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SUMMARY
The choroid plexus (ChP) is the blood-cerebrospinal fluid (CSF) barrier and the primary source of CSF.
Acquired hydrocephalus, caused by brain infection or hemorrhage, lacks drug treatments due to obscure
pathobiology. Our integrated, multi-omic investigation of post-infectious hydrocephalus (PIH) and post-
hemorrhagic hydrocephalus (PHH) models revealed that lipopolysaccharide and blood breakdown prod-
ucts trigger highly similar TLR4-dependent immune responses at the ChP-CSF interface. The resulting
CSF ‘‘cytokine storm’’, elicited from peripherally derived and border-associated ChP macrophages, causes
increased CSF production from ChP epithelial cells via phospho-activation of the TNF-receptor-associated
kinase SPAK, which serves as a regulatory scaffold of a multi-ion transporter protein complex. Genetic or
pharmacological immunomodulation prevents PIH and PHH by antagonizing SPAK-dependent CSF
hypersecretion. These results reveal the ChP as a dynamic, cellularly heterogeneous tissue with highly
regulated immune-secretory capacity, expand our understanding of ChP immune-epithelial cell cross
talk, and reframe PIH and PHH as related neuroimmune disorders vulnerable to small molecule
pharmacotherapy.
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INTRODUCTION

The choroid plexus (ChP) projects into each of the four cerebro-

spinal fluid (CSF)-filled ventricles and comprises an epithelial cell

sheet populated by immune and mesenchymal cell types.5,6 The

ChP is the body’s secretory epithelium par excellence, produc-

ing a half-liter of CSF per day via the concerted action of its

multiple ion and water transport molecules.7 The ChP is also

the blood-CSF barrier, gating circulating immune cell entry into

the CSF in the setting of infection or tissue damage.8–12 The

ChP’s location at the nexus of the CSF, brain parenchyma, and

systemic circulation allows it to sense perturbations and trans-

duce danger signals into homeostatic responses. However, the

cellular and molecular mechanisms that coordinate the immune

and secretory functions of the ChP are poorly understood.

Hydrocephalus is characterized by the expansion of the cere-

bral ventricles (ventriculomegaly). Post-infectious hydrocepha-

lus (PIH) and post-hemorrhagic hydrocephalus (PHH), the most

common forms of hydrocephalus, are treated by neurosurgical

CSF diversion with or without ChP cauterization to decrease

CSF production.13–15 These life-saving operations have signifi-

cant long-term morbidity and failure rates, and are unavailable

in impoverished areas.14,16,17 Furthermore, ChP cauterization

may also disrupt normal ChP functions important for brain devel-

opment and immune function.18 Drug treatments for hydroceph-

alus remain unavailable.18 An improved understanding of ChP

biology could identify therapeutic targets for hydrocephalus

and other CSF disorders and neuroimmune diseases.8,12,18–21

PIH and PHH are commonly attributed to intraventricular CSF

accumulation secondary to decreased CSF reabsorption due to

obstruction of intraventricular CSF flow and/or blockage of the

extraventricular arachnoid granulations.22 In contrast, the role of

ChP’s immune-secretory functions to the pathogenesis of hydro-

cephalus remains under-investigated. Interestingly, human PIH

and PHH exhibit similar CSF immune cell and cytokine pro-

files,23,24 and CSF neutrophilic pleocytosis can predict the devel-

opment of PHH.25 These observations suggest an important, yet

uncharacterized, role of ChP and CSF inflammation in the patho-

genesis of acquired hydrocephalus.

Systemic epithelia respond to pro-inflammatory stimuli by

increasing rates of fluid transport26 to clear organisms or tissue

debris.27–29 However, inappropriately triggered or maladaptively

sustained epithelial inflammation can dysregulate ion transport

homeostasis. Examples include chemical, autoimmune, and

infectious forms of pleuritis, colitis, and pancreatitis.29–32 Intraven-

tricular hemorrhage (IVH) is known to cause inflammation-induced

ChP CSF hypersecretion in PHH models.2,33–36 Nonetheless, the

mechanism(s) by which the ChP contributes to PHH and PIH

remain obscure, hindering the development of non-surgical

treatment strategies.

Lipopolysaccharide (LPS)-expressing bacteria commonly

cause PIH.37–39 LPS is the canonical pathogen-associated

molecular pattern (PAMP) for Toll-like receptor-4 (TLR4).40,41

PHH-derived hemoglobin, and possibly other blood products,

are TLR4-stimulating damage-associated molecular patterns

(DAMPs).42,43 We hypothesized that PIH and PHH have conver-

gent pathophysiology that dysregulates ChP immune-secretory

function. To test this, we created rat models of PIH and PHH and
conducted a multi-omics investigation of these animals to dissect

the physiologic, cellular, andmolecular pathology ofPIH andPHH.

Our results suggest that PIH and PHH are related neuroinflamma-

tory disorders amenable to systemic immunomodulation.

RESULTS

E. coli PIH models exhibit ChP-mediated CSF
hypersecretion
Escherichia coli (E. coli) CSF infection is a common cause of

PIH in resource-limited countries.37–39 PIH is characterized

by CSF space inflammation and the acute development of ventri-

culomegaly.14To investigatemechanismsofCSF infectiononChP

function in PIH, we administered infectious material into the brain

by intracerebroventricular (ICV) delivery. Wild-type E. coli

(E.coli+LPS) orE.coligenetically engineered to lackLPS in theouter

membrane (E. coli-LPS, see STARMethods) were infused in sterile

artificial CSF (aCSF) into the lateral ventricles of 8-week-oldWistar

rats for 72 h via stereotactically placed infusion pumps (Figure 1A).

Control animals received ICV infusions of sterile aCSF. We found

that the lateral ventricular volume of animals 72 h after infusion of

E. coli+LPS was increased �3-fold relative to control rats

(Figures 1B and 1C). The ventriculomegaly in animals subjected

to 72 h ICV infusion of LPS alone (10 ng/mL in aCSF) resembled

E. coli+LPS-treated animals (Figures 1B and 1C) and persisted

when evaluated 2 weeks after treatment (Figure S1A). These find-

ingssuggest ICV-delivered LPScanmodel theacutedevelopment

and persistence of ventriculomegaly characteristic of human PIH.

The pathways that regulate CSF homeostasis are poorly

understood. Acute ventriculomegaly in PIH could arise from

impaired CSF efflux (e.g., due to obstruction of the cerebral

aqueduct causing reduced bulk flow or reduced CSF egress

via glymphatic and meningeal lymphatic pathways) and/or

augmented CSF volume flux via an increase in ChP-dependent

CSF production.44–46 To examine CSF outflow in our PIH model,

we injected the CSF tracer Evans Blue into the lateral ventricles

of PIH rats after 72 h of LPS infusion and found that dye distribu-

tion was unimpeded through the cerebral aqueduct and 4th

ventricle, suggestive of aqueductal patency and preservation

of bulk CSF flow (Figure 1D). In vivomagnetic resonance imaging

(MRI) of control and LPS-treated animals confirmed increased

lateral ventricle volume in LPS-treated animals with normal intra-

cranial volume (Figures S1B–S1F), as well as cerebral aqueduct

patency (Figures S1G and S1H).

Toexamineglymphatic function inourPIHmodel,weperformed

in vivo dynamic contrast-enhanced, T1-weighted MRI after CSF

infusion of gadoteric acid (see STAR Methods).47–49 The MRI

data were analyzed using computational fluid dynamics analysis

based on regularized optimal mass theory, which derives metrics

describing the transport of the Gd-tagged contrast tracer in the

brain.50 Quantification of glymphatic v-flux (mm3) and glymphatic

mean tissue speed (mm/s) data revealed no significant differences

in brain-wide glymphatic transport between LPS-treated and con-

trol animals (FiguresS1I–S1K).Notably, thisnomenclature refers to

‘glymphatic’ transport because modeling included both diffusion

and advection drivers for solute transport.50 However, other peri-

vascular transport models including the ‘‘mixing model’’ and ‘‘in-

tramural periarterial drainage’’ (IPAD) have been proposed and
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Figure 1. Models of E. coli post-infectious hydrocephalus exhibit ChP-mediated CSF hypersecretion

(A) Illustration of two models of post-infectious hydrocephalus (PIH). Insertion of an infusion pump in the lateral ventricle (LV) for E. coli+LPS, E. coli-LPS, LPS, or

artificial CSF (aCSF, Ctl) administration over 72 h. Left, illustration of the subcutaneous pump/catheter and intraventricular catheter placement. Right, schematic

demonstrating pump/catheter placement and resulting ventricular changes. CC, corpus callosum; AC, anterior commissure.

(B) Representative immunohistochemical images showing lateral ventricles 72 h after infusion of control, E. coli+LPS, E. coli-LPS, or LPS (DAPI, blue).

(C) Quantification of lateral ventricular size (% brain volume) after 72 h infusion of aCSF, E. coli+LPS, E. coli-LPS, or LPS. Volume was calculated from sequential

slices through the entire lateral ventricular system (n = 5–7 animals per condition; see STAR Methods).

(D) Ventricular system infusion of Evans blue dye (injected into the LV of Ctl and LPS-treated animals), demonstrating flow through cerebral aqueduct (CA) and

fourth ventricle (4V).

(E) Body weight-normalized CSF secretion rates (mL/min/kg) in control (aCSF), E. coli+LPS (24, 48, or 72 h), E. coli-LPS, LPS (72 h), or LPS + bumetanide (72 h)-

treated animals (n = 3–6 animals per condition).

(F) Representative immunohistochemical images of LVs in Ctl vs. LPS-treated Tlr4+/+ and Tlr4�/� rats (DAPI, blue).

(legend continued on next page)
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will be considered in future studies.51–53 While these results sug-

gest that PIH is associated with the development of acute,

communicating ventriculomegaly, as is seen in many human pa-

tients,54,55 they do not exclude the possibility of alterations in

CSF dynamics along other fluid egress pathways.51

We next directly measured the effect of LPS on the rate of CSF

secretion using a validated method in live animals (Fig-

ure 1E).34,3,56 In this method, mineral oil blocks CSF exit from

the third ventricle at the level of the Sylvian aqueduct, preventing

contributions tomeasured CSF secretion fromCSF reabsorption

pathways distal to this block (Figure S1L). Therefore, this tech-

nique measures bona fide lateral ventricle CSF production by

the ChP.34,3,56 LPS-treated PIH rats exhibited a >2.5-fold in-

crease in CSF secretion relative to controls (Figure 1E). A similar

increase in CSF secretion was observed in E. coli+LPS hydroce-

phalic rats but not E. coli-LPS control rats (Figure 1E). ICV infusion

of aCSF in naive rats at a rate approximating the difference in

CSF secretion rates between that of control rats and LPS-

induced or E. coli+LPS hydrocephalic rats recapitulated the

ventriculomegaly observed in both conditions. ICV-delivered

bumetanide, an inhibitor of ChP-mediated CSF secretion,34,57,58

reduced LPS-induced CSF secretion by >70% (Figure 1E).

LPS-induced CSF hypersecretion and ventriculomegaly were

attenuated in Tlr4 knockout rats (Tlr4�/�)59 (Figures 1F–1H).

These results suggest that acute ventriculomegaly in PIHmodels

results from an LPS-triggered, TLR4-dependent increase in

bumetanide-sensitive CSF secretion from the ChP.

PIH models are associated with robust inflammation of
the ChP-CSF interface
To gain molecular insight into the observed ChP-mediated acute

CSF hypersecretory response in our models of PIH, we gener-

ated transcriptomic and proteomic datasets of micro-dissected

lateral ventricle ChP from LPS-induced hydrocephalic and con-

trol rats using bulk RNA sequencing (RNA-seq) and quantitative

mass spectroscopy (Figure 2A). Differential expression analyses

of RNA transcripts (Figure 2B, genes) and polypeptides (Fig-

ure 2C, proteins) revealed significant differences between LPS-

treated and control ChP. Wiki pathway, GO, and Mouse Gene

Atlas analyses of the top 100 differentially expressed genes

(DEGs) and proteins in PIH vs. control animals revealed enrich-

ment of terms related to innate immunity and inflammation,

such as ‘‘positive regulation of myeloid leukocyte-mediated im-

munity’’ and ‘‘microglia pathogen phagocytosis pathway’’

(Figures 2D and 2E, and Table S1).

We next integrated our bulk multi-omics ChP data with pub-

lished single-cell and single-nucleus RNA-seq (sc- and snRNA-

seq, respectively) of the ChP and brain macrophages.6,60 We

constructed 21 modules of co-expressed genes from a pub-

lished scRNA-seq dataset of rodent ChP60 (Figure 2F) and found

that PIH-associated transcripts converged within a single mod-

ule associated with monocytes that included dendritic cells
(G) Quantitation of LV size (% brain volume) in Ctl and LPS-treated Tlr4+/+ and T

(H) Body weight-normalized CSF secretion rates (mL/min/kg) of Tlr4+/+ Ctl, Tlr4+

condition). 2.53mag, scale bars, 0.25 m. Error bars, mean ± SEM; each symbol r

significant, by one-way ANOVA.

See also Figure S1.
(cDC1s, cDC2s, and migDCs) (module 11, Figure 2G).61 The

most upregulated transcripts and proteins in PIH converged in

another immune cell-specific co-expression module (module

17, Figure 2G).61 Genes in Modules 11 and 17 were both signif-

icantly enriched in pathways related to the recruitment of circu-

latingmyeloid/lymphoid cells and chemokine/interferon receptor

signaling, as well as ChP secretory activity including chloride ion

binding and ligand-gated ion channel activity (Figure 2H;

Table S1).

Multiple cytokines responsible for inflammatory cell signaling

and modulation and multiple chemokines responsible for the

recruitment of circulating myeloid and lymphoid cells, were

significantly increased in the CSF of LPS-treated animals

compared with controls (Figures 2I and S1M). Among these,

the most highly upregulated (>30-fold increase, p = 0.0017)

was C–C motif chemokine ligand 2 (Ccl2). Levels of Ccl5 and

C–X–C motif ligand 5 (Cxcl5), tumor necrosis factor-alpha

(Tnfa), Il-1ß, Il-6, and other interferons and interleukins were

also significantly increased. These findings indicate that CSF of

PIH animals exhibits a pro-inflammatory state absent from nor-

mocephalic (non-hydrocephalic) control animals and similarly

treated Tlr4�/� rats (Figure 2I).

