�the�VI,�hippocampal�and�cortical�regions�for�each�hemibrain�sec-�
tion.�Slides�were�imaged�for�7�days�and�data�were�uploaded�to�the�Bruker�AtoMx�platform.�Pre-processed�data�was�exported�as�a�
Seurat�object�for�further�analysis�in�R�4.3.1.

Spatial�proteomics�and�transcriptomics�data�analysis�
Spatial�proteomics�data�analysis�
Spatial�proteomics�data�were�filtered�using�the�AtoMx�Protein�Quality�Control�module�to�flag�unreliable�cells�based�on�segmented�cell�
area,�negative�probe�expression,�and�overly�high/low�protein�expression.�Mean�fluorescence�intensity�data�were�hyperbolic�arcsine�
transformed�with�the�AtoMx�Protein�Normalization�module.�Cell�types�were�automatically�annotated�based�on�marker�gene�expres-�
sion�using�the�CELESTA�algorithm.�115�Images�were�captured�from�AtoMx�platform.�
Spatial�transcriptomics�data�analysis�
Spatial�transcriptomics�datasets�were�filtered�using�the�AtoMx�RNA�Quality�Control�module�to�flag�outlier�negative�probes�(control�
probes�targeting�non-existent�sequences�to�quantify�non-specific�hybridization),�lowly-expressing�cells,�FOVs,�and�target�genes.�Da-�
tasets�were�then�normalized�and�scaled�using�Seurat�5.0.1�SCTransform�to�account�for�differences�in�library�size�across�cell�types.�112�

Principal�component�analysis�(PCA)�and�uniform�manifold�approximation�and�projection�(UMAP)�analysis�were�performed�to�reduce�
dimensionality�and�visualize�clusters�in�space.�Transcript�counts�for�each�gene�were�acquired�per�cell.�Unsupervised�clustering�at�0.5�
resolution�yielded�27�clusters.�Differential�gene�expression�analysis�was�performed�by�comparing�each�cluster�to�all�other�clusters�in�
Seurat.�Clusters�were�manually�annotated�based�on�gene�expression�and�spatial�location.�Visualization�of�clusters�in�the�x-y�space�
were�generated�using�ggplot2�3.4.4.�116�KEGG�pathways�for�Cluster�12�genes�were�generated�using�string-db.org.�117
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Immunostaining�and�confocal�microscopy�
Fluorescent�immunolabeling�followed�a�standard�indirect�technique�as�described�previously.�24�Coronal�or�sagittal�free-floating�brain�
sections�washed�with�1X�PBS�(1�x�5�min)�and�incubated�in�blocking�solution�(5%�normal�serum�with�0.2%�Triton�X-100�in�PBS)�for�
60�min.�Sections�were�then�stained�against�primary�antibodies�(diluted�in�blocking�solution)�at�4�≃�C,�with�primary�antibodies�and�di-�
lutions�used�as�follows:�IBA1�(1:1000;�019-19741,�Wako�and�ab5076,�Abcam;�234�009,�Synaptic�systems),�GFP�(1:200,�ab13970,�
Abcam),�YFP/GFP�(1:200,�ab6556,�Abcam),�Gal-3�(1:500,�CL8942AP,�Cedarlane),�CD31�(1:200,�550274,�BD�Pharmigen),�GFAP�
(1:3000,�ab4674,�Abcam),�LAMININ�(1:50,�L9393,�Sigma),�TIE2�(1:100,�ab24859,�Abcam),�LYVE1�(1:200,�ab14917,�Abcam),�DPP4�
(1:200,�R&D�Systems,�AF954),�MMP2�(1:200,�ab97779,�Abcam),�NeuN�(1:1000;�MAB377,�EMD�Millipore),�RFP�(1:200,�600-401-�
379,�Rockland),�and�CD206�(1:100,�MCA2235GA,�Bio-Rad).�Rat�anti-mouse�laminin�α1�(#200,�conditioned�medium),�rat�anti-mouse�
laminin�α2�(4H8-2,�conditioned�medium),�rat�anti-mouse�laminin�β1�(3A4,�conditioned�medium),�and�rat�anti-mouse�laminin�γ1�(3E10,�
conditioned�medium)�were�kind�gifts�from�Dr.�Lydia�Sorokin.�79�Following�primary�antibody�incubation,�sections�were�washed�with�
PBS�(3�x�5–10�min)�and�then�incubated�in�corresponding�secondary�antibodies�(goat�anti-mouse�for�mouse�primary,�goat�anti-rabbit�
for�rabbit�primary�antibody,�etc.)�for�1�hr�covered.�Sections�were�then�washed�with�PBS�(3x�10�min)�covered.�Sections�were�then�
mounted�on�slides�and�allowed�to�dry�before�cover-slipping�with�Fluoromount-G�(0100-01,�Southern�Biotech).�For�DAPI�staining,�
mounted�brain�sections�were�cover-slipped�using�Fluoromount-G�with�DAPI�(00-4959-52,�Invitrogen).�High�resolution�fluorescent�im-�
ages�were�obtained�using�a�Leica�TCS�SPE-II�confocal�microscope�and�LAS-X�software.�Image�acquisition�was�done�using�25x�ob-�
jectives�and�images�were�processes�using�LAS�X�(Leica)�software.�For�confocal�imaging,�one�field�of�view�(FOV)�per�brain�region�was�
captured�per�mouse�unless�otherwise�indicated.�To�capture�whole�brain�stitches,�automated�slide�scanning�was�performed�using�a�
Zeiss�AxioScan.Z1�equipped�with�a�Colibri�camera�and�Zen�AxioScan�2.3�software.�Super-resolution�fluorescent�imaging�was�
performed�using�a�Zeiss�LSM�900�microscope�equipped�with�Airyscan�2.�Data�acquisition�was�conducted�sequentially�by�tracks�
to�optimize�fluorescence�channel�separation,�using�a�scan�zoom�of�0.70�and�a�bidirectional�scan�mode.�For�20x�imaging,�a�z-stack�
of�7�slices�was�collected�over�a�24�μm�range�with�4�μm�intervals,�resulting�in�an�image�size�of�453.68�μm�x�453.68�μm.�For�63x�imaging�
with�an�oil-immersion�objective,�a�z-stack�of�8�slices�was�collected�over�a�14�μm�range�with�2�μm�intervals,�yielding�an�image�size�of�
144.03�μm�x�144.03�μm.�Super-resolution�images�were�processed�using�Zeiss�ZEN�Blue�software�with�Airyscan�deconvolution.�
Microglial�morphology�was�determined�using�the�filaments�module�in�Bitplane�Imaris�7.5,�as�described�previously.�118�Cell�quantities�
were�determined�using�the�spots�module�in�Imaris.�Percent�coverage�measurements�were�determined�in�Image�J�(NIH).�Dotted�white�
lines�of�the�VI�were�drawn�based�on�distinct�tissue�architecture�–�a�demarcation�between�the�hippocampal�and�thalamic�structures�of�
the�murine�brain.�This�boundary�was�also�determined�by�the�presence�of�LAMININ�+�,�TIE2�+�,�and�LYVE1�+�staining�or�the�presence�of�
distinct�myeloid�cells,�such�as�LYVE1�+�or�CCR2�+�cells�within�this�structure.

