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Abstract 1 

The renin–angiotensin system is important in cardiovascular and brain physiology. The local 2 

brain RAS was proposed over 50 years and decades of research support its existence. 3 

However, it remains controversial primarily due to disputed identification of functional renin in 4 

the central nervous system. Here, we show that functional renin is produced and released by 5 

the choroid plexus, the primary source of cerebrospinal fluid in the brain. Across public RNA 6 

sequencing datasets, renin is expressed in both mouse and human choroid plexus epithelial 7 

cells, and its expression is validated by RNAscope, immunofluorescence, qPCR, and western 8 

blotting. We further demonstrate renin activity in human cerebrospinal fluid that is independent 9 

of either circulating renin or blood–brain barrier integrity and confirm its release and activity from 10 

mouse choroid plexus explants. Notably, cerebrospinal fluid renin activity but not plasma renin 11 

activity increases with aging in human adults. These findings identify the choroid plexus as a 12 

source of renin in the central nervous system and provide evidence supporting a local functional 13 

brain renin angiotensin system. 14 

 15 

Introduction 16 

The renin–angiotensin system (RAS) is best known as an endocrine pathway that governs 17 

blood pressure and fluid balance, yet its influence extends beyond the periphery. Renin, the 18 

rate-limiting enzyme in the generation of angiotensin II (Ang II), was discovered in the 1890s 19 

and decades later reported to be functionally active in different tissues including the brain1–5. 20 

Foundational studies identified the role of the brain-specific renin isoform, renin-b, as an 21 

endogenous regulator of central RAS activity and cardiovascular homeostasis5,6. Despite these 22 

and numerous other studies indicating the presence and importance of the brain RAS7–10, its 23 

existence remains under debate, particularly due to a lack of consensus on the presence of 24 

functional renin in the brain11. Last year, a landmark paper by Fekete et al showed indisputable 25 

evidence of the presence of renin production in neurons in the nucleus ambiguus12. Together, 26 

these studies established the presence of RAS components within the central nervous system 27 

(CNS), while highlighting a major unresolved question: whether renin exists in sufficient 28 

quantities, and in the appropriate anatomical compartments, to support a truly local and 29 

widespread brain RAS. In this regard, the choroid plexus (ChP) is particularly intriguing because 30 

it produces the majority of CSF, acts as a secretory organ, and has long been reported to 31 

express high levels of renin. 32 



 3 

The ChP is a highly vascularized epithelial structure located within the brain ventricles 33 

that plays a critical role in CNS homeostasis. As the primary source of CSF13 and the site of the 34 

blood–CSF barrier, the ChP regulates nutrient and waste exchange, immune cell trafficking, and 35 

CNS immune surveillance14. Beyond its barrier functions, the ChP is increasingly recognized as 36 

a secretory organ that releases metabolites, cytokines, growth factors, and extracellular vesicles 37 

into the CSF, enabling communication with brain regions throughout the CNS15,16. 38 

Consequently, molecules produced by the ChP, including renin, have the potential to influence 39 

brain function far beyond the ventricular system through CSF-mediated signaling. Therefore, in 40 

this study, we investigated whether the ChP serves as a functional source of renin and whether 41 

renin activity is present in human CSF independently of circulating renin activity. 42 

 43 

Results 44 

RNAseq studies show renin expression in ChP 45 

We assessed renin expression across publicly available RNA sequencing datasets containing 46 

mouse and human ChP epithelial cells (CPECs)17–36 (Supp. Table 1). Human datasets were 47 

converted to the mouse nomenclature for the gene name using Ensembl’s BioMart package37. 48 

Using a pseudobulk analysis of CPEC datasets with positive renin expression in at least 1 49 

CPEC17,19–21,23,24,27,31,36, we found that renin RNA expression is higher in vivo than in vitro, 50 

comparable between male and female, and between mice and humans (Fig. 1A). Ace and Agt 51 

RNA expression were comparable between in vivo and in vitro, between mice and humans, and 52 

between male and female (Supp. Fig. 1A-B). Ren1, but not Ace or Agt, expression was also 53 

higher in adult vs young (Supp. Fig. 1C). Focusing on the datasets with single-cell resolution 54 

from both mice and humans17,24,27–31,18–21,23,25,26,36 (Fig. 1B), we mapped the cell expression of 55 

renin (Ren1), angiotensin converting enzyme (Ace), and angiotensinogen (Agt) both across 56 

cells (Fig. 1C) and across studies (Fig. 1D). We then assessed the overlap expression of Ren1 57 

with Ace and Agt, individually (Fig. 1E). Focusing on studies with ventricle location 58 

specification24, we found comparable expressions of Ace across hindbrain (4th ventricle), 59 

telencephalic (lateral ventricles), and diencephalic (3rd ventricle), with Agt having higher cell 60 

counts in the lateral ventricles (Fig. 1F). We then focused on single cell resolution studies17,19–
61 

21,23,24,28,36  and at least 3 CPECs expressing Ren1 to account for false negatives due to 62 

sequencing depth (Fig. 1G). We find that approximately 1.13% of CPECs express renin and 63 

about 60% of these co-express Ace (Fig. 1H). Finally, we filtered Ren1 expressing CPECs in 64 

datasets with ventricular specification, and observed that Ren1 expression appeared slightly 65 
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higher in the lateral ventricles compared to the fourth ventricle (Fig. 1I). These results provide 66 

evidence from multiple independent groups that mouse and human ChP epithelial cells express 67 

renin mRNA.   68 

Renin is expressed by choroid plexus epithelial cells in mice and humans  69 

Next, we sought to validate the RNA sequencing findings in both mouse and human tissue. 70 

Consistent with RNA-sequencing datasets, we identified Ren1 mRNA expression in CPECs in 71 

mice (Fig. 2A). Analysis across the lifespan revealed a sex-specific pattern, with renin transcript 72 

levels peaking at 9 months in females and 6 months in males (Fig. 2B). We also assessed 73 

expression of other RAS members, including Agt, Ace, and Ace2 (Supp. Fig. 2A-C). At the 74 

protein level, renin expression was detected in saline perfused-ChP explants (Fig. 2C). 75 

Strikingly, renin protein abundance in the ChP was comparable to that observed in the kidney of 76 

male mice; however, renin abundance was significantly less in the ChP compared to the kidney 77 

in female mice (Fig. 2D). Importantly, renin mRNA was also detected in human CPECs, where it 78 

exhibited some co-localization with angiotensinogen (Fig. 2E, F). These results confirm Ren1 or 79 