LPS-treated animals demonstrated accumulation and prolifer-

ation of Iba1+ macrophages at the apical, CSF-facing ChP sur-

face and ChP stromal compartment between the basolateral

membrane and endothelium (Figures 2J–2N). Iba1+ cells likely

include immune cells recruited from the periphery8,60 and CNS

border-associatedmacrophages (BAMs), consisting of epiplexal

(Kolmer) and stromal subtypes. In contrast to their quiescent

appearance in controls,60 BAMs in PIH rats exhibited amoe-

boid-like shape, increased circularity (Figures 2J and 2K),62

and increased CD68/ED1 positivity (Figures 2K and 2M), all

indicative of increased phagocytic activity.63 ChP-associated

Iba1+ and CD68/ED1+ cells were reduced in similarly treated

Tlr4�/� rats (Figures 2K–2N). In comparison with E. coli+LPS-

treated animals, the ChP of E. coli-LPS rats exhibited a milder

inflammatory reaction (Figures S2A–S2C). Similar to human pa-

tients with PIH,64–67 E. coli+LPS-treated animals and, to a lesser

extent, E. coli-LPS animals also exhibited immune cell activation

in the meninges lining the CSF spaces and cortex (Figure S2).

Fluorescence-activated cell sorting (FACS) of micro-dissected,

dissociated lateral ventricle ChP labeled with an antibody against

CD45, a glycoprotein that marks immune cells of peripheral

origin,68,69 revealed higher CD45+ cell numbers in the ChP of PIH

animals than of controls (Figures 2O and 2P, left panels). CD3+

Tcell numberwasalso increased (Figures2Oand2P, right panels).

LPS-mediated increases in ChP-associated CD45+ peripheral im-

mune cells and CD3+ T cells were attenuated in Tlr4�/� animals

(Figures 2O and 2P). These data suggest that PIH is associated

with TLR4-dependent accumulation and activation of peripherally

derived immune cells and resident BAMs at the ChP that elicit a

robust innate immune response characterized by a ‘‘CSF cytokine
lr4�/� rats (n = 5–6 animals per condition).
/+ LPS-treated, Tlr4�/� Ctl, and Tlr4�/� LPS-treated rats (n = 4–6 animals per

epresents one animal. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not
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storm.’’ This isconsistentwith theChP-CSF-brain interface inflam-

mation in patients with PIH and other forms of acquired hydro-

cephalus.67,70–72

SPAK kinase links pro-inflammatory CSF cytokine
signaling to ChP-mediated CSF secretion
Analysis of ChP snRNA-seq results6 (Figures S3A–S3E) revealed

high baseline Tlr4 expression in ChP-associated macrophages

and myeloid lineage immune cells, but scant expression in

ChP epithelial cells (Figures S3B–S3D). Expression profiles of

immune-related genes in adult ChP epithelial cells further re-

vealed 3 unique subclusters (Table S2), all with low-level Tlr4

expression. In contrast, even under basal conditions, ChP

epithelial cells exhibited significant levels of expression for mul-

tiple receptors of pro-inflammatory cytokines upregulated in

CSF of PIH animals (Figure 2I) and humans,24 including TNFa,

IL1ß, IL6, CCL2, and IFNg. We hypothesized CSF cytokines

elaborated by activated immune cells at the ChP stimulate their

receptors on ChP epithelial cells to promote CSF secretion.

Consistent with this hypothesis, quantitative real-time PCR of

micro-dissected ChP epithelial cells showed higher expression

of Ccr2, Relt, and Il1r1 in LPS-treated animals than in controls

(Figure S3F). The TNF-a receptor Relt was also significantly up-

regulated at the apical membrane in PIH rats, but not in similarly

treated Tlr4�/� rats (Figures S3G and S3H).

The bumetanide sensitivity of the acute CSF hypersecretory

response in PIH implicates the NKCC1 cotransporter in disease

pathogenesis. NKCC1 phosphorylation at Thr203, Thr207, and

Thr212 by SPAK kinase is required for NKCC1 activity.73 SPAK

phosphorylation at Ser373 by WNK1 kinase is required for SPAK

kinase activity.74 SPAK transduces extracellular stress signals,

including NF-kB-dependent cytokines, into downstream signaling

events.75RELTbindsSPAKvia itsC-terminal domain76 and TNF-a

and IL-1b stimulate SPAK kinase activity in a TLR4- and NF-kB-

dependent manner to increase intestinal epithelial transport.29,75

We hypothesized that SPAK transduces TLR4-dependent pro-in-

flammatory CSF signals into a ChP epithelial CSF hypersecretory

response by increasing NKCC1 phosphorylation.

Consistent with SPAK functioning downstream of TLR4-medi-

ated immune cell activation in a non-cell-autonomous manner,
Figure 2. PIH is associated with robust ChP-CSF interface inflammatio

(A) Schematic of integrated multi-omic analysis.

(B and C) Heatmaps of the most highly differentially expressed ChP genes (B) and

(D and E) (D) GO and (E) pathway analysis of DEGs.

(F and G) (F) uniform manifold approximation and projection (UMAP) clustering of

cell types using a scRNA-seq brain macrophage atlas.60

(G, upper right) Hypergeometric enrichment analysis of LPS-induced DEGs/DEP

demonstrating dendritic cell (DC) and monocyte expression.

(H) Module 11 GO biological process analysis (see also STAR Methods, Table S

(I) CSF cytokine/chemokine expression (pg/mL) in Ctl and LPS-treated Tlr4+/+ an

(J) Representative IHC of Ctl and LPS-treated Tlr4+/+ and Tlr4�/� rat ChP. Iba1+

rowheads) and within stroma/capillaries (white arrows); activated macrophages

bars, 25 mm.

(K) Representative merged (left) and magnified merged and single-channel IHC (

treated Tlr4+/+ and Tlr4�/� rat ChP; senescent (arrows) and activated (arrowhead

(L–N) Quantitation of (K) showing DAPI-normalized % Iba1+ (L), ED1+ (M), and K

(O) Scatterplots and (P) quantitation of FACS-isolated CD45+ (left) and CD3+ Ch

symbol represents one animal. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

See also Figures S2, S3, and S4.
expression of Spak and Nkcc1 in ChP epithelial cells far ex-

ceeded that in other ChP cell types (Figures S3I and S3J). The

phosphorylated, activated species of SPAK (pSPAK) and

NKCC1 (pNKCC1)73,74,77,78 were upregulated at the ChP apical

membrane in PIH rats but not in similarly treated Tlr4�/� rats

(Figures S3K–S3M). While Spak knockout had no effect on

LPS-induced increases in ChP-associated immune cell infiltra-

tion and activation or RELT expression (Figures S4A and

S4B),79 it prevented the upregulation of pSPAK-pNKCC1 in

ChP epithelial cells (Figures S3K–S3M) and attenuated LPS-

induced increases in CSF secretion and ventriculomegaly

(Figures S3N and S3O). These data suggest that SPAKmediates

molecular cross talk between TLR4-dependent ChP immune cell

activation and NKCC1-dependent CSF secretion by ChP epithe-

lial cells via cytokine receptor engagement.

SPAK is a regulatory scaffold of a multi-ion transporter
complex at the ChP apical membrane
CSF secretion requires the coordinated function of multiple ion

and water transport proteins (Figure 3A).7,58 NKCC1 is the ca-

nonical SPAK target; however, SPAK regulates multiple ion

transport proteins.30 To investigate whether other ion trans-

porters are involved in the SPAK-dependent CSF hypersecretory

response, we immunoprecipitated SPAK from micro-dissected

ChP of adult Spak�/� and Spak+/+ rats, and adult pigs (a model

with increased ChP volume per animal) and analyzed the compo-

sition of immunoprecipitates using LC-MS-MS (Figure 3B).34

SPAK was the most abundant protein in the purified immune

complexes from wild-type pig and rat ChP but absent from

Spak�/� ChP. NKCC1, the Na+/K+ ATPase a-1 subunit

ATP1a1, the Cl� channel regulatory protein CLIC6, the K+ chan-

nel KCNJ13, and WNK1 were among the most significantly en-

riched SPAK-bound proteins in immunoprecipitates from wild-

type pig and rat ChP (Figure 3C). These proteins were absent

from Spak�/� ChP immunoprecipitates. Pull-down experiments

validated these findings (Figure 3D).

snRNA-seq analysis of ChP epithelial cells showed high

expression of the genes Wnk1, Stk39 (Spak), Slc12a2 (Nkcc1),

Atp1a1, Kcnj13, and Clic6 in each ChP epithelial cell subcluster

at levels significantly higher than other ChP cell types
n

proteins (C) from LPS-treated and control rats (n = 3–5 animals per condition).

ChP immune cells and (G, left) gene expression module heatmap for individual

s in gene co-expression modules (G, lower right); module 11 gene enrichment

1*).

d Tlr4�/� rats (n = 3 animals per condition).

(green)/CD68+ (red) cells located apically (epiplexus macrophages, white ar-

(pink arrowheads). Apical membrane tNkcc1 (white); nuclei (DAPI, blue); scale

right) of Ki-67 (green), ED1 (blue), Iba1 (red), and DAPI (white) in Ctl and LPS-

s) Iba1+ cells. Scale bars, 50 mm; insets at right, 23 enlarged.

i67+ cells (N) (n = 5–6 animals per condition).

P cells (right) (n = 4–6 animals per condition). Error bars, mean ± SEM; each

, ns, not significant, by one-way ANOVA.
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Figure 3. SPAK kinase is a regulatory scaffold for an apically localized multi-ion transporter complex in ChP epithelial cells

(A) Schematic illustrating the rat ventricular system and ChP, highlighting important ion transporters and channels in the apical and basolateral membranes of the

ChP epithelium. BAM, border-associated macrophage; CSF, cerebrospinal fluid; RBC, red blood cell.

(legend continued on next page)
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(Figure S4C). SPAK co-localized with ATP1a1, KCNJ13, and

CLIC6 at the ChP apical membrane (Figure 3E). PIH rats had

increased Tlr4- and Spak-dependent colocalization of all three

apical transporters, as well as of water channel AQP1, with

pSPAK at the ChP apical membrane (Figure 3E). These findings

suggest SPAK is both a transducer of immune signals and regu-

lator of ion transporters that are integral to PIH pathophysiology

in ChP epithelial cells.

Post-infectious and post-hemorrhagic hydrocephalus
share common ChP immune-secretory mechanisms
Intraventricular organisms in PIH and blood products in PHH are

similarly associated with CSF immune cell infiltration and cyto-

kine production in patients.23,80,81 Bacteria-derived LPS and

autologous blood products (e.g. heme) are, respectively, well-

known PAMPs and DAMPs for TLR4.82,83 We hypothesized

that convergent pathophysiology affecting ChP immune-secre-

tory capacity drives the development of acute ventriculomegaly

in both PIH and PHH.

To test this, we generated transcriptomic and proteomic data-

sets of micro-dissected lateral ventricle ChP from a validated rat

model of intraventricular hemorrhage (IVH)-induced PHH34 and

control rats. The PHH model resembles the PIH model except

that blood from the tail vein is harvested and injected directly

into the lateral ventricles of the same animal (see STARMethods).

Comparison of the PHH datasets with those from age- and sex-

matched PIH rats revealed a striking overlap of the most DEGs

and proteins (Figures 4A–4D and Table S3). Highly enriched path-

ways were related to macrophage-mediated innate immunity,

Toll-like receptor signaling, cytokine receptor transduction,

and phosphoinositide 3-kinase signaling (Figures 4D–4F and

Table S3).

Integrated analysis of the top DEGs and proteins in PHH with

scRNA-seq data showed convergence to the same immune cell-

specific co-expression module identified in PIH (module 17,

Figures 4E and 4F, and Table S3). Similar to PIH rats, PHH rats

exhibited increased Iba1+, ED1+, and Ki67+ ChP-associated

macrophages (Figures 4G and 4H) and TLR4-dependent in-

creases in CD45+ and CD3+ T cells at the ChP (Figures 4I

and 4J). PHH rats also resembled PIH rats in their >2-fold

increased TLR4- and SPAK-dependent ventriculomegaly (Fig-

ure 4K); >2-fold increased CSF hypersecretion (Figure 4L); and

upregulated pSPAK-pNKCC1 apical membrane ChP expression

(Figures 4M–4O). These results show that PIH and PHH share a

pathophysiological signature characterized by TLR4-mediated

ChP immune cell signaling and SPAK-dependent ChP transepi-

thelial ion transport.
(B) (Left) Illustration of SPAK immunoprecipitation and LC-MS/MS analysis of S

Spak�/� rats, and wild-type pig (see STAR Methods). (Right) Western blot of SPA

SPAK/SPAK-associated proteins for analysis with LC-MS/MS.

(C) Identification of 24 highly SPAK-bound polypeptides, shared between Spak+/+

of Spak�/� rat ChP.

(D) Immunoblot of SPAK (upper blot; beta-actin, loading control) and (lower blot

proteins WNK1, NKCC1, ATP1A1 (*non-specific band), and KCNJ13 (SDS-resist

(E) Representative IHC co-staining of pSPAK (red) with ATP1A1 (green, top row),

row) in ChP of WT, Spak�/�, and Tlr4�/� animals +/� LPS treatment (n = 6 ChP

membrane; Bl, basolateral membrane of the choroid plexus. 403, scale bars, 25

See also Figure S4.
scRNA-seq uncovers molecular cross talk between
peripherally derived and resident immune cells and ChP
epithelial cells
Given the similarities of the ChP immune response to LPS and

IVH, we performed scRNA-seq on microsurgically dissected

ChP (Figure 5A) from control, PIH, and PHH animals (Figure 5).

We then compared theCD45+ andCD45- cell expression profiles

(Figures 5B and 5I) using markers (Figures 5C and S5A) defined

in the literature.6,60 The integrated CD45+ dataset consisted of

1,427 control, 3,331 PHH, and 5,529 PIH ChP immune cells.

The integrated CD45- dataset consisted of 2,036 control, 718

PHH, and 1,603 PIH ChP non-immune cells. Clustering of

CD45+ immune cells in control ChP resembled findings previ-

ously reported.60

Comparing CD45+ immune cells in the ChP from PIH and PHH

animals demonstrated significantly different immune cell profiles

compared with control. However, the inflammatory profiles of

the ChP from PIH and PHH animals closely resembled each

other (Figures 5B and 5D), with similar increases in macro-

phage/monocytes and neutrophils (Figures 5B and 5E). Heat-

map analysis of the most DEGs in the CD45+ dataset showed

highly significant overlap for PIH and PHH comparedwith control

(Figure 5D). Interestingly, plasmacytoid DCs (pDCs) and CD4+

T cells were particularly increased in PIH (Figures 5B and 5E).

The myeloid cell population was further separated into three

main subclusters, in agreement with recently defined markers,60

which included stromal BAMs (CP_BAM; C1qahiCsf1rhiCd14lo),

ChP epiplexus cells (CP_Epi; Sall1+), and peripherally derived

blood monocytes (Pbm, Cd14hiC1qalo) (Figures 5F and 5G).

The Pbm subcluster was increased in the ChP from PIH and

PHH compared with control, reflecting the infiltration of periph-

eral macrophages (Figures 5F and 5G).60 As top markers of the

Pbm-2 subcluster included interferon-stimulated genes (such

as Irf7 Isg15, Isg20, Ifit2, Ifit3, and Ifitm3), Pbm recruitment is

likely a response to upregulated interferon signaling.