Brain�Clearing�
Adult�mice�(2-6�mo�old,�n=2)�were�transcardially�perfused�with�ice-cold�PBS�and�whole�brains�drop-fixed�4%�PFA�in�PBS�for�
12-24�hours.�Brains�were�then�stored�in�1X�PBS�with�0.02%�sodium�azide�at�4�≃�C.�Whole�mouse�brains�were�processed�using�
clearing�reagents�and�protocols�from�LifeCanvas�Technologies�(SB-FB25,�Cambridge,�MA).�Briefly,�whole�brains�were�processed�
with�the�Clear�+�Pipeline�by�first�incubating�in�SHIELD�solution�119�for�four�days�to�preserve�tissue�structure�and�antigenicity.�Following�
SHIELD�preservation,�brains�underwent�delipidation�and�clearing�with�the�Clear+�tissue�clearing�method,�utilizing�the�SmartBatch+�
system�

120�for�rapid�and�uniform�processing�over�two�days.�Active�immunolabeling�was�performed�with�primary�antibody�LAMININ�
(10μg/whole�brain,�L9393,�Sigma-Aldrich)�and�Cy5-conjugated�secondary�antibody�(Cy™5�AffiniPure™�Donkey�Anti-Rabbit�IgG�(H+L),�
20�μg//whole�brain,�711-295-152,�Jackson�Immunoresearch)�in�SmartBatch+�system.�Finally,�the�samples�were�immersed�in�
EasyIndex�refractive�index�matching�medium�(EI-500-1.52)�for�two�days�to�achieve�optical�transparency�completing�the�Clear�+�
Tissue�Clearing�Pipeline.