REN expression by mouse or human CPECs, respectively.  80 

ChP produces and secretes functional renin 81 

We next investigated whether the ChP can release renin and therefore is a source of functional 82 

renin. To this end, we used a fluorogenic mouse enzyme activity assay (Fig. 3A). This assay 83 

utilizes a quenched FRET peptide substrate containing a renin-specific cleavage site, which 84 

emits fluorescence upon enzymatic cleavage by active renin. We validated a lower limit of 85 

detection of 1.56ng/mL of renin and enzymatic activity could also be blocked by a renin inhibitor 86 

(Supp. Fig. 3A-B). To address this question, blood was collected for plasma isolation from mice 87 

prior to PBS perfusion. Following perfusion, ChP explants were isolated from all ventricular 88 

regions and incubated in artificial cerebrospinal fluid (aCSF) for 24 hours. Explants from the 89 

lateral ventricles were pooled, whereas explants from the third and fourth ventricles were 90 

combined (Fig. 3B). Renin activity analysis of conditioned media demonstrated that ChP 91 

explants secrete functional renin (Fig. 3C). Renin activity in conditioned media (CM) from ChP 92 

explants is lower than plasma renin activity, as would be expected (Fig. 3D). Interestingly, renin 93 

activity in CM from lateral ventricle explants was greater than that from 3rd and 4th ventricle 94 

explants, in agreement with Ren1 expression observed to be higher in the lateral ventricles in 95 

Fig. 1J. Moreover, ChP-derived renin activity was not correlated with plasma renin activity (Fig. 96 

3D). These results indicate that the ChP is capable of producing and secreting functional renin.  97 
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Renin activity in the CSF of humans 98 

Next, we asked whether renin secreted into the CSF remains functional. To assess renin activity 99 

in human CSF, we employed a fluorogenic human enzyme activity. Like the mouse assay, the 100 

human assay can also be completely blocked by a renin inhibitor (Supp. Fig. 3C). First, CSF 101 

samples from four TAP participants were incubated with the FRET substrate, revealing 102 

measurable renin activity and demonstrating inter-individual variability in enzymatic activity (Fig. 103 

4A). Notably, CSF renin activity from 20 participants (Table 1), was not associated with 104 

circulating plasma renin (PRA-S) (Fig. 4B), CSF/serum albumin ratio (Fig. 4C), or CSF 105 

angiotensinogen levels (Fig. 4D). Similarly, the CSF/serum renin ratio did not correlate with 106 

CSF/serum albumin ratio (Fig. 4E), suggesting CSF levels are not derived from the periphery. In 107 

contrast, CSF angiotensinogen levels were significantly correlated with CSF/serum albumin 108 

(Fig. 4F), suggesting that angiotensinogen in the CSF may be impacted by brain barrier 109 

integrity. These results suggest that CSF renin is not affected by barrier integrity and is 110 

independent of circulating renin.  111 

Renin activity increases with age 112 

Lastly, we assessed how RAS activity changes in both the circulation and CSF with aging. Older 113 

age was associated with higher levels of renin activity in the CSF (Fig. 5A), but was not 114 

associated with renin activity in serum (Fig. 5B). In contrast to renin activity, older age was 115 

associated with lower levels of ACE activity in serum (Fig. 5C). All other CSF and serum RAS 116 

components were not associated with age (Supp. Table 2). These results highlight the 117 

relevance of CSF renin, as well as the renin angiotensin system, to human physiology during 118 

aging.  119 

 120 

Discussion 121 

Renin, the rate-limiting enzyme in the generation of angiotensin II (Ang II), was discovered in 122 

the 1890s and decades later reported to be functionally active in different tissues including the 123 

brain1–4. In 1971, Ganten and colleagues demonstrated the presence of a renin-like activity in 124 

the brain capable of generating angiotensin I independently of kidney and plasma renin38. 125 

Subsequently, Inagami and colleagues used anti-renin antibodies to map renin immunoreactivity 126 

throughout the brain, identifying signals in multiple regions of the central nervous system (CNS), 127 

including particularly high expression within the choroid plexus (ChP)3, also corroborated by a 128 

recent publication12. Crucially, purified mouse brain renin was demonstrated to be biologically 129 
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active in vivo, as intracerebroventricular injection elicited changes in water intake and arterial 130 

blood pressure in rats39. Together, these studies suggest that the brain generates angiotensin 131 

peptides locally. Indeed, Ang I and Ang II were shown to be present in the brain of intact rats 132 

and in those that underwent bilateral nephrectomy as well as in collected CSF40.  133 

On the other side of this argument, Schelling and colleagues failed to consistently 134 

measure renin activity in the CSF despite measurable levels of angiotensinogen and 135 

angiotensin-converting enzyme41. More recently, it has been argued that renin activity measured 136 

in the brain is trapped from the plasma and generated Ang II is not locally synthesized within the 137 

brain42,43. This controversy is not new. In 1970s, brain Ang I production was attributed to 138 

cathepsin D44, as Reid et al showed that brain renin has enzymological similarities to cathepsin 139 

D, a lysosomal acid protease45. The optimal enzymatic activity of cathepsin D is in the acidic 140 

range at pH 4 and very low activity at neutral pH of 7.446. Subsequent studies47–49 showed that 141 

the actions of cathepsin D could be separated from brain renin, and only renin could generate 142 

Ang I at neutral physiological pH. Furthermore, anti-renin antibodies do not cross-react with 143 

cathepsin D3. Thus, the consensus in the field is that brain and CSF Ang I production is highly 144 

unlikely to be attributed to cathepsin D.  145 

Despite this longstanding debate surrounding the existence of a functional brain RAS, 146 

largely driven by conflicting evidence regarding the presence and activity of renin within the 147 

CNS, substantial evidence supports its role in regulating blood pressure, metabolism, 148 

sympathetic and parasympathetic tone, and neuroendocrine outputs8,50–52. Particularly, brain 149 

specific renin-b has been established as a negative regulator of the central renin–angiotensin 150 

system, with studies demonstrating that loss of renin-b enhances sympathetic drive, elevates 151 

blood pressure, and disrupts fluid and metabolic homeostasis, thereby revealing a previously 152 

unrecognized mechanism controlling neurogenic cardiovascular regulation5,6. Importantly, 153 

dysregulation of the RAS has also been linked to cognitive decline and dementia53–56. 154 