The significant increase in Pbm, neutrophils, and pDCs in the

ChP of PIH and PHH animals prompted pathway analyses of the

top markers for these cell populations (Figures S5B–S5J). Pbm

pathway analysis revealed enrichment of pathways related to

macrophage function and chemokine/interferon signaling,

macrophage and neutrophil chemotaxis and migration, and

regulation of dendritic differentiation (Figure S5B). Neutrophil

pathway analysis showed enrichment of interferon/chemokine

signaling and PI3K-Akt-mTOR signaling pathways (Figure S5D).

pDC pathway analysis also identified significant enrichment of

TLR signaling, chemokine signaling, and PI3K-Akt-mTOR

signaling pathways (Figures S5E and S5F).
PAK-interacting proteins detected in the micro-dissected ChP of Spak+/+ and

K, illustrating removal of gel lanes (area of the dashed box) corresponding to

rats and wild-type pig ChP, and absent from immunoprecipitates from lysates

s) co-immunoprecipitations of SPAK with LC-MS/MS-identified SPAK-bound

ant tetramer shown) in Spak+/+ and Spak�/� rat ChP.

KCNJ13 (green, second row), CLIC6 (green, third row), and AQP1 (green, last

per genotype, 3 animals per condition). Insets show magnification; Ap, apical

mm.
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The ChP epiplexus macrophage (Kolmer cell) cell population

transformed similarly in PIH and PHH ChP, compared with con-

trols (Figure 5F). When further subclustered both PIH and PHH

exhibited two new populations of ChP-associated Kolmer cells

(Figure 5H, blue and green). Pathway analysis revealed enrich-

ment of DNA replication and mitotic division processes in sub-

cluster 1 (Figure S5G), suggesting a subpopulation of replicating

Kolmer cells. Pathway analysis for top markers of Kolmer cell

subcluster 2 showed enrichment of LPS-mediated signaling,

TLR signaling, and chemokine receptor binding, among others

(Figure S5H).

Clustering of the ChP CD45- non-immune cell populations

demonstrated findings similar to those previously reported (Fig-

ure 5I)6. Heatmap analysis of the most highly DEGs in the CD45�

dataset again revealed substantial overlap for PIH and PHH ChP

compared with control ChP (Figure 5J). Subclustering of the

epithelial cell (CD45-) population uncovered a new ChP epithelial

subcluster in PIH and PHH (Figure 5K; subcluster 2), which ex-

pressed Cxcl17, CxcI9, Ccl5, II18bp, and Irf7 (Table S4, Fig-

ure S6). Inflammatory and immune signaling pathways, particu-

larly type I interferon signaling, were enriched in this subcluster in

both PIH and PHH (Figures S5I and S5J).

To compare ligand-receptor interactions in control, PIH, and

PHH animals, we merged the CD45+ and CD45- datasets and

applied CellChat,84 a scRNA-seq tool used for inferring intercel-

lular communication networks based on the expression of known

ligand-receptor pairs in different cell clusters (Figure 6A). Our anal-

ysis identified 6 ligand-receptor pathways present in both PIH and

PHH ChP that were absent in the control ChP (Figure 6B). Among

these, the Osteopontin (Spp1) ligand-receptor pathway showed

very similar ligand-receptor interaction profiles for both PIH and

PHH ChP (Figure 6C). In both groups, the most significant

ligand-receptor interactions originated from ChP epiplexus mac-

rophages to ChP resident macrophages, monocytes, T cells, B

cells, and DCs (Figure 6C). CellChat analysis also identified the

ligand-receptor pairs SPP1-CD44 and SPP1-(ITGA4_ITGB1) as

the most significant signaling contributors to the Spp1 communi-

cation pathway (Figure 6D). These interactions are known to acti-

vate the PI3K-Akt-mTOR signaling pathway.85,86

We next examined ligand-receptor signaling pathways pre-

sent in all three conditions but independently upregulated in
Figure 4. Post-hemorrhagic and -infectious hydrocephalus models ex
(A–C) (A) Volcano plot and heatmaps of the most highly significant (sig) (B) DEGs

Ctl, IVH, and LPS-treated animals (n = 3–5 animals per condition).

(D) Venn diagram and GO biological process analysis of genes upregulated in IVH

bottom shows the top 20 DEGs common to IVH and LPS.

(E) Hypergeometric enrichment analysis of gene co-expression modules for DEG

highlights shared enrichment in module 17).

(F) Module 17 pathway analysis.

(G) Representative IHC of Iba1 (red), Ki67 (green), and ED1 (blue) cells in ChP of

dashed white outline; EP, ependyma). Left panel inset, ChP magnification; right

(H) Quantitative IHC in (G) showing % (normalized to DAPI) of ED1+, Ki67+, and I

(I and J) FACS quantification of (I) CD45+ and (J) CD3+ cells in ChP from IVH-tre

(K and L) (K) Quantitation of lateral ventricular size (% brain volume) and (L) body w

rats (n = 3–6 animals per condition).

(M) Representative ChP IHC of pNKCC1 (green) and pSPAK (red) expression in

(N–R) Quantitation of (N) pNKCC1 (interval density/cell #) and (R) pSPAK IHC in (

represents one animal. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, n

abbreviations: pos reg, positive regulation; neg reg, negative regulation; pw, pat
PIH or PHH ChP compared with the control ChP. Cell-cell com-

munications were very similar for PIH and PHH, showing signif-

icant upregulation in inflammatory pathways including MHC-I,

CCL, CXCL, and FN1 (Figure 6E). We then compared the

ligand-receptor signaling pathways of epithelial and immune

cells in PIH and PHHChP to control ChP.We found inflammatory

and cell adhesion pathways such as chemokine (CXCL), Galec-

tin, and Periostin to be activated in both PIH and PHH ChP be-

tween epithelial and immune clusters (Figure 6F). The significant

CXCL interactions between ChP epithelial and immune cells

were mainly sent from epithelial cells to T cells and to dendritic

cells for both PIH and PHH compared with control (Figure 6G).

Cell-cell communication analysis revealed that ligand-receptor

pairs CXCL11-CXCR3 and CXCL9-CXCR3 contributed most

significantly to the CXCL epithelial-immune cell communication

pathway (Figure 6H) in both PIH and PHH, suggesting that

ChP epithelial cells play active roles during the inflammatory

response.

Repurposed systemic immunomodulators treat
hydrocephalus by antagonizing ChP-mediated CSF
hypersecretion
The importance of highly similar ChP immune-secretory mecha-

nisms to the development of acute ventriculomegaly in PIH and

PHH suggests the possibility of shared therapeutic strategies.

No clinically approved drugs target TLR4 or SPAK, but multiple

agents are in clinical trials or in preclinical development.45,87,88

We therefore mined our ChP -omics data for pathways enriched

in both PIH and PHH models that are targeted by clinically

approved drugs. Among top-ranked hits, the PI3K-Akt-mTOR-

signaling pathway (WikiPathways WP2841; Z score 12.13) (Fig-

ure 2E) was an appealing target because of its role in both

immune cells and SPAK activation.89–91 Indeed, the top DEGs

and proteins common to PIH and PHH were enriched in multiple

phosphatidylinositol pathways, themost significant of whichwas

1-phosphatidylinositol-3-kinase regulator activity (GO: 0046935;

Z score 141.43) (Figures 4D and 4F).92 Integration of DEGs with

published scRNA-seq data revealed enrichment of the Focal

Adhesion-PI3K-Akt-mTOR-signaling pathway (WP2841) in co-

expression module 11 (Z score 4.16) (Table S1). Consistent

with these findings, phosphorylation of S6 ribosomal protein
hibit highly similar ChP immune-secretory pathophysiology
and (C) DEPs compared with control from bulk RNA-seq analyses of ChP from

vs. LPS conditions, and those common to both conditions. Outlined box at the

/DEPs between LPS and IVH, and shared (LPS/IVH) DEG/DEPs (dashed box

Ctl and IVH-treated rats (n = 5 animals per condition) (ChP border denoted by

panel inset, magnification Iba1+ cell (white arrows). Scale bars, 50 mm.

ba1+ cells (n = 5 animals per condition).

ated Tlr4+/+ and Tlr4�/� rats (n = 4–6 animals per condition).

eight-normalized CSF secretion in WT, Tlr4�/�, and Spak�/� IVH-treated (48 h)

Ctl and IVH-treated Spak+/+ and Spak�/� animals. Scale bars, 25 mm.

O) (n = 6 ChP, 3 animals per condition). Error bars, mean ± SEM; each symbol

ot significant; unpaired t test (K) or one-way ANOVA (L–O, Q, and R). (D–G,

hway; act, activity; a/o, acting on; FA, focal adhesion; M4, macrophage.)
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(pS6), indicative of mTOR pathway activation, was significantly

increased in both ED-1+ ChP immune cells and ChP epithelial

cells in both PIH and PHH rats, but not in similarly treated

Tlr4�/� rats (Figure 7A). snRNA-seq analysis revealed high

Mtor and Nfkb gene expression in ChP epithelial cells and he-

matopoietic cells (Figures 7B, S7A, and S7B). These results sug-

gest that PI3K/Akt/mTOR signaling is a therapeutic target in PHH

and PIH.

We tested the hypothesis that systemic treatment with rapa-

mycin, an immunosuppressive mTOR inhibitor, would attenuate

the development of acute PIH and PHH by antagonizing inflam-

mation-dependent CSF hypersecretion fromChP epithelial cells.

In both PIH and PHH rats intraperitoneal rapamycin (6 mg/kg

administered 2–3 h prior to initiating LPS infusion or 2–3 h

pre-IVH) decreased upregulated pS6 immunostaining in ChP

immune cells and epithelial cells (Figure 7A), reduced numbers

of ChP-associated Iba1+, ED1+, and Ki67+ cells (Figures 7C–

7F), and attenuated the LPS- and IVH-induced influx of CD45+

cells (Figure 7G). Rapamycin also attenuated both LPS- and

IVH-induced increases in CSF secretion (Figure 5H), ventriculo-

megaly (Figures 7I and S7C–S7E), and pSPAK-pNKCC1 abun-

dance at the ChP apical membrane (Figures 7J–7L). Strikingly,

delay of rapamycin administration until 3 h after initiating LPS

infusion had similar effects, including attenuation of LPS-medi-

ated ventriculomegaly (Figures S7C–S7E) and a decrease in

ChP-associated Iba1+ and ED1+ cells (Figures S7F and S7G).

These results suggest that repurposed systemic immunomodu-

lators can ameliorate acute PIH and PHH by antagonizing ChP

epithelial cell CSF hypersecretion.

DISCUSSION

Results from multi-modal analysis of CSF dynamics in E. coli

models of PIH suggest that acute ventriculomegaly results pri-

marily from an LPS-induced increase in ChP-CSF secretion.

These data may revise or augment existing paradigms empha-

sizing obstruction of intraventricular CSF flow. The relevance of

these findings is supported by observations in patients that: (1)

PIH can develop within hours of CNS infection93 and can pre-

cede radiographic evidence of aqueductal obstruction,94 (2)

destruction of the ChP (with or without an endoscopic third ven-

triculostomy [ETV]) can effectively treat PIH95 and some other
Figure 5. scRNA-seq uncovers cross talk between peripheral and resi

(A) Schematic illustrating the scRNA experimental design and downstream analy

(B) UMAP clustering of ChP CD45+ cells across control, IVH-treated and LPS-tre

(C) DotPlot showing gene expression signatures of CD45+ cell clusters, with do

representing average expression within a cluster.

(D) Heatmap of the top DEGs comparing ChP CD45+ cell expression profiles fro

(E) Volcano plots depicting differences of cluster abundance in IVH-treated and L

against p value (�log10) based on beta-binomial regression. The red horizontal d

(F) UMAP of ChPmyeloid cell clusters, including peripheral bloodmacrophages, C

(G) Heatmap of the top DEGs for myeloid subclusters.

(H) UMAP of ChP epiplexus macrophage subclusters, colored by group, showing

conditions.

(I) UMAP clustering of ChP CD45- cells across IVH-treated, LPS-treated, and co

(J) Heatmap of top DEGs comparing ChP CD45� epithelial cell expression profil

(K) UMAP of ChP epithelial subclusters, colored by group.

See also Figures S5 and S6.
forms of hydrocephalus, and (3) increased CSF secretion can

cause hydrocephalus in humans with ChP hyperplasia in the

setting of ChP tumors96–98 and certain genetic syndromes.99–

102 Although multiple models of CSF clearance have been pro-

posed (e.g., via vascular basement membranes, the intramural

periarterial drainage pathway, perineuronal routes, and skull

base lymphatics), their role in hydrocephalus, particularly in

chronic hydrocephalus when inflammation-dependent scarring

from tissue damage could impact resorptive mechanisms,103,104

will be important topics of future investigation.

While we demonstrated that LPS, likely E. coli’s most immuno-

genic virulence factor, is necessary and sufficient to cause CSF

hypersecretion and ventriculomegaly in our PIHmodel, the full im-

mune response to E. coli at the ChP-CSF interface likely includes

components besides LPS, such as flagellar H-antigens and

capsular K-antigens.105,106 Indeed, animals treatedwith LPS-defi-

cientE. coli-LPS still exhibit ChP-CSF interface inflammation, albeit

lesssevere thanwithE.coli+LPS, andexhibit a trend towardventric-

ular enlargement.107,108Moreover, the immune response to E. coli

and to other infectious agents impacts the meninges and paren-

chyma.107,108 Future studies will explore the involvement of other

portals of immune cell entry into the brain and whether PAMPs

fromotherPIH-causingbacteria (e.g., theTLR5agonist flagellin109)

trigger ChP CSF hypersecretion.

Our data support BAMs on the apical ChP membrane as

the ‘‘first responders’’ to microorganisms in the CSF.110–113

ChP macrophages express TLRs, which bind PAMPs to acti-

vate innate immune responses.113,114 Our integrated -omics

analysis showed dependence of the acute ChP hypersecretory

response in PIH on LPS-induced, TLR4-mediated recruitment

of both peripheral blood monocytes and accumulation, prolifer-

ation, and activation of resident stromal BAMs (C1qahiCsf1rhiC-

d14lo) and ChP-epiplexus macrophages (CP_Epi, Sall1+). A

similar TLR4-dependent immune cell response was triggered

in PHH by intraventricular hemorrhage-derived DAMPs such

as heme.43,82,115,116 Notably, ChP macrophage depletion atten-

uates ventriculomegaly following ICV-injection of the pro-in-

flammatory blood product peroxiredoxin-2.117 These data

show the remarkable similarity of the innate immune cell re-

sponses to CNS infection and to hemorrhage, and highlight

the ChP as a dynamic, cellular heterogeneous tissue with highly

regulated immune-secretory capacity.
dent immune cells and epithelial cells at the ChP

ses.

ated conditions, colored by cell type.

t size representing the percentage of cells expressing the gene and the color

m Ctl, IVH, and LPS-treated animals.