Light-Sheet�Microscopy�and�3D�Reconstruction�
Cleared�whole�mouse�brains�were�imaged�using�the�Cleared�Tissue�Light-Sheet�(CTLS)�microscope�(3i�Inc.)�equipped�with�visible�
laser�lines�at�488,�561,�and�670�nm.�During�imaging,�the�samples�were�submerged�in�EasyIndex�refractive�index�matching�medium.�
Illumination�was�provided�by�a�tiling�light-sheet�system,�and�imaging�was�conducted�with�a�1.5⇐/0.25�NA�objective�lens.�High-res-�
olution�3D�datasets�were�obtained�with�lateral�resolutions�of�1�μm�per�pixel�and�axial�steps�of�3�μm�(captured�at�1�μm�x�1�μm�x�3�μm�

voxel�size).�Raw�data�were�saved�as�16-bit�TIFF�files�with�lossless�compression,�and�3D�visualizations�were�created�using�SlideBook�
(3i�Inc.)�and�Imaris�software.�Maximum�projection�images�were�captured�at�size�x:�3�μ,�y:�3�μm,�z:�3�μm.�For�videos,�a�series�of�2,699�
single�TIFF�images,�acquired�in�the�horizontal�plane�of�the�mouse�brain�using�LightSheet�Microscopy,�were�rendered�in�a�3D�viewer�
using�Imaris.�The�Ortho�Slicer�tool�was�used�to�computationally�reconstruct�a�coronal�view�(XZ�plane),�generating�a�flythrough�
visualization�from�the�most�anterior�to�the�most�posterior�coronal�slices,�providing�a�comprehensive�view�of�the�entire�brain.

Models�of�demyelinating�disease�
Experimental�Autoimmune�Encephalomyelitis�
On�day�of�immunization�(d0),�female�mice�(C57BL/6�mice�aged�9-13�weeks�old�[n=15];�Cx3cr1�GFP/+�Ccr2�RFP/+�mice�aged�2-5�mo�
[n=15];�Ms4a3�Cre�-Rosa�tdT�mice�aged�8-9�mo�[n=15]);�were�immunized�by�two�subcutaneous�injections�with�100�μl�of�emulsion�con-�
taining�100�μg�of�Myelin�Oligodendrocyte�Glycoprotein�(MOG�35-55�)�with�complete�Freund’s�adjuvant�(CFA)�(EK-2110,�Hooke
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Laboratories).�Two�hours�after�MOG�injections,�mice�received�an�intraperitoneal�(ip)�injection�with�110�ng�of�pertussis�toxin�(PTX)�from�

Bordetella�pertussis�(EK-2110,�Hooke�Laboratories)�in�sterile�1X�PBS.�Twenty-two�to�twenty-six�hr�after�PTX�injection,�mice�received�
another�ip�injection�with�110�ng�of�PTX.�Mice�were�monitored�for�clinical�symptoms�daily.�Clinical�evaluation�was�performed�double-�
blind�and�based�on�the�following�scoring�system;�0,�asymptomatic;�0.5,�ruffled�fur;�1,�flaccid�tail;�2,�hind�limb�paresis;�2.5,�partial�hind�
limb�paralysis;�3,�hind�limb�paralysis;�4,�hind�limb�and�forelimb�paralysis;�5,�moribund.�Mice�were�sacrificed�at�clinical�score�1,�2,�and�3�
for�longitudinal�analysis�of�myeloid�cell�activation�and�accumulation�during�EAE.�For�all�other�studies,�mice�were�sacrificed�at�clinical�
score�↓�2.�Clinical�score�data�is�presented�as�average�±�SEM.�
Neurotropic�JHM�strain�of�the�mouse�hepatitis�virus�(JHMV)�
Six-�to�eight-week-old�C57BL/6�mice�(males�and�females,�n=9)�were�infected�intracranially�(ic)�with�1100�PFU�of�JHMV�in�30�μl�of�
sterile�Hanks�balanced�sterile�solution�(HBSS);�control�mice�received�an�ic�injection�of�HBSS.�JHMV-infected�C57BL/6�mice�were�
sacrificed�at�3-�and�7-days�post-infection�(dpi)�and�brains�isolated�to�assess�viral�titers�and�perform�immunohistochemical�staining.

QUANTIFICATION�AND�STATISTICAL�ANALYSIS

Data�analysis�and�statistics�
Statistical�analysis�was�performed�with�Graph�Pad�Prism�(v10.0.1).�To�compare�two�groups,�the�unpaired�Student’s�t-test�was�used.
To�compare�multiple�groups,�a�one-way�or�two-way�ANOVA�with�Tukey’s�or� �Sidá�k’s�post�hoc�test�was�performed.�For�all�analyses,
statistical�significance�was�accepted�at�p�<�0.05.�All�bar�graphs�are�represented�as�means�+/-�SEM�and�significance�expressed�as�
follows:�*p�<�0.05,�**p<�0.01,�***p�<�0.001.�Statistical�trends�were�accepted�at�p�<�0.10�(#�denotes�trending�significance).�n�is�given�as�
the�number�of�mice�within�each�group.�The�statistical�analyses�performed�for�each�experiment�are�indicated�in�the�figure�legends.�No�
statistical�methods�were�used�to�predetermine�sample�size.�The�experiments�were�not�randomized,�and�the�investigators�were�not�
blinded�to�allocation�during�experiments�and�outcome�assessment.
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