Furthermore, treatment with RAS inhibitors is associated with a reduced risk of Alzheimer's 155 

disease (AD) and slower cognitive decline, with greater benefits reported for those capable of 156 

crossing the blood–brain barrier57,58. Of note, neither renin nor Ang II cross the blood-brain 157 

barrier under healthy conditions. Thus, local production is necessary to mediate Ang II actions in 158 

the brain. Together, these observations suggest that understanding the source and regulation of 159 

renin in the central nervous system may have important implications for both cardiovascular and 160 

neurodegenerative diseases. 161 
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Recently, Fekete and colleagues provided compelling evidence supporting locally 162 

production of renin in the brainstem12. They identified robust expression of RAS components in 163 

a small population of cholinergic neurons in the nucleus ambiguus. Importantly, they 164 

demonstrated a functional role for these renin-expressing neurons in the regulation of 165 

autonomic balance. Conditional knockout of the renin-a isoform specifically in cholinergic 166 

neurons resulted in loss of renin expression in the nucleus ambiguus and led to alterations in 167 

autonomic function and baroreceptor reflex sensitivity in a sex-dependent manner. Interestingly, 168 

they also found renin mRNA expression in the ChP, corroborating RNA sequencing studies17–
169 

21,23–35,59 and further supporting previous evidence indicating its presence in the ChP2,3,38,60. 170 

While these findings establish a functional role for neuronal-derived renin in cardiovascular 171 

function, they do not address whether there is release of functional renin into the CSF for 172 

widespread actions throughout the brain. The ChP is particularly intriguing in this regard 173 

because it produces the majority of CSF and acts as a secretory organ releasing locally 174 

produced molecules into the CSF.  175 

Here, we leveraged an interdisciplinary approach to provide evidence that the ChP is a 176 

source of functional renin within the central nervous system. By integrating transcriptomic, 177 

molecular, and functional approaches across mice and humans, we demonstrate that renin is 178 

expressed by CPECs, released into the CSF, and regulated independently of circulating renin, 179 

in agreement with prior studies61. These findings identify a previously unrecognized source of 180 

functional and widespread brain renin. Transcriptomic data indicates the presence of renin 181 

mRNA expression in CPECs, which we validated by in situ RNA hybridization (RNAscope), 182 

immunofluorescence, and western blotting. We found that the ChP has a comparable renin 183 

content compared to the kidney when compared per µg of tissue protein only in male mice. 184 

However, an important consideration is the kidney is notably larger than the ChP (in 3-month-185 

old C57BL/6 mice, all choroid plexuses: <1 mg vs female kidney: 126.5±7.8 and male kidney: 186 

178.4±9.4mg) and thus the absolute amount of renin produced by the kidney is exponentially 187 

higher than that produced by the ChP, as would be expected. Interestingly, we identified 188 

reduced ChP renin in young female mice compared to male mice, despite identical kidney renin, 189 

raising the possibility that central renin production is important for the partial protection against 190 

hypertension observed in female mice62.  191 

The ChP is a highly vascularized epithelial structure located within the brain ventricles 192 

producing approximately 80% of CSF. Importantly, the ChP is a secretory organ capable of 193 

influencing brain function through CSF-mediated signaling16. Early work by Maktabi, Heistad, 194 
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and Faraci found that the ChP is also a target of Ang II actions, as would be expected of a 195 

highly vascularized structure63. They found that both intravascular and intracerebroventricular 196 

Ang I and Ang II decreased blood flow to the ChP, despite not reducing cerebral blood flow, 197 

both measured by using microspheres64. The effect is mediated by Ang II, as ACE inhibitor 198 

administration prevented the decrease in blood flow in response to Ang I without affecting the 199 

response to Ang II. Along with a reduction in ChP blood flow, they found that Ang II also 200 

decreases the rate of CSF production65. Thus, it’s conceivable that local production of Ang II in 201 

the CSF could engage in a negative feedback loop to regulate ChP blood flow and CSF 202 

production, although this remains to be tested.  203 

 Here, we observed an association between older age and higher levels of CSF renin 204 

activity in human, but no age association with serum PRA-S. Since renin is the rate-limiting step 205 

in the renin angiotensin system, it crucially regulates Ang II production. The age-associated 206 

increase in CSF renin activity is important because Ang II promotes neuroinflammation66,67, 207 

neuronal stress68, amyloid beta production69, and Ang II is proposed to be important in 208 

dementia70. This is also relevant in the context of studies showing that ACE1 protein and 209 

enzyme activity are increased in the brains of individuals with AD compared to age-matched 210 

controls71. Future studies will investigate whether CSF renin activity is altered in individuals with 211 

AD and related dementias.  212 

Additionally, understanding how renin in the ChP and CSF are regulated remains under 213 

investigation. Renin release in the kidney is regulated by three main mechanisms: changes in 214 

blood pressure, macula densa signaling in response to sodium depletion, and sympathetic 215 

nerve activation72. Previous studies found no correlation between CSF renin and blood pressure 216 

in humans61, thus raising the possibility that it is not modulated by blood pressure. Renin activity 217 

in the choroid plexus did not change during water deprivation in rats, although there appeared to 218 

be a trend towards a slight increase60. Additionally, it was increased by hypovolemia induced by 219 

subcutaneous polyethylene glycol, but decreased in nephrectomized rats after acute 220 

hemorrhage73, suggesting that the association with blood pressure and blood volume may be 221 

more complex. Further complicating our understanding of its regulation, acute unilateral or 222 

bilateral ligation of the internal carotid artery of rats led to a decrease in ChP renin, while chronic 223 

ligation resulted in an increase in ChP renin. Sodium may also be playing a role in regulating 224 

ChP and CSF renin, as CSF renin activity was increased with sodium depletion in dogs, 225 

although to a lesser extent than plasma renin activity (6.6 fold in plasma vs 1.3 fold in CSF)74. 226 

Lastly, the role of sympathetic nerves in modulating ChP and CSF renin remains unexplored. 227 
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The ChP has extensive sympathetic innervation, and their activation leads to a decrease in CSF 228 

production by reducing ChP blood flow75. Thus, the regulation of renin released by the ChP into 229 

the CSF remains incompletely understood and must be resolved by ongoing investigation.   230 