PS-treated ChP CD45+ cells compared with control plotting fold change (log10)

ashed line indicates the significance threshold.

P stromal macrophages, and CP epiplexusmacrophages, colored by cell type.

transformed and proliferating epiplexus macrophages in control, IVH, and LPS

ntrol conditions, colored by cell type.

es from Ctl, IVH, and LPS-treated animals.
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We found acute PIH and PHH are both characterized by a CSF

‘‘cytokine storm’’ analogous to sepsis-associated elevations of

blood circulating cytokines in the settings of systemic infection

or widespread tissue damage.118,119 These observations corre-

spond to cytokine and immune cell responses in human CSF

stimulated by intraventricular infection and hemorrhage.23,80,81

CSF cytokines likely engage their cognate receptors on ChP

epithelial cells to modulate epithelial cell function. Among upre-

gulated cytokines, CCL2 and its ChP epithelial cell receptor

CCR2 recruit macrophages to the ChP-CSF interface in

response to maternal immune activation.8 The ChP’s ability to

detect infection or tissue damage and initiate a counter-

response may also be an Achille’s heel that renders the brain

susceptible to attack by circulating immune cells in multiple scle-

rosis and other diseases.12,120,121

SPAK kinase links ChP immune cell signaling and epithelial

function via its interactions with upstream cytokine receptors

and downstream ion transport proteins.75 The TNF-a receptor

RELT binds SPAK to regulate the innate immune system76 and

increases epithelial transport in experimental inflammatory

bowel disease.75,122,123 SPAK is a master regulator of the

SLC12 family cation-Cl� cotransporters such as NKCC1.124

SPAK phospho-activation in the ChP, triggered by LPS or IVH,

leads to increased ChP CSF production in part by phosphory-

lating and thereby stimulating NKCC1. These data accord with

the importance of bumetanide-sensitive (NKCC1-mediated)

ChP transport for CSF production in humans,125 dogs,57 rats,34

and mice126 and are consistent with the finding that patients

with loss-of-function NKCC1 mutations exhibit decreased

epithelial secretion and ‘‘slit-ventricle’’ brain morphology indica-

tive of decreased intraventricular CSF volumes.127

NKCC1 operates close to its equilibrium electrochemical po-

tential in the ChP as in other epithelia. This suggests the capacity

for regulated, bidirectional net ion and fluid transport across the

ChP77,126 and might account for reported differences in the vec-

tor of NKCC1-mediated net ion transport (inward vs. outward),

and in net CSF secretion and/or CSF clearance in various devel-

opmental128 and/or disease contexts.34 We showed SPAK binds

not only NKCC1124,129 but also other ion transport proteins impli-

cated in CSF secretion including ATP1a1. We predict that SPAK
Figure 6. scRNA-seq CellChat analysis reveals ligand-receptor pairs e

(A) Schematic illustrating CellChat downstream analyses.

(B) Identification of 6 ligand-receptor pathways shared between IVH-treated and

(C) Circle plot depicting ligand-receptor interactions of the SPP1 pathway in

probability.

(D) Bubble plot showing significant ligand-receptor interactions for the SPP1 path

for control). x axis shows the cell groups associated with the interactions. y axis s

and dot size represents computed p values. Empty space means zero communi

(E) Upregulated ligand-receptor pairs for IVH-treated and LPS-treated ChP comp

and LPS, with increased signal in SEMA, CD45, MHC-I, FN1, CXCL, CCL, and

reflects communication probabilities, and dot size represents computed p value

(F) Significant signaling pathways ranked based on differences in the overall info

comparing LPS (left) and IVH conditions (right) to control. The overall informatio

probabilities in that network. Rows with high blue-to-red ratio indicate higher liga

(G) Circle plot comparing CXCL pathway ligand-receptor interactions among con

width represents communication probability.

(H) Comparison of control, IVH, and LPS bubble plots showing significant ligand-r

x axis shows the cell groups associated with the interactions. y axis shows the liga

represents computed p values (from a one-sided permutation test). Empty spac
functions as a regulatory scaffold that senses extracellular and/

or intracellular signals (e.g., changes in CSF ionic composition)

and then transduces these signals into phosphorylation events

to coordinate the activities of an ensemble of associated ion

transport proteins.

Drugs targeting TLR4 or SPAK have not been clinically

approved.45,130,131 Our -omics data converged upon PI3K-Akt-

mTOR signaling as important for ChP immune-secretory mecha-

nisms in both PIH and PHH, consistent with this pathway’s con-

tributions to immune cell and epithelial cell homeostasis,132 and

to TLR4133,134 and SPAK signaling.90,135 ‘‘Rapalog’’ mTOR inhib-

itors are approved for systemic treatment of allograft rejection

and for adjunct treatment of subependymal cell astrocytomas

(SEGA).136,137 The immunosuppressive effects of mTOR inhibi-

tion likely prevail over other growth-mediated pathways in rapa-

mycin’s therapeutic effect on our acquired hydrocephalus

models. Other potential beneficial effects of rapamycin may

include its autophagy-inducing effects in brain microglia138 and

inhibition of hypoxia-inducible factor 1a.139 The clinical utility of

rapamycin will be better assessed by testing later time points of

administration. Repurposed drugs modulating ChP immune-

secretory functionmight be a viable non-surgical treatment strat-

egy for multiple forms of acquired hydrocephalus and for other

neuroimmune brain disorders associated with ChP dysfunction.

Limitations of the study
Limitations of our study include our reliance on the rat as a

model organism, chosen for its amenability to in vivo measure-

ments of CSF secretion and for its CSF volume higher than that

of mouse. Future development of non-invasive, imaging-based

assays to measure ChP-mediated CSF production, and of

ChP-specific gene targeting approaches should overcome pre-

sent limitations of our direct surgical CSF secretion assay and

of current indirect methods to interrogate in vivo transporter

activity. Additional limitations include the lack of correlative

scRNA-seq analysis of CSF from PIH and PHH patients, and

lack of clinical data testing efficacy of rapamycin and other

immunomodulators as treatments for hydrocephalus. The latter

could be studied in patients with high-grade aneurysm rupture

complicated by intraventricular hemorrhage and PHH, all
nabling ChP immune-epithelial cell communication

LPS-treated rats and absent in control.

IVH-treated and LPS-treated ChP. Edge width represents communication

way in IVH-treated and LPS-treated ChP (no significant interactions were found

hows the ligand-receptor pairs. Dot color reflects communication probabilities

cation probability. p values reflect a one-sided permutation test.

ared with control, showing significant overlap of upregulated pathways in IVH

COMPLEMENT pathway ligand-receptor pairs for both conditions. Dot color

s (from a one-sided permutation test).

rmation flow within the inferred networks between epithelial and CD45+ cells,

n flow of a signaling network is calculated by summarizing all communication

nd-receptor pathway activity for IVH or LPS conditions.

trol, IVH-treated, and LPS-treated ChP epithelial and CD45+ cell groups. Edge

eceptor interactions between epithelial and CD45+ cells for the CXCL pathway.

nd-receptor pairs. Dot color reflects communication probabilities, and dot size

e means zero communication probability.
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currently managed with indwelling intraventricular drains and

intermittent imaging.
STAR+METHODS
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Gruchot, J., Dietrich, M., Hecker, C., Müntefering, T., Bock, S., et al.

(2021). Translational value of choroid plexus imaging for tracking neuro-

inflammation in mice and humans. Proc. Natl. Acad. Sci. USA 118.

https://doi.org/10.1073/pnas.2025000118.

20. Shipley, F.B., Dani, N., Xu, H., Deister, C., Cui, J., Head, J.P., Sadegh, C.,

Fame, R.M., Shannon, M.L., Flores, V.I., et al. (2020). Tracking calcium

dynamics and immune surveillance at the choroid plexus blood-cerebro-

spinal fluid interface. Neuron 108, 623–639.e10. https://doi.org/10.1016/

j.neuron.2020.08.024.

21. Müller, J., Sinnecker, T., Wendebourg, M.J., Schläger, R., Kuhle, J., Schä-
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Mörgelin, M., Åkerström, B., and Ley, D. (2014). Extracellular hemoglobin

- mediator of inflammation and cell death in the choroid plexus following

preterm intraventricular hemorrhage. J. Neuroinflammation 11, 200.

https://doi.org/10.1186/s12974-014-0200-9.

34. Karimy, J.K., Zhang, J., Kurland, D.B., Theriault, B.C., Duran, D., Stokum,

J.A., Furey, C.G., Zhou, X., Mansuri, M.S., Montejo, J., et al. (2017).

Inflammation-dependent cerebrospinal fluid hypersecretion by the

choroid plexus epithelium in posthemorrhagic hydrocephalus. Nat.

Med. 23, 997–1003. https://doi.org/10.1038/nm.4361.

35. Purohit, D., Finkel, D.A., Malfa, A., Liao, Y., Ivanova, L., Kleinman, G.M.,

Hu, F., Shah, S., Thompson, C., Joseph, E., et al. (2021). Human cord

blood derived unrestricted somatic stem cells restore Aquaporin Channel

expression, reduce inflammation and inhibit the development of hydro-

cephalus after experimentally induced perinatal intraventricular hemor-

rhage. Front. Cell. Neurosci. 15, 633185. https://doi.org/10.3389/fncel.

2021.633185.

36. Tan, X., Chen, J., Keep, R.F., Xi, G., andHua, Y. (2020). Prx2 (peroxiredoxin

2) as a cause of hydrocephalus after intraventricular hemorrhage. Stroke

51, 1578–1586. https://doi.org/10.1161/STROKEAHA.119.028672.

37. Guillén-Pinto, D., Málaga-Espinoza, B., Ye-Tay, J., Rospigliosi-López,
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Bayri, Y. (2018). Acute obstructive hydrocephalus due to a giant posterior

cerebral artery aneurysm in a pediatric patient. Pediatr. Neurosurg. 53,

247–253. https://doi.org/10.1159/000488458.

47. Xue, Y., Liu, X., Koundal, S., Constantinou, S., Dai, F., Santambrogio, L.,

Lee, H., and Benveniste, H. (2020). In vivo T1 mapping for quantifying

glymphatic system transport and cervical lymph node drainage. Sci.

Rep. 10, 14592. https://doi.org/10.1038/s41598-020-71582-x.

48. Xue, Y., Gursky, Z., Monte, B., Koundal, S., Liu, X., Lee, H., Michurina,

T.V., Mellanson, K.A., Zhao, L., Nemajerova, A., et al. (2022). Sustained

glymphatic transport and impaired drainage to the nasal cavity observed

in multiciliated cell ciliopathies with hydrocephalus. Fluids Barriers CNS

19, 20. https://doi.org/10.1186/s12987-022-00319-x.

49. Thalén, S., Maanja, M., Sigfridsson, A., Maret, E., Sörensson, P., and
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

AQP1, Rabbit Recombinant Monoclonal Abcam Ab168387 (Abcam Cat# ab168387,

RRID:AB_2810992)

ATP1A, Rabbit Polyclonal Alomone ANP-001

CD68, Rabbit Monoclonal CST 97778

CLIC6, Mouse Monoclonal Santa Cruz 365303 (Santa Cruz Biotechnology Cat#

sc-365303, RRID:AB_10851345)

ED1/CD68, Mouse Monoclonal Millipore MAB1435 (Millipore Cat# MAB1435,

RRID:AB_177576)

IBA1, Goat Polyclonal Thermo PA5-18039 (Thermo Fisher Scientific Cat#

PA5-18039, RRID:AB_10982846)

KCNJ13, Mouse Monoclonal Santa Cruz 398810

Ki67, Rabbit Monoclonal CST 9129

pNKCC1, Rabbit Polyclonal Millipore ABS 1004

pSPAK, Rabbit Polyclonal Millipore 07-2273 (Millipore Cat# 07-2273,

RRID:AB_11205577)

RELT, Rabbit Polyclonal Novus NBP2-56851

NKCC1, Rabbit Monoclonal CST 85403S

Anti-WNK1 University of Dundee S079B

Anti-SPAK University of Dundee S365D

Anti-NKCC1 University of Dundee S022D

Anti-ATP1A1 DSHB a5 (DSHB Cat# a5, RRID:AB_2166869)

Anti-HRP Pierce 21130

Anti-beta Actin Abcam Ab8227 (Abcam Cat# ab8227,

RRID:AB_2305186)

CD16-32 Biolegend Cat#: 101302 (BioLegend Cat# 101302,

RRID:AB_312801)

CD45-PE/cy7 Biolegend Cat#: 202207 (BioLegend Cat# 202207,

RRID:AB_314006)

CD3-647 Biolegend Cat#: 201408 (BioLegend Cat# 201408,

RRID:AB_893304)

Alexa Fluor 488 Invitrogen Cat#: A32723

Alexa Fluor 555 Invitrogen Cat#: A32816

Alexa Fluor 647 Invitrogen Cat#: A32849

Bacterial and virus strains

E. Coli+LPS (BD21) Lucigen E. cloni EXPRESS BL21(DE3)

E. Coli-LPS (ClearColi) Lucigen CLEARCOLI BL21

Chemicals, peptides, and recombinant proteins

Bumetanide Sigma-Aldrich CAS#: 28395-03-1

aCSF Harvard Apparatus Item#: 59–7316

Rapamycin Cayman Item#: 13346

Deposited data

Bulk RNA Seq GEO GEO: GSE192946

Mass Spectrometry Proteomics Data PRIDE PXD030678

ScRNA Seq GEO GEO: GSE218143

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Wistar Rats, Albino Charles River Strain code 003

Software and algorithms

Seurat Hao et al.140 https://satijalab.org/seurat/

Monocle3 Cao et al.141 https://cole-trapnell-lab.github.io/

monocle3/

Cellchat Jin et al.84 https://github.com/sqjin/CellChat
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RESOURCE AVAILABILITY

Lead contact
Requests for further information should be directed to and will be fulfilled by the lead contact, Kristopher Kahle (kahle.kristopher@

mgh.harvard.edu).

Materials availability
Rat lines generated in this study have been deposited to the Knockout Mouse Project (KOMP), Charles River, albino wister rats, strain

code 003.

Data and code availability
d Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession

numbers are listed in the key resources table. The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE1 partner repository with the dataset identifier PXD030678. Any FACS or micro-

scopy data, confocal, or other, reported in this paper will be shared by the lead contact upon request. All materials and asso-

ciated protocols can be found within the STARMethods section of this paper, and any relevant papers are also cited for further

reference. In addition to the methods provided here, for additional explanations of the IVH protocol or direct CSF measure-

ments, please see published works,2,3,4 or additional information can be addressed via contact with the corresponding article

of this manuscript.

d This paper does not report original code. All previously published algorithms are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rodent Model
Animal experiments were performed under a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Yale

University and in accordance with the guidelines and regulations in the NIH Guide for the Care and Use of Laboratory Animals.

Male and FemaleWistar rats (Charles River, Wilmington, MA, USA) of wild type and Stk39-/-79 and Tlr4�/�59 genotypes, aged 8 weeks

(200–350 g) and bred in accordance with an IACUC-approved protocol at the Yale University School of Medicine, New Haven, CT

were anesthetized (90 mg/kg body weight ketamine plus 7.5 mg/kg body weight xylazine, i.p.) and allowed to breathe room air

spontaneously. Body temperature was maintained at 37 ± 1 �C (Harvard Apparatus, Holliston, MA) throughout the course of the ex-

periments. This study randomly chose animals for either control or experimental conditions and the researchers were not blinded.

Female rats were excluded from this study to avoid introducing sex as an additional variable. Animals were determined to be healthy

by the veterinary staff, were immunocompetent, no involved in previous procedures (other than those directly related to this project

and described below in the Method Details section), were drug and test naı̈ve (other than those directly related to this project and

described below in the method details section), and were kept under standard, IACUC approved husbandry and housing conditions

at Yale.

Porcine Model
All porcine studies were performed in collaboration with the Dardik laboratory at Yale University and in compliancewith federal guide-

lines and protocols approved by the Yale University Institutional Animal Care and Use Committee. Yorkshire male pigs, with mean

age of 3.4 months, were delivered to our facility 7-10 days prior to any procedures, kept under standard and IACUC approved hus-

bandry and housing conditions at Yale, and were determined to be healthy after examination by veterinary staff. Animals had not

undergone any previous procedures and were drug and test naı̈ve.
Cell 186, 764–785.e1–e10, February 16, 2023 e2

mailto:kahle.kristopher@mgh.harvard.edu
mailto:kahle.kristopher@mgh.harvard.edu
https://satijalab.org/seurat/
https://cole-trapnell-lab.github.io/monocle3/
https://cole-trapnell-lab.github.io/monocle3/
https://github.com/sqjin/CellChat


ll
Article
METHOD DETAILS

Model of post-hemorrhagic hydrocephalus
IVH was modeled using our previously published methods,34 and detailed here. In an anesthetized animal, the hair on the dorsal side

of the skull was initially shaved using clippers. A 2.5 cm incision was made in the proximal tail (beginning 2.5 cm below the rectum)

using a scalpel (Bard-Parker, #10 Carbon Steel Surgical Blade) and the tail artery was then aseptically cannulated using a flexible

catheter (PE-20) pre-loaded with heparinized saline. The rat was then mounted in a stereotactic apparatus (Stoelting Co., Wood

Dale, IL), a 2.5 cmmidline scalp incision was made using a new scalpel blade to expose the aponeurosis, and the skin was retracted

using Barraquer retractors (Harvard Apparatus). The aponeurosis was then cut via a midline incision and carefully retracted using

the same scalpel. The surface of the skull was cleaned using 0.9% Sodium Chloride (Hospira, Lake Forest, IL) and dried using 16

ply 4x4 sterile gauze sponges (Covidien, Mansfield, MA). Any bleeding from the skull was burned using a cautery pen (Bovie,

Clearwater, FL). After the skull was dry, a 1 mm burr hole was made using a high-speed drill over the right lateral ventricle (coordi-

nates, x= -0.8, y= -1.7 mm from bregma) and the skull was subsequently cleaned and allowed to dry using the same method as indi-

cated above. Approximately 150 mL of blood was then drawn from the tail artery catheter into a 1 mL syringe initially filled with 500 mL

of heparinized saline and was subsequently discarded. An additional 50 mL of blood was then drawn into a new, sterile 1 mL syringe

and immediately transferred into a 500 mL syringe (Hamilton, Reno, NV), which was then mounted to the stereotactic frame. Under

stereotactic guidance, 50 mL of freshly collected autologous blood, free from anticoagulants, was infused into the right lateral

ventricle (coordinates, x= -0.8, y= -1.7, z= -4.5 mm from bregma), over the course of 5 minutes, and the 26-gauge needle was

held in place for an additional 20 minutes to prevent blood backflow from the the burr hole upon needle removal. The incisions

were then sutured with a simple uninterrupted stich using 4-0 2.0 Metric DemeGUT absorbable surgical suture (DemeTECH, Miami

Lakes, FL). Intraventricular sterile aCSF (Harvard Apparatus) infused in the same manner served as the IVH control condition.

Model of post-infectious hydrocephalus
As in the model of post-hemorrhagic hydrocephalus outlined above, an anesthetized rat with shaved dorsal skull was mounted into a

stereotactic apparatus (Stoelting Co.), and a 1-inch midline scalp incision was made with a scalpel blade to expose the fascia on the

dorsal side of the skull. The aponeurosis was then incised midline and carefully retracted with the same scalpel blade. The surface of

the skull was then cleaned using 0.9% Sodium Chloride, dried with 16 ply 4x4 sterile gauze sponges, and any skull bleeding cauter-

ized by cautery pen. A high-speed drill was used to make a 1 mm burr hole in the dry skull over the right lateral ventricle (coordinates,

x= -0.8, y= -1.7mm frombregma), and the skull subsequently cleaned and allowed to dry as above. After the skull was sufficiently dry,

a brain infusion cannula with depth adjusted to 4.5 mm using 1 spacer (Alzet, Cupertino, CA; brain infusion and cannula kit, #2) was

mounted with veterinary surgical cyanoacrylate adhesive (Covetrus, Dublin, OH) into the right lateral ventricle (x= -0.8, y= -1.7 relative

to bregma). A small horizonal incision was then made just above the spinotrapezius muscle overlying the neck and upper back. An

osmotic pump (Alzet, 1003D, rate: 1mL/hr), filled 12h earlier with lipopolysaccharide (LPS; Enzo, Serotype O55:B5) diluted in aCSF

(10ng/mL) or E. coli (Lucigen) diluted in aCSF (see below), was then placed subcutaneously in the caudal portion of the dorsum and

connected to the cannula attached to the skull using PE tubing provided in the Alzet brain infusion kit. The incisions were then sutured

via a simple uninterrupted stich using 4-0 2.0 Metric DemeGUT absorbable surgical suture. Control animals were treated identically,

but with aCSF loaded into the osmotic pump.

ICV-infusion of E. coli
Wild-type E. coli and ClearColi (E. coli lacking functional surface LPS; Lucigen BD21; https://www.nature.com/articles/nmeth.f.367.

pdf?origin=ppub) were cultured originally on standard LB-agar plates. A single colony from each strain was used for inoculation in

10mL of standard LB broth and incubated overnight at 37 degrees Celsius. To get a specific number of cells per milliliter, 10mL of LB

was then inoculated with 100 ml of the overnight culture and grown at 37 degrees Celsius for 3 hours to achieve bacterial growth at log

phase. The cells were harvested by centrifugation at 2000 RPM at 4 degrees Celsius for 10 minutes. The pellet was collected and

resuspended in 50 ml of PBS. 1 ml of the 50 ml was then added to 10 ml of LB. 10 ml of the primary dilution was added to 300 ml

of LB and plated on a 10cm LB-agar plate. The plates were incubated at 37 degrees Celsius overnight. The number of bacterial col-

onies were counted, and the colonies/ml determined. This was then used to determine the volume of the 50 mL stock bacteria to be

used for brain infusion. The 50 ml stock bacteria was stored in 1x PBS with 10% glycerol at -80 degrees Celsius. E. coli cells were

diluted into sterile aCSF and delivered ICV via osmotic pump (Alzet 1003D, rate 1 ml/hr) as detailed above for our model of PIH.

Measurement of CSF production rates
Rates of CSF production were measured using our published method,34,3 and as described here. Anesthetized rats were mounted in

a stereotactic apparatus and a 1.3 mm burr hole was made over the left lateral ventricle (coordinates, x= -0.8, y= +1.7 relative to

bregma). Themounted headwas rotated on the ear-bars 90, nose-down, and the suboccipital muscleswere dissected to the cisterna

magna to expose the atlanto-occipital ligament. The ligament was punctured, and a 23-gauge flexible catheter (PE-20) was

advanced 5 mm through the foramen of Magendie to the 4th ventricle. Sterile, molecular grade mineral oil (100 mL; Sigma Aldrich,

St. Louis, MO) was infused into the 4th ventricle to occlude the aqueduct of Sylvius, thereby creating a closed system of CSF circu-

lation. With the rat in the same position, a glass capillary tube (cat # CV8010-300; borosilicate; OD, 1 mm; ID, 0.8 mm; length, 30 cm;
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VitroCom,Mountain Lakes, NJ) was advanced through the burr hole into the right lateral ventricle (4.5 mm beyond entry). The volume

(V) of CSF that had formed at a given timepoint was calculated as: V ðmm3Þ = p,r2,d, where r is the radius of the capillary tube and

d is the distance CSF traveled within the capillary. Pictures were taken every 5 min over the course of 30 min. The rate of CSF

formation (mL/min) could be calculated from the slope of the volume–time relationship.

Ventricular volume analysis
Ventricular volume analysis was performed as we previously published,34 and as described here. Rats were transcardially perfused

with 40 mL of ice-cold normal TBS (pH=7.60) followed by 40 mL of ice-cold 10% neutral buffered formalin (NBF; EMDMillipore Cor-

poration). Brains were harvested and kept in 10% NBF overnight, then transferred to a 30% sucrose solution for cryoprotection. The

brains were then removed, placed in Optimal Cutting Temperature Compound (OCT; Tissue-Tek, Sakura) for 1hr at room tempera-

ture and frozen in dry ice. Themounted brains were kept at -80oC until transfer to the cryostat, then left 1hr at -20oC. Brains were then

serially sectioned in 25 mm sections). To prevent distortion from cryosectioning and slide mounting, we took high resolution pictures

of serial coronal sections (200 mm apart, 14 levels) while the brain was mounted in the cryostat, using uniform parameters of camera

positioning, magnification, and external lighting. Imaging software Gimp-2.10 was used to obtain a pixel count of the lateral ventric-

ular and whole brain area of each section. A pixel to mm conversion factor was generated using the standard distance 22 mm sized

block. Pixels were converted to area in mm2, summed over 14 levels andmultiplied by the distance between levels (0.2 mm) to calcu-

late ventricular and brain volume. The ventricular volume was divided by the brain volume to correct for varying brain size among

animals.

ICV bumetanide delivery
As previously described,34,142 at the time of CSF collection prior to rotating the rat’s head to a vertical orientation, a 28-gauge cannula

from anAlzet brain infusion kit (#2; Durect) with a single spacer to adjust the depth to 4.5mm,was stereotactically placedwith a single

spacer to adjust the depth to 4.5 mm into the burr hole over the left lateral ventricle (coordinates, x= -0.8, y= +1.7 relative to bregma)

and secured to the skull with cyanoacrylate adhesive. The cannula was connected via a preloaded PE-20 catheter to a 1-ml syringe

containing bumetanide (2.7 mM, pH 9; Sigma-Aldrich) diluted in aCSF (Harvard Apparatus). The syringe was loaded into a syringe

infusion apparatus (Pump elite 11, Harvard Apparatus) and maintained at 37 �C. To determine the rate of CSF formation during intra-

ventricular drug infusion, the ’actual infusion rate’ of the drug (1.93 ml/min) was subtracted from the ’measured outflow rate’ to obtain

the operational ’calculated rate of CSF formation’. To assess the effect of a drug, the baseline rate of CSF formation was determined

during spontaneous CSF formation (no drug infusion), and the calculated rate of formation was then determined after infusion of

bumetanide.

Systemic rapamycin administration
Rapamycin (6mg/kg in normal saline, IP, Cayman) was administered IP 2-3hr prior to the start of IVH and LPS surgery. At 48h for IVH-

treated rats and 72h for LPS-treated rats, rats were then either (i) euthanized and transcardially perfused with TBS (pH = 7.60) and

10%NBF and processed for ventriculomegaly or immunohistochemistry analysis as described above, or (ii) anesthetized for surgery

to allow measurement of the rate of CSF secretion as described above.

ICV injection of Evans Blue Dye
Based on our previousmethods to determine communication between the cerebral ventricles,3 Evans Blue Dye (Sigma Aldrich; 0.5%

in sterile aCSF) was loaded into a 1mL syringe (BD Syringe, Franklin Lakes, NJ) and connected to a cannula (Alzet; brain infusion and

cannula kit, #2) using PE tubing. Anesthetized rats were mounted in a stereotactic apparatus and a 1.0 mm burr hole was made over

the right lateral ventricle (coordinates, x= -0.8, y= -1.7 relative to bregma). The cannula was placed into the right lateral ventricle and

dye was infused at a nominal rate of 2 mL/min for 5 minutes with a syringe pump (Harvard Apparatus; Elite 11). Following infusion, the

cannula remained in the ventricle for 30 minutes to prevent back flow and assure adequate circulation of the dye within the CSF

spaces. Animals were then transcardially perfused with ice cold TBS (pH = 7.60), brains were harvested and immediately cut sagit-

tally along the interhemispheric line. Images were taken to show the level of patency of the cerebral aqueduct.

CSF cytokine collection
48h after surgery for the PHH model or 72h following surgery for the PIH model, anesthetized rats were mounted in a stereotactic

apparatus. The rat’s head was rotated on the ear-bars 90, nose-down, and the suboccipital muscles were dissected to the cisterna

magna to expose the atlanto-occipital ligament. The ligament was punctured using a 27G PrecisionGlide needle (BD, Franklin Lakes,

NJ) attached to a 1 mL syringe (BD, Franklin Lakes, NJ) and inserted into the cisterna magna. CSF (�100 mL) was slowly withdrawn

into a syringe and immediately transferred to a 1.5 mL Eppendorf tube on dry ice. Rats were immediately euthanized following CSF

collection. Samples were stored at -80oC until shipment on dry ice to Eve Technologies (Calgary, CA) for analysis using their Rat

Cytokine Array / Chemokine Array 27 Plex (RD27).
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Rodent choroid plexus epithelium harvesting
Immediately following transcardial perfusion with ice cold TBS (pH = 7.60), the brain was isolated and placed in an ice-cold saline

bath. Brains were cut sagittally along the interhemispheric line to expose the lateral ventricles, and choroid plexuses were rapidly

but carefully dissected from both lateral ventricles using sharp forceps under magnification. Each brain yielded �3 mg of choroid

plexus tissue total, which was collected into a 1.5 mL tube, snap frozen in liquid nitrogen, and stored at -80oC until use.