 231 

Methods 232 

RNA sequencing analysis of publicly available datasets 233 

Datasets were obtained from 18 published works17–21,23–36 and 1 unpublished work22 from three 234 

repository sources: NCBI geo, UCSC cell browser, and The Broad Institute single cell portal. For 235 

datasets that were available as processed single cell Seurat RDS file, the RDS file was 236 

downloaded and mined with standard Seurat gene expression workflow.  237 

For single cell or nuclear datasets that were available as unprocessed filtered gene matrix, the 238 

matrix, barcode, and feature files were downloaded and put through the standard Seurat76 239 

pipeline to yield a Seurat object that was subjected to gene expression mining. The raw counts 240 

for the bulk RNA seq datasets were downloaded and processed with DEseq277 workflow. The 241 

metadata for datasets was downloaded along with the matrix files and the labels (cell identify, 242 

conditions, sex, age, experimental details) were applied. For all datasets, the first objective was 243 

to subset the CPECs and the cell ID annotation supplied by the authors of the studies were 244 

used to subset the cell type of interest.  245 

Single cell/nuclear datasets17,19–21,24,28,31,36 were merged following the Seurat V5 integration 246 

pipeline76 separately mined for the gene expression of renin, angiotensin, and angiotensinogen. 247 

Feature and violin plots for the expression of the genes in all CPECs were generated along with 248 

correlation of expression across the three genes of interest. The renin expressing CPECs were 249 

then isolated and subjected to expression of the genes of interest along with Pearson 250 

correlation of expression of the genes.  251 

To compare all datasets, both single- and bulk- seq datasets, the single cell/nuclear datasets 252 

were converted into a pseudo-bulk dataset following the standard ‘pseudo-bulk’ workflow 253 

provided by Seurat76. The pseudo-bulk and bulk studies were then merged, and all datasets 254 

were converted to the mouse nomenclature for the gene name using Ensembl’s BioMart 255 

package37. Standard DEseq2 pipeline was applied to normalize and correct for batch 256 

differences across the datasets. Normalized counts of the genes of interest were plotted across 257 

variables of interest and relative expression of the genes of interest were plotted as heatmaps.  258 
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 259 

Animals  260 

All procedures were approved by the Institutional Animal Use and Care Committee of Vanderbilt 261 

University Medical Center. Adult female and male C57BL/6J mice (JAX #664) were utilized for 262 

this study. Animals ranged from 3-12 months of age as detailed in each figure legend.  263 

Mouse choroid plexus RT-qPCR 264 

Mouse choroid plexuses were isolated and immediately flash frozen until use. Choroid plexuses 265 

were placed into TRIzol reagent (Fisher Scientific, Cat. #15596018). RNA isolation was 266 

performed using the RNeasy Mini Kit from Qiagen (Cat# 74104) following the manufacturer’s 267 

protocol, including the recommended phase-separation and isopropanol precipitation steps. 268 

RNA concentration and purity were assessed using a NanoDrop spectrophotometer, and 500 ng 269 

of total RNA was reverse-transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, Cat. 270 

#1708891) in a 20 µl reaction. 271 

Quantitative PCR was performed using TaqMan Gene Expression Assays (Thermo Fisher 272 

Scientific) and TaqMan Gene Expression Master Mix on a QuantStudio 5 Real-Time PCR 273 

System. Mm-Ren1 (Mm02342887_mH), Mm-Agt (Mm00599662_m1), Mm-Ace 274 

(Mm00802048_m1), Mm-Ace2 (Mm01159006_m1), and Mm-Hprt (Mm03024075_m1) were 275 

used as probes (Thermo Fisher).  276 

Reactions were run in 20 µl volumes in duplicate. Thermal cycling conditions followed the 277 

manufacturer’s recommendations (hold at 50 °C for 2 min, 95 °C for 10 min, followed by 40 278 

cycles of 95 °C for 15 s and 60 °C for 1 min). Relative gene expression was calculated using the 279 

ΔΔCt method normalizing to Hprt and 3-month-old male group average. 280 

 281 

Western blot  282 

Mice were anesthetized with isoflurane and transcardially perfused with 20 mL of ice-cold PBS. 283 

Following perfusion, the choroid plexus (from all the ventricles) and a defined cortical region of 284 

the kidney (approximately one-third of the organ) were dissected to assess renin protein 285 

content. Mouse renin recombinant enzyme (0.5 µg, RayBiotech cat# 230-01252-50) was used 286 

as positive control. Immediately after isolation, tissues (n = 4 mice) were transferred to ice-cold 287 

Radioimmunoprecipitation Assay (RIPA) buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% 288 
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deoxycholic acid, 0.1% sodium dodecylsulfate (SDS), 1 mM EDTA, pH 8.0, 1% IGEPAL CA-289 

630) supplemented with EDTA-free protease inhibitor (Millipore Sigma, Cat# 11836170001), 290 

1mM sodium orthovanadate (Millipore Sigma, Cat #5086050004), and 20 mM sodium fluoride 291 

(Fisher Scientific, Cat #AAA1301930). Samples were homogenized by sonication, centrifuged 292 

(13,000 rpm for 10 min at 4°C), and supernatants were collected for downstream analysis. 293 

Protein concentrations were quantified using the DC Protein Assay Kit II (Bio-Rad, Cat# 294 

5000112). Lysates were denatured in Laemmli sample buffer containing dithiothreitol (DTT) at 295 

100 °C for 10 min and resolved on Novex WedgeWell 4–12% Tris-Glycine 1.0-mm Mini protein 296 

gels (Thermo Fisher, Cat# XP04125BOX) for 80 min at 150 V. Proteins were transferred to 297 

polyvinylidene difluoride (PVDF) membranes (Thermo Fisher, Cat# 88518), which were then 298 

blocked for 1 h in 5% Bovine Serum Albumin (BSA) with 0.1% Tween-20 in PBS and incubated 299 

overnight at 4°C with Mouse Renin 1 antibody (R&D Systems, Cat# AF4277) followed by 300 

monoclonal anti-β-actin antibody (Millipore Sigma, Cat # A5441). 301 

The following day, membranes were washed three times for 15 min in PBS containing 0.1% 302 