Immunohistochemistry
Rats were transcardially perfused with ice-cold TBS followed by 10% NBF. Brains were dissected, kept in formalin overnight and

dehydrated before paraffin embedding. 5-micron paraffin sections were rehydrated (briefly, slides were incubated in Xylene

x10 min (x2), 100% ethanol x5 min (x2), then 95% ethanol x5 min (x2), then 70% ethanol (x1), then washed briefly in diH2O) prior

to antigen-retrieval at 95oC for 40 min using a citrate-based buffer (Retrieve-all system 1, Biolegend). After three TBST washes,

the sections were incubated in blocking solution (5% donkey serum solution / TBST) for 1h at room temperature. The primary anti-

bodies (diluted 1:200 in blocking solution) were incubated overnight at 4oC. After three TBST washes, secondary antibodies diluted

1:500 (Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 647; Invitrogen, Molecular probes) and DAPI (5 ug/ml, Biolegend) was added to

the sections and incubated for 1 hour at room temperature and washed in TBST before mounting in Prolong Gold Antifade reagent

(Invitrogen) and analysis by epifluorescence microscopy (Nikon Eclipse 90i, Nikon Instruments). The following antibodies were used:

AQP1 (Abcam, Rabbit recombinant monocolonal, ab168387), ATP1A1 (Alomone, rabbit polyclonal, ANP-001), CD68 (CST, rabbit

monoclonal, 97778), CLIC6 (Santa Cruz, mouse monoclonal, 365303), ED1/CD68 (Millipore, mouse monoclonal, MAB1435), IBA1

(Thermo, goat polyclonal, PA5-18039), KCNJ13 (Santa Cruz, mouse monoclonal 398810), Ki67 (CST, rabbit monoclonal 9129),

pNKCC1 (Millipore, rabbit polyclonal, ABS 1004), pSPAK (Millipore, rabbit polyclonal, 07-2273), RELT (Novus, rabbit polyclonal,

NBP2-56851), NKCC1 (CST, rabbit monoclonal, 85403S). Colocalization analysis was performed using the Fiji Coloc 2 plug-in.143

Tissue dissociation and flow cytometry
Animals were anesthetized with Ketamine/Xylazine and transcardially perfused with ice cold TBS before brain removal. Choroid plexi

from bilateral lateral ventricles were microdissected in ice cold HBSS and digested at 37oC for 20 min with Collagenases-I (10 U/mL)

and -IV (400 U/mL) and DNaseI (30 U/mL) (this protocol was adapted from Van Hove et al60). The cell suspension was blocked with

CD16-CD32 antibodies and stained 30 min at 4oC with anti-rat CD45-PE/cy7, CD3-647 or corresponding isotype antibodies (Bio-

legend) and DAPI- co-stained to monitor cell viability. Cells were subsequently washed in FACS staining buffer (0.5% BSA, 2 mM

EDTAin PBS without Calcium/Magnesium) and centrifuged at 350 rcf for 5 minutes. For FACS, cells were resuspended in 300ul of

FACS buffer and sorted on a BD ARIA instrument, with gating and analysis by FlowJo software.

Antibodies for western blots
Primary antibodies used were: anti-WNK1 (University of Dundee, S079B), anti-SPAK (University of Dundee, S365D), anti-NKCC1 to-

tal antibody (University of Dundee, S022D), anti-Na(+)/K(+) ATPase alpha-1 (ATP1A1) antibody (DSHB, a5), anti-beta Actin antibody

(Abcam, ab8227). Horseradish peroxidase-coupled (HRP) secondary antibodies used for immunoblotting were fromPierce. IgG used

in control immunoprecipitation experiments was affinity-purified from pre-immune serum using Protein G-Sepharose.

Buffers for Western blots
Buffer A contained 50 mM Tris/HCl, pH 7.5 and 0.1 mM EGTA. Lysis buffer was 50 mM Tris/HCl, pH 7.5, 1 mM EGTA, 1 mM EDTA,

50 mM sodium fluoride, 5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1% (w/v) NP40, 0.27 M sucrose, 0.1% (v/v)

2-mercaptoethanol, and protease inhibitors (complete protease inhibitor cocktail tablets, Roche, 1 tablet per 50 mL). TBS-Tween

buffer (TTBS) was Tris/HCl, pH 7.5, 0.15MNaCl and 0.2% (v/v) Tween-20. SDS sample buffer was 1X NuPAGE� LDS Sample Buffer

(NP0007, Invitrogen�), containing 1% (v/v) 2-mercaptoethanol. Protein concentrations were determined following centrifugation of

the lysate at 16,000 x g at 4�C for 20 minutes using the using a Pierce� Coomassie (Bradford) Protein Assay Kit (23200, Thermo

Scientific) with bovine serum albumin as the standard.

Immunoblot and immunoprecipitation analyses
Rat choroid plexus lysates were subjected to immunoblot and immunoprecipitation as previously described,34,144 and is detailed

here. Rat choroid plexus lysates (20 mg) were boiled at 75�C in sample buffer for 10minutes, resolved by 7.5%sodium dodecyl sulfate

polyacrylamide-gel electrophoresis and electrotransferred onto a polyvinylidene difluoride membrane. Membranes were incubated

for 30 min with TBST (Tris-buffered saline, 0.05% Tween-20) containing 5% (w/v) skimmilk. Blots were then washed three times with

TBST and incubated for 1 h at room temperature with secondary HRP-conjugated antibodies diluted 5000-fold in 5% (w/v) skimmilk

in TBST. After repeating the washing steps, signals were detected with enhanced chemiluminescence reagent. Immunoblots were

developed using ChemiDoc� Imaging Systems (Bio-Rad, Feldkir). Figures were generated using Photoshop/Illustrator (Adobe).

SPAKwas immunoprecipitated from rat choroid plexus lysates clarified by centrifugation at 16,000 x g at 4�C for 20minutes, using

SPAK antibody coupled to protein G–Sepharose34,144 at a ratio of 1 mg antibody per 1 mL beads. Clarified cell lysate (2 mg) was
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incubated 2 h at 4oC with 15 mg of antibody conjugated to 15 mL of protein-G–Sepharose with gentle agitation. Beads were washed

three times with 1 mL lysis buffer containing 0.15MNaCl and twice with 1 mL buffer A. Bound proteins were eluted with 1X LDS sam-

ple buffer.

qPCR analysis
Microdissected tissues were snap frozen and stored at -80C until total RNA was extracted using RNeasy Micro plus kit (Qiagen,

74034) and reverse transcribed (Biorad, 170-8890). Gene expression analysis was determined by quantitative reverse-transcription

PCR (Bimake, B21202) using a CFX96 PCRmachine (Bio-Rad). The qPCR primer sequences are provided in Table S5. The data were

expressed using the comparative threshold cycle (DCT) method (GOI, Gene Of Interest vs. Gapdh), and the mRNA ratios were given

by 2�DCT compared to housekeeping genes. Gapdh expression was also compared to another housekeeping gene (Hprt1), as an

additional control.

Bulk RNAseq
Full length high quality total cell RNA isolated by Qiagen RNAeasy Micro RNA kit (Quigen, https://www.qiagen.com/us/shop/pcr/

rneasy-micro-kit/). ChP cells were homogenized in 350 ml RLT buffer with beta-mercaptoethanol in Tissuelyzer for 10 min and pro-

ceed according to the instructions in RNAeasy Micro RNA kit and RNAs was eluted in 18 ml dH2O. 16 ml of elutant was recovered and

1.2 ml was used for the QC. Libraries were run on an Illumina HiSeq 2500 at the Yale Center for Genome Analysis. Expression level for

each gene was estimated using Python program HTSeq.145 Specifically, htseq-count function of HTSeq accumulated the number of

aligned reads that falls under the exons of the gene. The R/Bioconductor package ‘‘DESeq2’’ was used to identify differentially ex-

pressed genes between cell populations derived from control, IVH-treated and LPS-treated rats.146 Genes with a log2-fold change

expression greater than 3 and a q-value less than 0.01 were considered significant. The R ComplexHeatmap package was used to

visualize the heatmap expression of highly variable genes.147 Volcano plots were generated using the R package EnhancedVolcano.

scRNAseq sample preparation
Animals were anesthetized with Ketamine/Xylazine and transcardially perfused with ice cold TBS before brain removal. Choroid plexi

from bilateral lateral ventricles were microdissected in ice cold HBSS with 30uM Actinomycin D (ActD, Sigma, cat#A1410 ) and di-

gested at 37oC for 20 min with Collagenases-I and -IV (10 U/mL, 400 U/mL final, Worthington, Cat# LS004194, and LS004184) and

DNase I (30 U/mL, Roche, cat# 04716728001) and ActD (3 mM) (this protocol was adapted from Van Hove et al.60). For Flow sorting,

the cell suspension was blocked with CD16-CD32 antibodies (1:100, biolegend, cat#101302) and stained 30 min at 4oC with anti-rat

CD45-PE/cy7 (1:100, biolegend, cat#202207) to and DAPI (50 mg/mL). Cells were subsequently washed in FACS staining buffer

(0.5% BSA, 2 mM EDTA in PBS without Calcium/Magnesium) and centrifuged at 350 rcf for 5 minutes. Cells were resuspended in

300 ml of FACS buffer and sorted by CD45 positivity on a BD ARIA instrument. CD45 positive and CD45 negative cells were collected

in 0.4% BSA/PBS and 3 mM ActD and sent for 10X 3prime library preparation and sequencing at Yale Center for Genome Analysis.

Anesthesia and CM catheter placement
The rats were anesthetized with ketamine-xylazine (90 mg/kg bodyweight ketamine plus 7.5 mg/kg bodyweight xylazine, i.p.). After

loss of righting reflex they breathed an Air:O2 mix (1:1) spontaneously via a nose cone. Anesthesia was maintained with KX admin-

istered every 30 min via an IP catheter. When surgical plane anesthesia was assured by toe pinch before placing the rats in a

stereotaxic frame. The dura above the cisternamagna (CM) was exposed and a small 5mmcopper tube (0.32mmo.d., Nippon Tock-

ushukan,MFG. CO., LTD, Tokyo, Japan) attached to a PE 10microcatheter was positioned into theCSF compartment and secured in

place using cyanoacrylate glue. After surgery, the rats were transferred to the MRI animal bed equipped with a heating waterbed and

nose cone.

Magnetic resonance imaging (MRI)
All MRI acquisitions were performed on a Bruker 9.4T/16 magnet (Bruker BioSpin, Billerica MA) interfaced to an Avance III console

controlled by Paravision 6.0 software. We used a 30-mm ID planar surface radiofrequency (RF) coil (Bruker BioSpin, Billerica, MA,

USA) which was placed under the head of the rats for RF signal reception. A custom-made volume transmit RF coil designed with

an internal diameter of 50 mm was used as RF signal transmitter. While in the MRI instrument, the supine rats breathed an Air:O2

mix (1:1) spontaneously via a nose cone. Heart rate (HR) via oxygen saturation monitoring, respiratory rate and body temperature

were continuously monitored (SA Instruments, Stony Brook, NY, USA). The body temperature was kept within� 37.0�C using a heat-

ed waterbed, and oxygen saturation was keptR 97% during the MRI experiments. Brain morphometry: A single flip angle spoiled

gradient echo (SPGR) sequence was used to acquire 3D proton density weighted (PDW) MRIs: (repetition time (TR) = 50 ms, echo

time (TE) = 4 ms, flip angle (FA) = 7�, Average = 2, field of view (FOV) = 30x30x15 mm, spatial resolution = 0.234x0.234x0.234 mm,

scan time� 14min.Dynamic contrast enhancedMRI: We acquired pre-contrast (baseline) T1-weighted images and post-contrast

T1-weighted imaging of the whole brain. The 3D T1 weighted scans were acquired using a single flip angle spoiled gradient echo

(SPGR) sequence: TR = 15ms, TE = 4ms, FA = 15�, Average = 2, FOV = 32x30x30 mm, the spatial resolution= 0.302x0.300x0.300

mm, acquisition time/scan = 5 min). After three baseline T1-weighted scans, 30 mL of 1:10 gadoteric acid (Gd-DOTA, DOTAREM,
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Guerbert LLC, Carol Stream IL) diluted in sterile water was infused at a rate of 1.5 mL/min into CSF through the CM catheter using an

infusion pump for a total of 20 min. Post-contrast T1-weighted scans continued for a total 160 min.

Porcine choroid plexus epithelium harvesting
All porcine studieswere performed in collaboration with the Dardik laboratory at Yale University and in compliancewith federal guide-

lines and protocols approved by the Yale University Institutional Animal Care and Use Committee. Male Yorkshire pigs of�48 kg and

aged 3.4 months were euthanized via lethal injection of Euthasol (0.22 ml/kg).56 Euthanized pigs were placed prone on the operating

table for brain dissection. A semi-circular scalp incision was made around the vertex of the cranium, the skin was retracted, and the

periosteum removed. Using an oscillating bone saw (Dremel Multi-max; Illinois, USA) a frontal craniectomy was performed to expose

the underlying dura and cerebral hemispheres. The dura was excised at the midline to gain access to the superior sagittal sinus. The

cerebral hemispheres were separated using surgical forceps and the lateral and third ventricles were exposed. The choroid plexus,

identified as a highly vascular intraventricular structure, was carefully removed via forceps and placed into sterile saline on ice for

molecular analysis.

Mass-spectrometry (MS) proteomics
Frozen pellets of ChP cells were lysed by sonication in RIPA buffer plus 13 PhosSTOP phosphatase inhibitor (Roche) and 13 cOm-

plete protease inhibitor cocktail (Roche). Protein (200 mg) for each sample underwent reduction, alkylation, and chloroform-methanol

precipitation. Samples were resuspended in 100mMTEAB (pH 8.5) and digestedwith trypsin (Promega, 1:50 w/w) overnight at 37�C.
Digested samples were acidified and desalted on a C18 Macro Spin Column (The Nest Group). Peptides were eluted in 80% aceto-

nitrile/0.1% trifluoroacetic acid (TFA), then dried by a SpeedVac. The dried peptide pellet from each sample was then TMT labeled

according to manufacturer’s protocol (Thermo Fisher Scientific) using a TMT10Plex Isobaric Labeling Reagent Kit (Cat#:90110). A

label efficiency test was performed on 1/50th of each sample prior to equally mixing the 10 channels, then samples were dried prior

to fractionation. Pooled TMT labeled peptides were then dissolved in buffer A and injected onto aWaters ACQUITY UPLC (BEH) C18

column (Waters XBridge BEH130 C18 3.5 mm 4.6 3 250 mm) at a flow rate of 0.4 mL/min. An orthogonal high pH reverse phase

separation was carried out using a Waters H-class UPLC system with Buffers (A:95% water/5% acetonitrile (ACN) with 10 mM

ammonium acetate, pH 10; B: 5% water/95% acetonitrile (ACN) with 10 mM ammonium acetate, pH 10) were used to separate

the peptides with a 60 min gradient 15% – 55% with buffer B. Total 60 fractions were collected. The fractions were then pooled

into 8 fractions, dried and reconstituted in 0.1% formic acid.

Mass spectrometry data were obtained on an Orbitrap Fusion Tribrid Mass Spectrometer (ThermoFisher Scientific, San Jose, CA,

USA) coupled to a nanoACQUITY UPLC system (Waters Corporation, Milford, MA, USA) in the Keck MS & Proteomics Resource at

Yale University as described in Lee et al.,148 and detailed here. Individual pooled fractions were loaded into a trapping column (nano-

ACQUITY UPLC Symmetry C18 Trap column, 180 mm 3 20 mm and separated with a C18 column (nanoACQUITY column Peptide

BEH C18, 75 mm 3 250 mm) at a flow rate of 5 mL/min. Peptides were eluted with a gradient from 6% to 20% mobile phase B over

120 min and then to 40% mobile phase B for another 45 min at a flow rate of 300 nL/min at a flowrate of 300 nL/min with buffers (A:

0.1% formic acid in water and B: 0.1% formic acid in acetonitrile). The datawere acquiredwith data-dependent modewithmultinotch

synchronous precursor selection (SPS)-MS3 scanning for TMT tags as described previously.149 The ions above with an intensity

threshold of 5000 was selected for collision-induced dissociation (CID)-MS fragmentation. The top 10 fragment ions for each peptide

MS2were notched out and co-fragmented with higher-energy collision dissociation (HCD) to produceMS3 scans and were analyzed

in the Orbitrap at a resolution of 60,000.

The proteomics raw data files were processed and quantified byMaxQuant (https://maxquant.net/maxquant/) version 1.6.1.0 with

Andromeda search engine using the Rat UniProt FASTA database (http://coxdocs.org/doku.php?id=maxquant:andromeda:start).

Default value of parameters were used in Maxquant unless explicitly stated. Briefly, false-discovery rate (FDR) was set at 1% for pro-

teins and peptides respectively and match between runs was enabled with a default time window of 0.7 min. Search results (TMT

reporter ion intensities) were exported as text files. The differentially expressed proteins were identified using the Perseus framework

(https://maxquant.net/perseus/). Proteins with a log2-fold change expression greater than 1 and a q-value less than 0.05 were

considered significant. The R ComplexHeatmap package was used to visualize the heatmap expression of highly variable genes.147

SPAK Immunoprecipitation for LC-MS/MS
ChP cells were lysed in a lysis buffer containing protease and phosphatase inhibitor by incubating 10min on ice and then centrifuged

at 18.000 g for 5 min at 4�C. Supernatants containing the proteins were first precleared with Protein G beads for 30 min at 4�C and

then were split in half and transferred into two clean 1.5 mL Eppendorf tubes. One half of the supernatant was incubated with Protein

G beads only (IgG) as control for non-specific binding; the other half of the supernatant was incubated with Protein G beads + anti-

SPAK 1�Ab. Incubation with gentle agitation was conducted at 4�C for overnight. Supernatant was removed and beads were washed

4 times with RIPA containing 150 mMNaCl. Bound proteins were then eluted twice with 2 M urea (for in-solution trypsin digestion) or

SDS sample buffer for 5 minutes (In-gel trypsin digestion). The elutions of SDS samples buffer were then loaded onto a mini SDS

PAGE gel (4-12%, Bio-Rad Laboratories, Hercules, CA). Gel bands/plugs were excised and processed for LCMS/MS analysis.150

Gel bands/plugs were first cut into small pieces and subjected to the following washes with agitation: 50% (v/v) acetonitrile

(5 min), 50% (v/v) acetonitrile/10 mM NH4HCO3 (30 min). Gel pieces were dried with a SpeedVac, resuspended in 30 mL
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of 10 mM NH4HCO3/0.2 mg digestion grade trypsin (Promega), and incubated for 16 h at 37 �C. Peptides were then acidified

with 0.1% (v/v) trifluoroacetic acid (TFA) prior to LC MS/MS analysis on an Orbitrap Fusion mass spectrometer coupled to a

nanoACQUITY UPLC140 located within the Keck MS & Proteomics Resource at Yale.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis
Statistical analysis of CSF secretion, CSF cytokine analysis, ventriculomegaly, and IHC quantification used Prism (GraphPad, San

Diego, CA) for one-way ANOVA analysis with Tukey’smultiple comparisons, unpaired t-test, or paired t-test. Transcriptomic and pro-

teomic data was analyzed using RStudio (RStudio Inc., Boston, MA). Non-parametric Wilcoxon rank sum test was used to determine

statistically significant gene markers in scRNAseq datasets. Numerical data in text and figures are presented as mean ± standard

error of the mean (SE). Rates (mL/min) were calculated as the slope of the volume-time relationship, based on data collected over

20 min or more. Rates were determined for individual animals and averaged across individuals. Sample size calculations were based

on two previous studies that used the same model of IVH34 and method for measuring rates of CSF production.34,3 The statistical

details of each experiment can be found in the figures and corresponding figure legends (including the specific statistical test

used, value of n and what each n represents, and the dispersion and precision measures used), except for the scRNAseq datasets.

Details for the specific analysis used for the scRNAseq datasets are detailed in the method details of the STARMethods section. Any

additional information can be addressed via contact with the corresponding article of this manuscript.

snRNA-seq rat ChP data analysis
As described previously,6 the preprocessing and clustering analysis for snRNA mouse choroid plexus cell dataset was completed

using Seurat.141 For each nucleus, the number of genes for which there was at least one mapped read, was quantified, and then

all nuclei with fewer than 500 detected genes were excluded. Furthermore, all nuclei with more than 10% of total UMI’s mapped

to mitochondrial genes were excluded. Genes detected in fewer than 10 nuclei were excluded. Expression values Ei,j for gene i in

nucleus j were calculated by dividing UMI counts for gene i by the sum of the UMI counts in nucleus j, to normalize for differences

in coverage, and then multiplying by 10,000 to create TPM-like values (TP10K), and finally computing log2(TP10K + 1).

Selection of variable genes was performed by fitting a logistic regression model to the cellular detection fraction (often referred to

as a), using the total number of UMIs per cell/nucleus as a predictor, as in Montoro et al. (2018).151 Outliers from this curve are genes

expressed in a lower fraction of cells/nuclei than would be expected, given the total number of UMIs mapping to that gene; that is,

likely cell-type or state-specific genes. A threshold of deviance between < �0.15 and < �0.3 was used.

The expression matrix was restricted to the subsets of variable genes and high-quality cells/nuclei noted above. Values were then

centered and scaled before inputting them into principal component analysis (PCA) implemented using ‘RunPCA’ in Seurat, which

runs the irlba function. For the snRNA-seq data, which included mixed sexes, Y chromosome and X-inactivation genes (Xist, Tsix)

were removed from the variable genes prior to running PCA. The cell embeddings were either the singular vectors themselves or

the singular vectors multiplied with the singular values depending on the cell type. After PCA, significant principal components

were identified using the elbow-method, when looking at the distribution of singular values. Scores from only those significant prin-

cipal components were used as the input to further analysis. To embed cells in a graph structure, first a KNN graph was constructed

based on the euclidean distance in PCA space, and the edge weights were refined between any two cells based on the shared over-

lap in their local neighborhoods (Jaccard similarity). This step was performed using the FindNeighbors (reduction=’pca’, dims=1:50)

command by taking the first 50 principal components as input. To cluster the cells in an unsupervised fashion, the Louvain algorithm

(default) was applied to iteratively group cells together, with the goal of optimizing the standardmodularity function. The FindClusters

function (resolution = 0.5) was implemented for this procedure. For visualization purposes, the dimensionality of the datasets was

further reduced to 2D embeddings using UMAP on the significant PCs via RunUMAP() functions of the Seurat package in R.152

Non-parameteric Wilcoxon rank sum test was used to identify differentially expressed markers across all clusters by running FindAll-

Markers(dataset, only.pos = TRUE, min.pct = 0.25, logfc.threshold = 0.25). VlnPlot(), which shows expression probability distribu-

tions across clusters, and FeaturePlot(), which visualizes feature expression on a UMAP plot,were used to visualize key genes differ-

entially expressed for individual clusters. Adult epithelial cells were isolated and further sub-clustered in an unsupervised fashion

using the Louvain algorithm.

Nucleus doublets were identified using the R package DoubletFinder (version DoubletFinder_2.0.2).153 Briefly, artificial doublets

are generated from the data, and for each real data point the fraction of artificial doublets of the nearest neighbors in a latent space

is computed. If this fraction is above a certain cutoff, the data point is a doublet. Doublets were calculated for each sample separately

after initial data filtering by genes detected and mitochondrial gene expression as per instructions. For each sample, an optimal pK

(defines the PC neighborhood size) was chosen by computing a parameter sweep (paramSweep_v3 function), and a pK was chosen

thatmaximized the BCmvn (mean variance-normalized bimodality coefficient). Doublets were then calculated using the function dou-

bletFinder_v3() with parameters; PCs = 1:30, pN = 0.25, nEXP = 15% of cells in the sample, and removed from downstream analysis.
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PIH and PHH rat ChP scRNAseq datasets
The preprocessing and clustering analysis for scRNA rat choroid plexus CD45+ and CD45- cell datasets for was completed using

Seurat.141 Cells with low numbers of genes (200), low numbers of UMIs (500) or high numbers of UMIs (>10000) and mitochondrial

gene percentage greater than 10%were removed. The normalization and initial feature selection for each of the six datasets (control,

IVH-treated, LPS-treated conditions for CD45+ and CD45- cells) were completed individually. The filtered matrices were normalized

using ‘LogNormalize’ methods in Seurat using a size factor of 10,000 molecules for each cell. 2,000 most variable genes were

identified by variance stabilizing transformation for each dataset by implementing the FindVariableFeatures function in Seurat v4 (se-

lection.method = ‘‘vst’’). The experimental conditions were integrated using Seurat’s integration pipeline for CD45+ and CD45- cell

datasets. For integration, 2,000 shared highly variable genes were identified using Seurat’s ‘SelectIntegrationFeatures()’ function.

Integration anchors were identified based on these genes using canonical correlation analysis using the ‘FindIntegrationAnchors()’

function. The data were then integrated using ‘IntegrateData()’ and scaled again using ‘ScaleData()’. Overall, integrated CD45+ data-

set consisted of 1427 control, 3331 IVH-treated and 5529 LPS-treated cells whereas integrated CD45- dataset consisted of 2036

control, 718 IVH-treated and 1603 LPS-treated cells.

Principal component analysis (PCA) and uniformmanifold approximation and projection (UMAP) dimension reduction with 50 prin-

cipal components were performed. A KNN graph was constructed based on the euclidean distance in PCA space to embed cells in a

graph structure, and the edge weights were refined between any two cells based on the shared overlap in their local neighborhoods

(Jaccard similarity). This step was performed using the FindNeighbors command (reduction=’pca’, dims=1:50) by taking the first 50

principal components as input. To cluster the cells in an unsupervised fashion, the Louvain algorithm (default) was applied to itera-

tively group cells together, with the goal of optimizing the standard modularity function. The FindClusters function (resolution=0.4)

was implemented for this procedure. For visualization purposes, the dimensionality of the datasets was further reduced to 2D em-

beddings usingUMAPon the significant PCs via RunUMAP() functions of the Seurat package in R.152 Non-parametericWilcoxon rank

sum test was used to identify differentially expressed markers across all clusters by running FindAllMarkers(dataset, only.pos =

TRUE, min.pct = 0.25, logfc.threshold = 0.25). Further sub-clustering of certain cell populations including myeloid cells, T-cells,

epithelial cells was conducted in an unsupervised fashion using the Louvain algorithm. The R ComplexHeatmap package was

used to visualize the heatmap expression of highly variable genes.147 VlnPlot, FeaturePlot and DotPlot functions were used to visu-

alize the gene expression profiles across clusters and conditions

To infer cell–cell interactions based on the expression of known ligand–receptor pairs in different cell types, CellChat was applied

to our experimental conditions after merging CD45+ and CD45- for each condition. The official workflow and databases were imple-

mented. Briefly, the normalized counts were loaded into CellChat, after which the preprocessing functions identifyOverExpressedG-

enes, identifyOverExpressedInteractions and projectData with standard parameters set were applied to our datasets. The main an-

alyses were conducted using the functions computeCommunProb, computeCommunProbPathway and aggregateNet with fixed

randomization seeds.

ScRNA-seq mouse ChP immune cell data analysis
As described previously,6 the preprocessing and clustering analysis for ScRNA mouse choroid plexus immune cell dataset was

completed using Seurat.141 Outlier cells were first identified based on three metrics (library size, number of expressed genes and

mitochondrial proportion); cells were tagged as outliers when they were four median absolute deviations distant from the median

value of each metric across all cells. Secondly, a principal component analysis plot was generated based on the following metri-

cs:‘pct_counts_in_top_100_features’,‘total_features_by_counts’,‘pct_counts_feature_control’,‘total_features_by_counts_fea-

ture_control’, ‘log10_total_counts_endogenous’ and ‘log10_total_counts_feature_control’. Outlier cells in this principal component

analysis plot were identified using the R package mvoutlier. Low-abundance genes were removed using the ‘calcAverage’ function

and the proposed workflow. The raw counts were normalized and log2-transformed by first calculating ‘size factors’ that represented

the extent to which counts should be scaled in each library. Highly variable genes were detected using the proposed workflow of the

scran R package and by applying false discovery rate %0.05 and var.out$bio R0.01 as cutoffs. Highly variable genes were subse-

quently used for unsupervised dimensionality reduction techniques and principal component analysis.

To embed cells in a graph structure, first a KNN graph was constructed based on the euclidean distance in PCA space, and the

edge weights were refined between any two cells based on the shared overlap in their local neighborhoods (Jaccard similarity). This

step was performed using the FindNeighbors (reduction=’pca’, dims=1:50) command by taking the first 50 principal components as

input. To cluster the cells in an unsupervised fashion, the Louvain algorithm (default) was applied to iteratively group cells together,

with the goal of optimizing the standardmodularity function. The FindClusters (resolution=0.5) function was implemented for this pro-

cedure. For visualization purposes, the dimensionality of the datasets was further reduced to 2D embeddings using UMAP on the

significant PCs via RunUMAP() functions of the Seurat package in R152. Non-parameteric Wilcoxon rank sum test was used to iden-

tify differentially expressed markers across all clusters by running FindAllMarkers (dataset, only.pos = TRUE, min.pct = 0.25, logfc.-

threshold = 0.25). VlnPlot(), which shows expression probability distributions across clusters, and FeaturePlot(), which visualizes

feature expression on a UMAP plot) were used to visualize key genes differentially expressed for individual clusters.

Induction of immediate early genes (IEGs) was observed in some of the choroid plexus cells in which two clearly separated macro-

phage clusters differed only in expression of IEGs and heat shock proteins. These differentially expressed genes closely resembled

those identified in a subset of muscle satellite cells and shown to be dissociation-induced genes. Single-cell isolation using either a
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standard or ActDmodified protocol was compared to confirm that the IEGs induced in our clusters were also dissociation-induced.