Tween-20 and incubated with mouse anti-goat IgG-HRP (Santa Cruz, Cat# sc-2354) or goat 303 

anti-mouse IgG (Jackson Immuno, Cat # 115-035-146) for 1 h at room temperature. 304 

Immunoreactive bands were visualized using the Clarity Western ECL Substrate (Bio-Rad, Cat# 305 

1705061) on an iBright Imaging System (Invitrogen). Images were analyzed using Image Lab 306 

software (Biorad).  307 

 308 

Mouse choroid plexus explants immunofluorescence 309 

PBS-perfused choroid plexus explants were post-fixed in 4% paraformaldehyde (PFA) overnight 310 

at 4°C and processed as free-floating sections. Samples were permeabilized in 0.5% Triton 311 

X-100 in PBS for 1 h at room temperature, followed by blocking in 10% normal donkey serum 312 

(NDS) in 0.1% Triton X-100/PBS. Sections were incubated overnight at 4°C with rabbit 313 

anti-renin antiserum (1:600, a generous gift from Prof. T Inagami, Vanderbilt University to Dr. 314 

Harris78) diluted in 5% NDS/0.1% Triton X-100/PBS. The following day, tissue was washed 315 

three times for 15 min each in 0.1% Triton X-100/PBS and then incubated with the appropriate 316 

fluorophore-conjugated secondary antibody for 2 h at room temperature in 2% NDS/0.1% Triton 317 

X-100/PBS. 318 

 319 
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Confocal imaging acquisition  320 

Human and mouse tissue sections were imaged using a Zeiss LSM 880 laser-scanning confocal 321 

microscope at the Vanderbilt Cell Imaging Shared Resource (supported by NIH 322 

grants CA68485, DK58404, and EY08126). Imaging parameters, including laser power, gain, 323 

and detector settings, were kept constant within each experimental series. Z-stack images were 324 

acquired at identical step intervals across samples and subsequently processed and analyzed 325 

using ImageJ (NIH). 326 

 327 

Human post-mortem choroid plexus 328 

Anonymized formalin-fixed paraffin-embedded (FFPE) choroid plexus samples from post-329 

mortem neurotypical human adult males (n=6) were obtained from the NIH NeuroBioBank 330 

(University of Miami, Miami, FL, USA). Average age at death for cases was 73 ± 8 years. The 331 

average postmortem interval from death to fixation of the choroid plexus was 25 ± 8 hours. The 332 

absence of neurological disease was determined by medical records, death certificates, and 333 

neuropathology reports. Tissue blocks were sectioned at 10 µm by the Translational Pathology 334 

Shared Resource core facility using a microtome and sections were stored at 4°C until 335 

processing. The Translational Pathology Shared Resource is supported by NCI/NIH Cancer 336 

Center Support Grant 2P30 CA068485-14. 337 

 338 

Multiplex Fluorescence RNAscope in-situ hybridization  339 

Multiplex fluorescence RNAscope was performed on choroid plexus tissue according to the 340 

manufacturer’s instructions (Advanced Cell Diagnostics; Cat. #323280). Tissue preparation 341 

differed between human FFPE and mouse fresh-frozen samples, as described below. Following 342 

tissue preparation, sections were treated with hydrogen peroxide for 10 min at room 343 

temperature, subjected to target retrieval for 15 min at 100 °C, and incubated in 100% ethanol 344 

for 3 min. Slides were then air-dried overnight at room temperature. The following day, sections 345 

were incubated with Protease III for 30 min at 40 °C, followed by probe hybridization for 2 h at 346 

40 °C. Signal amplification was performed using the RNAscope Multiplex Fluorescent v2 347 

workflow. Positive and negative control probes were processed in parallel for both human and 348 

mouse samples. 349 
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Human post-mortem tissue  350 

For human post-mortem tissue, 10 µm FFPE lateral ventricle choroid plexus sections were 351 

baked at 60 °C for 1 h, deparaffinized in two changes of xylene, and rehydrated through two 352 

washes of 100% ethanol. After air drying, sections were processed using the RNAscope 353 

workflow described above. The following probes were used: Hs-REN (Cat. #401921) and Hs-354 

AGT-C3 (Cat. #459131-C3; diluted 1:50 in C1 probe). 355 

For dual detection of REN mRNA and aquaporin 1 (AQP1) protein, RNAscope was first 356 

performed using the Hs-REN probe. Sections were then blocked with 10% normal donkey 357 

serum (NDS) in PBS containing 0.1% Tween 20 for 1 h at room temperature, incubated with 358 

anti-AQP1 antibody (Abcam, Cat. #AB300463; 1:200) for 2 h at room temperature, washed 359 

three times in PBS containing 0.1% Tween 20 for 15 min each, and incubated with the 360 

appropriate fluorophore-conjugated secondary antibody for 1 h. 361 

Mouse fixed-frozen tissue 362 

Mice were transcardiallly perfused with PBS followed by 4% paraformaldehyde (PFA). Brains 363 

were post fixed in 4% PFA followed by cryopreservation in 30% sucrose. Brain 10 µm sections 364 

containing the lateral ventricle choroid plexus were stored at -20ºC until use, and were then 365 

allowed to dry overnight at room temperature. The next day, sections were baked, post-fixed in 366 

4% PFA for 30 min at room temperature, and washed twice in PBS before RNAscope 367 

processing. The following probes were used: Mm-Ren1 (Cat. #433461) and Mm-Agt-C3 (Cat. 368 

#426941-C3). 369 

For dual detection of Ren1 mRNA and AQP1 protein in mouse tissue, RNAscope was first 370 

performed, followed by blocking with 10% NDS in PBS containing 0.1% Tween 20 for 1 h at 371 

room temperature. Sections were then incubated with anti-AQP1 antibody (Santa Cruz 372 

Biotechnology, Cat. #sc-32737) overnight, followed by incubation with the appropriate 373 

fluorophore-conjugated secondary antibody for 1 h the next day. 374 

 375 

Quantification of secreted renin from choroid plexus explants  376 

Choroid plexus tissue was carefully dissected from all ventricles of PBS-perfused mice under a 377 

stereomicroscope. Explants, previously established to be viable in culture79, were immediately 378 

transferred into 125 µl oxygenated aCSF containing (in mM): KCl (2.5), NaCl (126), 379 

NaH2PO4 (1.2), CaCl2 (2.4), MgCl2 (1.2), NaHCO3 (25), glucose (11), L-ascorbic acid (0.4) and 380 
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pH was adjusted to 7.480. Explants were incubated at 37 °C in a humidified incubator maintained 381 

at 95% O₂ and 5% CO₂ for 24 h. Culture supernatants (conditioned media) containing released 382 

renin were collected and used for quantification of renin activity using a FRET-peptide-based 383 

assay. 384 

 385 

Renin activity by fluorogenic peptide substrate 386 

Renin activity was measured from the CSF using fluorogenic peptide substrates 387 

(AnaSpec SensoLyte 520 Renin Assay, Cat# AS-72040 for human, Cat# AS-72161 for mouse) 388 

following manufacturer protocol. 50µl of human CSF or 50µl of mouse ChP explant conditioned 389 

media was incubated for 30 minutes at 37°C prior to addition of 50µl of renin 5-FAM/QXL™520 390 

fluorescence resonance energy transfer (FRET) substrate containing the renin cleavage site. 5-391 

FAM fluorescence, quenched by QXL™520, is released upon renin-mediated cleavage and was 392 

measured at 37°C (Promega GloMax) at 60-second intervals over 30 minutes for human CSF or 393 

3-minute intervals over 60 minutes for mouse ChP conditioned media.  394 

 395 

Study cohort, serum collection, and lumbar puncture  396 

The Tennessee Alzheimer’s Project (TAP) was launched in 2021 as the clinical cohort of the 397 

Vanderbilt Alzheimer’s Disease Research Center. To be included in this cohort, participants 398 

were required to speak English, be ≥55 years old, have a reliable study partner, and have 399 

adequate auditory and visual skills. At study entry, TAP participants were (a) cognitively 400 

unimpaired, (b) had mild cognitive impairment, or (c) had AD. To determine study eligibility, 401 

participants underwent medical record review, medical history review, and a clinical interview 402 

(including functional assessment and the Clinical Dementia Rating with a reliable informant). 403 

Exclusion criteria included magnetic resonance imaging (MRI) contraindication, history of major 404 

psychiatric illness, neurological disease (e.g., multiple sclerosis), head injury with loss of 405 

consciousness >5 minutes, and systemic illness that would affect follow-up participation. 406 

Lumbar puncture-specific exclusion criteria included use of blood thinners other than aspirin, 407 

history of bleeding disorder, or severe deformity of the lumbosacral spine. CSF and serum 408 

samples were selected from a subset of participants randomly selected for balance across sex, 409 

age, hypertensive status, APOE genotype, and cognitive diagnosis (n=21, 72.04±5.04 years 410 

old, 53% female, Table 1). The protocol, guided by the Belmont Report, was approved by the 411 
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Vanderbilt University Medical Center Institutional Review Board, and written informed consent 412 

was obtained prior to data collection. Data, analytic methods, and study materials can be 413 

obtained by contacting the TAP principal investigator, Dr. Angela Jefferson. 414 

Participants underwent a morning fasting venous blood draw, and samples were immediately 415 

stored at −80°C. Whole blood was centrifuged at 2000g and 4°C for 15 minutes, and serum was 416 

extracted and stored in ten 0.5mL aliquots.  417 

Prior to the lumbar puncture procedure, participants were required to fast overnight but were 418 

encouraged to hydrate beforehand. The lumbar puncture was performed with the participant 419 

sitting unless clinical considerations necessitate placement in the lateral decubitus position. 25 420 

mLs of CSF were collected with a polypropylene syringe using a Sprotte 25-gauge spinal needle 421 

(Teleflex Medical, Wayne, PA, USA) at the L2-3, L3-4, or L4-5 interspaces. Samples were 422 

immediately mixed and centrifuged, and supernatants were aliquoted in 0.5-mL polypropylene 423 

tubes and stored at –80°C.  424 

Human RAS components  425 

CSF and serum RAS components were measured by ultra-pressure-liquid chromatography-426 

tandem mass spectrometry by Attoquant Diagnostics81. In serum, aldosterone, Ang II and Ang I, 427 

were measured, and Aldosterone-to-Angiotensin II ratio (AA2), renin activity surrogate (PRA-S, 428 

calculated from the sum of Ang I and Ang II and validated against plasma renin activity81), and 429 

ACE2 activity were derived. In CSF, angiotensinogen and aldosterone were measured.  430 

 431 

Albumin quantification  432 

Albumin levels (serum and CSF) were measured with the MesoScale R-Plex Human Album 433 

Assay (Cat# K1514VR-2) following the manufacturer Assay Protocol 1 in the R-PLEX Antibody 434 

Sets Singleplex Assays Insert. Serum samples were diluted 300,000-fold and CSF samples 435 

were diluted 5,000-fold in diluent 59 followed by diluent 100. Plates were read on an SQ 120 436 

instrument. The calibration curve was fitted with a 4-parameter logistic (or sigmoidal dose-437 

response) model with a 1/Y2 weighting.	The albumin ratio was calculated as CSF albumin 438 

(mg/L) / plasma albumin (g/L). 439 

 440 

Statistical analysis 441 
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Statistical analysis for Fig. 2-3 and Supp. Fig. 2 was performed in GraphPad Prism 10. Data 442 

was tested for normality using the Shapiro-Wilk test. Unpaired, two-tailed Student’s t-test was 443 

performed to assess intergroup differences for two group comparisons. One-way or two-way 444 

analysis of variance (ANOVA) with Tukey’s multiple-comparison test or uncorrected Fisher’s 445 

Least Significant Difference were done, as appropriate.  446 

Human biospecimen analysis  447 

Statistical analysis for Fig. 4-5, Supp. Table 2, and Supp. Fig. 4 was performed in R version 448 

4.2.3. Nonparametric Wilcoxon rank-sum test was used to assess intergroup differences in 449 

Table 1. Spearman correlations were calculated to quantify unadjusted associations of interest, 450 

i.e. between independent variables (age, PRA-S, CSF angiotensinogen, and CSF/serum 451 

albumin ratio) and all outcome variables (CSF renin, serum aldosterone, CSF aldosterone, 452 

CSF/serum renin ratio, serum Ang II, PRA-S, ACE-S, and CSF angiotensinogen). We ran a 453 

series of linear regression models as detailed. First, we assessed the association of PRA-S, 454 

CSF/serum albumin ratio, and CSF angiotensinogen with CSF-renin adjusting for age and sex. 455 