This allowed us to identify 224 genes that were upregulated in standard versus ActD samples in Choroid Plexus Border-Associated

Macrophages, comprising the dissociation-induced gene list. To correct for dissociation-induced gene expression, which maymask

biologically relevant results, this gene list was used to detect cells that were ‘dissociation-affected’ by plotting expression of all these

genes over all cells. The corresponding histogram revealed a clear cutoff that split the cells between ‘dissociation-affected’ and ’-un-

affected’ cells. This information was added to the metadata attribute of the Seurat object, and this unwanted source of variation was

subsequently removed using the ‘Regress out’ function of the Seurat R package.

Gene co-expression network creation
The gene co-expression modules for the preprocessed and clustered choroid plexus dataset were constructed by usingMonocle3’s

differential expression analysis pipeline.154 Monocle3’s graph_test (neighbor_graph="knn") function was used to identify genes that

vary between groups of cells in UMAP space. This function employs a statistic from spatial autocorrelation analysis called Moran’s I,

which Cao et al. showed to be effective in finding genes that vary in single-cell RNA-seq datasets.154 Genes with FDR-adjusted

p-values of less than 0.05 were used to construct gene co-expression networks via UMAP and community analyses. 21 gene

modules were created using this pipeline.

Hypergeometric enrichment test analysis
Module gene lists were obtained via Monocle3 as described above. Hypergeometric enrichment analysis was conducted using the R

package hypeR.155 Syndromic and non-syndromic gene lists for both high confidence and probable genes were used to find mod-

ules enriched with Craniosynostosis-related genes. Modules with FDR adjusted p-values less than 0.05 were considered significant.

Cluster abundance analysis
In order to test the difference in cell counts for IVH-treated and LPS-treated ChP compared to control, we used beta-binomial gener-

alized linear model in package aod::betabin for both CD45+ and CD45- clustering. In our generalized linear model, we set the count of

the cell type of interest and the total count of cells of each experimental condition to be the response variable and the experimental

condition of the cells to be the independent variable. We tested for Pearson’s correlation between the frequency of each cell cluster.

We adjusted the p value threshold using Bonferroni correction (0.05/32 = 0.00156 for CD45+ dataset and 0.05/20 = 0.0025 for CD45-

dataset).

Gene Ontology enrichment analysis
The gene and protein lists for differentially expressed genes and proteins for IVH and LPS conditions from the RNAseq and prote-

omics experiments, as well as the modules significantly enriched with these genes/proteins, were further studied for gene ontology,

pathway and upstream transcription factor enrichment using the Enrichr R package.156 The Enrichr contains a diverse and up-to-date

collection of over 100 gene set libraries available for analysis and download. The databases for these analyses include gene ontol-

ogies (biological processes, cellular components, and molecular functions), biological pathways (Wiki pathways Human andMouse)

and upstream transcription factors (TRANSFAC and JASPAR). Adjusted p-value of less than 0.05 was considered significant, and

combined Z-score was used for ranking.

MRI data analysis
Morphometry of CSF and brain parenchymal volumes (grey matter + white matter) was performed for each rat as previously

described. Briefly, The 3D PDW images were corrected for intensity inhomogeneity using the N4 bias field correction algorithm,157

and then segmented into grey matter (GM), white matter (WM) and CSF brain compartments to calculate their brain parenchymal

(GM+WM) and CSF volumes. All the spatial segmentations were performed on SPM12 (http://www.fil.ion.ucl.ac.uk/spm) software

package platform, using our previously custom-made tissue probability maps.158 The tissue probability maps generated by segmen-

tation of the individual rat brains were thresholded at 0.5, yielding GM, WM, and CSF binary masks in native space. Spatially normal-

ized average CSF compartment volume maps of the sham controls (N=5) and LPS treated (N=6) rats were subsequently created. In

addition to SPM analysis, for each rat manual segmentation of the lateral ventricle volume was performed on the PWD and T1-

weighted baseline MRIs using PMOD (PMOD, version 3.908, PMOD Technologies LLC, Zürich, Switzerland). Analysis of DCE-

MRI data included correction for head motion, followed by intensity normalization, smoothing, and then voxel-wise percent signal

change to baseline was calculated using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/).159 The ‘percent signal change from baseline

images’ was then used for optimal mass transport (rOMT) analysis.50 From each rat’s whole brain DCE-MRI data series the rOMT

analysis produced whole brain binary pathlines endowed with solute speed (representing the local speed and spatial distribution

of the pathline networks) from which glymphatic flux and mean tissue solute speed were derived.50
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Figure S1. LPS mediates acute and chronic ventriculomegaly, with preserved patency of the cerebral aqueduct and glymphatic transport,
and increases cytokine/chemokine expression, related to Figure 1

(A) Quantification of lateral ventricular volume at 72 h and 14 days after an initial 72 h infusion of aCSF (control) or LPS. Volume calculated using sequential slices

through entire lateral ventricular system (n = 5–6 animals per condition).

(B–H) Spatially normalized population averaged CSF probability maps overlaid on proton density weighted anatomical MRI brain images of live, anesthetized

animals treated with aCSF (control) (B and C) or LPS (D and E). CSF filled ventricles are represented as high intensity signal areas. Top panels (B and D) showMRI

images (axial plane view) at the level of the lateral ventricles obtained from voxel-wisemorphometric analysis of the CSF compartment, and bottom panels (C and

E) show the corresponding 3D volume reconstructions of the lateral ventricles.

(F) Morphometric quantification of the lateral ventricular volume (% brain volume) and total intracranial volume (mm3) for control (sham) and LPS-treated PIH

animals.

(G and H) CSF contrast-enhanced T1-weighted MRI images (sagittal plane view) of live, anesthetized animals demonstrating patency of the cerebral aqueduct

(Aq) in control (G) and PIH animals (H).

(I and J) Average glymphatic flux with superimposed color-coded solute speedmaps (mm/s) for control (I) and LPS-treated PIH animals (J). Representative speed

maps demonstrating glymphatic transport in sagittal (top panels) and axial (bottom panels) MRI view planes.

(K) Quantification of glymphatic transport metrics including glymphatic v-flux (mm3) and glymphatic mean tissue speed (mm/s).

(L) Schematic illustrating in vivo CSF secretion measurements. Mineral oil is administered into the cerebral aqueduct (aqueduct) through a catheter (yellow line

and arrow) inserted into the aqueduct, which blocks flow of CSF. A glass capillary tube is then placed through a burr hole in the skull into the lateral ventricle (blue

line and arrow). The distance of CSF flow through the capillary tube is measured using a ruler (black) and rate is calculated over time.

(M) CSF cytokine/chemokine expression (from Figure 2) concentrations (from Figure 2, pg/mL) of IL-1b, IL-6, IL-10, IFNg, IL-17a, IL-18, CCL2, CXCL1, VEGF,

CXCL5, TNFa, CCL5, IL-10, MIP-1a, and IL-5 in Ctl and 72 h LPS-treated Tlr4+/+ and Tlr4�/� rats. For all experimental conditions, n = 4–6 animals per condition.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant, by one-way ANOVA (A) and unpaired t test with Welch correction (K).
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Figure S2. Choroid plexus, meningeal, and cortical immune reaction in PIH animals treated with E. coli +LPS, related to Figure 2

(A) Illustration of a representative coronal brain slice (left panel) indicating location of the ChP (black box) imaged for analysis. Representative IHC (right panel) of

Iba1+ (red) and ED1+ (blue) positive cells in Ctl and E. coli +/� LPS rat ChP in single-channel IHC (Dapi, white), as well as merged images. (B and C) Quantification of

(A) showing DAPI-normalized % ED1+ (B) and Iba1+ (C) cells.

(D) Illustration of a representative coronal brain slice (left panel) indicating location of the meninges (black box) imaged for analysis. Representative IHC of Iba1+

(red) and ED1+ (blue) positive cells in Ctl and E. coli +/- LPS rat meninges in single-channel IHC (Dapi, white), as well as merged images.

(E and F) Quantification of (D) showing DAPI-normalized % Iba+ (E) and ED1+ (F) cells.

(G) Illustration of a representative coronal brain slice (left panel) indicating location of the cortex (black box) imaged for analysis. Representative IHC of Iba1+ (red)

and ED1+ (blue) positive cells in Ctl and E. coli +/� LPS rat meninges in single-channel IHC (Dapi, white), as well as merged images.

(H and I) Quantification of (G) showing DAPI-normalized% Iba+ (H) and ED1+ (H) cells. Scale bars, 20 mm; n = 4–6 animals per condition. Error bars, mean ± SEM;

each symbol represents one animal. *p < 0.05, **p < 0.01, ****p < 0.0001, by one-way ANOVA.
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(legend on next page)
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Figure S3. SPAK kinase transduces pro-inflammatory CSF signals in ChP epithelial cells to stimulate NKCC1-dependent CSF secretion,

related to Figure 2

(A) UMAP of single-nucleus transcript profiles of adult ChP-associated cells,6 colored by cell type.

(B) Tlr4 expression in Chp-associated cells (avg. log2FC = 1.0; p = 5.14e�214).

(C–E) (C) UMAP of ChP epithelial cell subclusters, colored by group and by expression of (D) Tlr4, (E, left) interleukin-1 receptor accessory protein (Il1rap) (avg

log2FC = 0.96, p < 10e�300), and (E, right) interleukin 6 receptor (Il6ra) (avg log2FC = 0.23, p = 1.87e�211).

(F) Quantitative PCR (qPCR) delta-delta CT (ddCT) of mRNA products ofcytokine genes Il1b, Tnfa,Mcp1, Ifng, and the genes encoding their receptors Il1r1, Relt,

Ccr2, IfngrI1 (n = 5 animals per condition; see Table S5*).

(G) Representative IHC of ChP TNF receptor RELT (red) and Iba1 (white) in Tlr4+/+ and Tlr4�/� Ctl and LPS-treated animals (inset, 43 magnification).

(H) Quantitation of (G) (normalized intensity density [IntDen]/cell #) (n = 6 ChP per genotype, 3 animals per condition).

(I and J) (I) UMAP of cell ontology (left, as in A and violin plots [right] showing expression of Stk39 (avg. log2FC = 1.1, p < 10e�300; Epithelial, avg. log2FC = 4.46,

p = 4.22e�233) and (J) Slc12a2 (avg. log2FC = 1.3, p < 10e�300; Epithelial, avg. log2FC = 2.70, p = 8.15e�215).

(K–M) (K) Representative IHC of phospho-activated NKCC1 (pNKCC1; green, top row) and phospho-activated SPAK (pSPAK; red, bottom row) in Ctl and LPS-

treated WT, Tlr4�/� and Spak�/� rats. Quantitation (interval density/cell #) of (L) pNKCC1 and (M) pSPAK from (K) (n = 6 ChP per genotype, 3 animals per

condition).

(N) Body weight-normalized CSF secretion rate (mL/min/kg) and (O) lateral ventricular size (% brain volume) in Spak+/+Ctl, Spak+/+ LPS, Spak�/�Ctl, and Spak�/�

LPS rats (n = 5–6 animals per condition). Scale bars, 25 mm. Error bars, mean ± SEM; each symbol represents one animal. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001, ns = not significant; (F) unpaired t test; (H and L–O) one-way ANOVA.
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Figure S4. RELT expression in Spak KO rats and ChP expression of Atp1a, Kcnj13, Clic6, and Aqp1, related to Figures 2 and 3

(A and B) (A) Representative IHC of Relt (green) and Iba1 (white) in Spak�/� Ctl and LPS-treated animals (DAPI, blue) and (B) Quantitation of Relt expression

(normalized intensity density (IntDen)/cell #) of Spak�/� Ctl and LPS (n = 6 ChP, 3 animals for all conditions). *p < 0.05. Error bars show mean ± SEM, and each

symbol represents average data obtained from an individual animal.

(C and D) Expression analysis of SPAK-interacting proteins in the ChP. UMAP of cell ontology (as in Figure S3A, left panels) and violin plots (right panels) of cellular

expression of (A) Atp1a1, (B) Kcnj13, (C) Clic6, and (D) Aqp1 in epithelial and hematopoietic cells.
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Figure S5. Pathway andGOanalysis of the topmarkers for peripherally derivedmacrophages (Pbm), neutrophils, and plasmacytoid dendritic

cells (pDC), related to Figure 5

(A–J) (A) Heatmap of top markers for CD45+ dataset clusters. (B) Pbm1 GO biological processes, (C) Pbm2 GO biological processes, (D) neutrophils GO Wiki

pathways, (E) pDC GO biological processes, (F) pDC GO Wiki pathways, (G) Epiplexus macrophages subcluster 1 GO biological processes, (H) Epiplexus

macrophages subcluster 2 GO biological processes, (I) IVH vs. control epithelial cells Wiki pathways, (J) LPS vs. control epithelial Wiki pathways.
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Figure S6. Choroid plexus epithelial and myeloid cells demonstrate expression of key genes in the mTOR/IRF7 pathway, related to Figure 5

(A) Feature plots showing expression of key genes in mTOR/Irf7 pathway in myeloid clusters.

(B) Feature plots showing expression of key genes in mTOR/Irf7 pathway in epithelial clusters.
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Figure S7. ChP expression ofMtor andNFkB and treatment of PIH and PHHanimals with rapamycin to prevent ventriculomegaly and theChP

immune response, related to Figure 7

(A and B) snRNA-seq analysis of Mtor and NFkB in the ChP. (A) UMAP of Mtor expression across ChP epithelial cell clusters. (B) UMAP of cell ontology (as in

Figure S3A) (left panel), ChP epithelial cell clusters (middle panel), and violin plot (right panel) demonstrating NFkB expression.

(C) Representative immunohistochemical images of the lateral ventricles (LV) in control, LPS, IVH, LPS ± rapamycin, and IVH ± rapamycin. Rapamycin (Rapa)

indicates animals treated with rapamycin prior to LPS administration, Rapa 3 h indicated animal treated with rapamycin after LPS administration. Dashed white

line indicating border of lateral ventricle. CC, corpus callosum; ChP, choroid plexus, mag 2.53.

(D) Quantification of lateral ventricle volume (% brain volume) in control, LPS, IVH, LPS ±rapamycin, and IVH ±rapamycin.

(E) Lateral ventricular size (% brain volume) in Ctl, LPS, and LPS + rapamycin 3 h after initial LPS infusion (Rapa 3 h post) treated animals.

(F) Representative IHC of Iba1 (red) and ED1 (blue) expression in the ChP of rats treated with LPS alone or LPS + Rapa 3 h post. DAPI, white. Scale bars, 20 mm.

(legend continued on next page)
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(G) Quantitative IHC of the ChP immune response in (F) in control, LPS, and LPS + Rapa 3 h post-treated animals. Graphs represent DAPI-normalized % of cells

identified as Iba1+ or ED1+ in Ctl, LPS, LPS + Rapa 3 h post. N = 3–6 animals per condition. For all graphs, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not

significant, one-way ANOVA. Error bars show mean ± SEM, and each symbol represents average data obtained from an individual animal.
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