Next, we assessed the association among CSF/Serum albumin ratio and CSF RAS measures 456 

(renin, angiotensinogen, and aldosterone) adjusting for age and sex. Lastly, we assessed the 457 

association among age and RAS measures (CSF and serum) adjusting for sex. Sensitivity 458 

analysis was performed to exclude outliers defined as values >4 standard deviations away from 459 

the group mean for all variables, and 1 outlier was excluded in PRA-S. For ACE-S analysis (Fig. 460 

5C), n=4 participants were excluded for taking ACE inhibitors in their medications.  461 
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 497 

Figure 1. Choroid plexus epithelial cells express various RAS components. a, Pseudobulk 498 

analysis of renin expression between species (mice and humans) and sex (female and male), 499 

but higher expression in vivo than in vitro. b, Single-cell resolution datasets from mice and 500 

humans reveal c, expression of renin (Ren1), angiotensin converting enzyme (Ace), and 501 

angiotensinogen (Agt) in CPECs and d, across the different datasets. e, Co-express Ace and 502 

Ren1 resulted in a correlation value of 0.04 whereas co-express Agt and Ren1 resulted in a 503 

correlation value less than 0.001. f, Ace and Agt expression across 4th ventricle (Ven), lateral 504 

ventricles, and 3rd ventricle. g, Single-cell resolution datasets containing at least 3 Ren1+ 505 

CPECs. h, Approximately 1% of CPECs express renin (total CPECs = 46699; Ren1+ cells = 506 

440) and around 34% express Ace (15824). i, Comparison of renin expressing CPECs between 507 

the 4th, lateral, and 3rd ventricles.  508 
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 509 

Figure 2. Renin expression in mouse and human choroid plexus epithelial cells. a, 510 

Representative coronal images of mice choroid plexus tissue showing Ren1 mRNA (magenta), 511 

aquaporin 1 (AQP1; green), and DAPI (blue). Insets show higher-magnification views of the 512 

boxed region. Scale bars, 50 μm; inset, 25 μm. b, Ren1 mRNA expression across age (3, 6, 9, 513 

and 12 months) and sex. Data were analyzed by two-way ANOVA followed by Tukey’s post-hoc 514 

test (p=0.003; n = 4 - 8 animals per group as indicated). c, Representative images of choroid 515 

plexus explants isolated from the lateral ventricle (LV) and fourth ventricle (4V). Higher-516 

magnification views of the boxed regions are shown below. Scale bars, 500 μm (low 517 

magnification) and 50 μm (high magnification). d, Representative western blots and 518 

quantification of renin protein expression in choroid plexus (ChP) and kidney (Kid) tissue from 519 

male and female mice. Recombinant mouse renin was included as a positive control. Two-way 520 

ANOVA followed by Uncorrected Fisher’s LSD revealed significant effects of sex (p=0.0266) 521 

and tissue type on renin protein abundance (p=0.0099). e,f, Representative coronal images of 522 

human choroid plexus showing REN mRNA (magenta) together with aquaporin 1 (AQP1; aqua) 523 

(e) or angiotensinogen (AGT; yellow) (f). DAPI is shown in blue. Insets show higher-524 

magnification views of the boxed regions. Scale bars, 50μm; inset, 10μm. 525 
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 526 

Figure 3. Mouse choroid plexus secretes functional renin. a, Schematic of the fluorescence 527 

resonance energy transfer (FRET)-based renin activity assay. Cleavage of the fluorogenic 528 

peptide substrate by renin separates the fluorophore from the quencher, resulting in increased 529 

fluorescence. b, Schematic illustrating the anatomical location of the choroid plexus within the 530 

mouse ventricular system and representative images of choroid plexus tissue following PBS 531 

perfusion and dissection. c, Renin activity in conditioned media from lateral ventricles over time 532 

(n=5 mice). d, Quantification of renin activity measured in conditioned media (CM) from pooled 533 

lateral ventricles, 3rd and 4th ventricles, and plasma (n=9 mice, paired one-way ANOVA with 534 

Tukey’s post-hoc test). e, Pearson r correlation analysis between ChP-secreted renin activity 535 

(nM/100μl/hr) into the CM and plasma renin activity (nM/100μl/hr) (n=9).  536 
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 537 

Figure 4. Renin activity is present in human CSF. a, The CSF renin activity from four 538 

participants (P1, P2, P3, P4) was measured and plotted over time. Linear regression models for 539 

b, CSF renin activity and plasma renin activity surrogate (PRA-S), c, CSF renin activity and 540 

CSF/Serum albumin ratio, d, CSF renin activity and CSF Angiotensinogen, e, CSF/Serum Renin 541 

and CSF/Serum albumin ratio, and f, CSF angiotensinogen and CSF/Serum albumin ratio. b is 542 

the effect estimate. The black line represents the fitted regression line, and the shaded area 543 

indicates the 95% confidence interval.  544 
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 545 

Figure 5. Aging increases renin activity in the CSF but not in the circulation. Linear regression 546 

models for a, CSF renin activity and Age, b, PRA-S and age, and c, ACE-S and age. b is the 547 

effect estimate. The black line represents the fitted regression line, and the shaded area indicates 548 

the 95% confidence interval. 549 

550 

A

B

C

β=1.46

p=0.03

β=1.24

p=0.56

C
S

F
 R

e
n

in
 A

c
ti
v
it
y 

(n
M

/1
0

0
l

/h
r) 100

80

60

40

Age (years)
65 70 75 80 85

Age (years)
65 70 75 80 85

Age (years)

65 70 75 80 85

P
R

A
-S

 (
p

m
o

l/
L
)

200

150

100

50

A
C

E
-S

 (
p

m
o

l/
L
)/

(p
m

o
l/
L
)

6

4

2

1

3

5

β=-0.11

p=0.004



 23 

References  551 

1.  Fischer-Ferraro C, Nahmod VE, Goldstein DJ, Finkielman S. Angiotensin and renin in rat 552 

and dog brain. J. Exp. Med. 1971;133:353–361.  553 

2.  Inagami T, Celio MR, Lau D, Clemens DL, Takii Y, Hirose S, Yokosawa H. Brain Renin. In: 554 

Laragh JH, Bühler FR, Seldin DW, eds. Frontiers in Hypertension Research. New York, 555 

NY: Springer New York; 1981. p. 265–267. 556 

3.  Hirose S, Yokosawa H, Inagami T. Immunochemical identification of renin in rat brain and 557 

distinction from acid proteases. Nature. 1978;274:392–393.  558 

4.  Lavoie JL, Sigmund CD. Minireview: Overview of the Renin-Angiotensin System—An 559 

Endocrine and Paracrine System. Endocrinology. 2003;144:2179–2183.  560 

5.  Shinohara K, Liu X, Morgan DA, Davis DR, Sequeira-Lopez MLS, Cassell MD, Grobe JL, 561 

Rahmouni K, Sigmund CD. Selective Deletion of the Brain-Specific Isoform of Renin 562 

Causes Neurogenic Hypertension. Hypertension. 2016;68:1385–1392.  563 

6.  Shinohara K, Nakagawa P, Gomez J, Morgan DA, Littlejohn NK, Folchert MD, Weidemann 564 

BJ, Liu X, Walsh SA, Ponto LL, et al. Selective Deletion of Renin-b in the Brain Alters 565 

Drinking and Metabolism. Hypertension. 2017;70:990–997.  566 

7.  Veerasingham SJ, Raizada MK. Brain renin-angiotensin system dysfunction in 567 

hypertension: recent advances and perspectives. Br. J. Pharmacol. 2003;139:191–202.  568 

8.  Nakagawa P, Gomez J, Grobe JL, Sigmund CD. The Renin-Angiotensin System in the 569 

Central Nervous System and Its Role in Blood Pressure Regulation. Curr. Hypertens. Rep. 570 

2020;22:7.  571 

9.  Young CN, Davisson RL. Angiotensin-II, the Brain, and Hypertension: An Update. 572 

Hypertension. 2015;66:920–926.  573 

10.  Ferrario CM, Barnes KL, Block CH, Brosnihan KB, Diz DI, Khosla MC, Santos RA. 574 

Pathways of angiotensin formation and function in the brain. Hypertension. 1990;15:I13-19.  575 

11.  Ren L, Lu X, Danser AHJ. Revisiting the Brain Renin-Angiotensin System—Focus on 576 

Novel Therapies. Curr. Hypertens. Rep. 2019;21:28.  577 

12.  Fekete ÉM, Gomez J, Ghobrial M, Kaminski K, Muskus PC, Boychuk CR, Hantke Guixa A, 578 

Vazirabad I, Xie M, Ganiyu A, et al. Definitive Evidence for the Identification and Function 579 

of Renin-Expressing Cholinergic Neurons in the Nucleus Ambiguus. Hypertension. 580 

2025;82:282–292.  581 

13.  Damkier HH, Brown PD, Praetorius J. Cerebrospinal Fluid Secretion by the Choroid 582 

Plexus. Physiol. Rev. 2013;93:1847–1892.  583 

14.  Kratzer I, Ek J, Stolp H. The molecular anatomy and functions of the choroid plexus in 584 

healthy and diseased brain. Biochim. Biophys. Acta BBA - Biomembr. 2020;1862:183430.  585 



 24 

15.  Ditte Z, Silbern I, Ditte P, Urlaub H, Eichele G. Extracellular vesicles derived from the 586 

choroid plexus trigger the differentiation of neural stem cells. J. Extracell. Vesicles. 587 

2022;11:12276.  588 

16.  Lehtinen MK, Bjornsson CS, Dymecki SM, Gilbertson RJ, Holtzman DM, Monuki ES. The 589 

Choroid Plexus and Cerebrospinal Fluid: Emerging Roles in Development, Disease, and 590 

Therapy. J. Neurosci. 2013;33:17553–17559.  591 

17.  Xu H, Lotfy P, Gelb S, Pragana A, Hehnly C, Byer LIJ, Shipley FB, Zawadzki ME, Cui J, 592 

Deng L, et al. The choroid plexus synergizes with immune cells during neuroinflammation. 593 

Cell. 2024;187:4946-4963.e17.  594 

18.  Russell AJC, Weir JA, Nadaf NM, Shabet M, Kumar V, Kambhampati S, Raichur R, 595 

Marrero GJ, Liu S, Balderrama KS, et al. Slide-tags enables single-nucleus barcoding for 596 

multimodal spatial genomics. Nature. 2024;625:101–109.  597 

19.  Ximerakis M, Holton KM, Giadone RM, Ozek C, Saxena M, Santiago S, Adiconis X, 598 

Dionne D, Nguyen L, Shah KM, et al. Heterochronic parabiosis reprograms the mouse 599 

brain transcriptome by shifting aging signatures in multiple cell types. Nat. Aging. 600 

2023;3:327–345.  601 

20.  Zhao L, Li Z, Vong JSL, Chen X, Lai H-M, Yan LYC, Huang J, Sy SKH, Tian X, Huang Y, 602 

et al. Pharmacologically reversible zonation-dependent endothelial cell transcriptomic 603 

changes with neurodegenerative disease associations in the aged brain. Nat. Commun. 604 

2020;11:4413.  605 

21.  Tang Z, Luo S, Zeng H, Huang J, Sui X, Wu M, Wang X. Search and match across spatial 606 

omics samples at single-cell resolution. Nat. Methods. 2024;21:1818–1829.  607 

22.  Chen X, Zhang J, Li Z, Huang J, Feng C, Vong JSL, Wang Z, Lau SF, Chan DCW, Sy 608 

SKH, et al. Molecular and functional features of synucleinopathy-associated astrocytes. 609 

Manuscript in submission. Series GSE205511.  610 

23.  Mathys H, Boix CA, Akay LA, Xia Z, Davila-Velderrain J, Ng AP, Jiang X, Abdelhady G, 611 

Galani K, Mantero J, et al. Single-cell multiregion dissection of Alzheimer’s disease. 612 

Nature. 2024;632:858–868.  613 

24.  Dani N, Herbst RH, McCabe C, Green GS, Kaiser K, Head JP, Cui J, Shipley FB, Jang A, 614 

Dionne D, et al. A cellular and spatial map of the choroid plexus across brain ventricles 615 

and ages. Cell. 2021;184:3056-3074.e21.  616 

25.  Kanton S, Boyle MJ, He Z, Santel M, Weigert A, Sanchís-Calleja F, Guijarro P, Sidow L, 617 

Fleck JS, Han D, et al. Organoid single-cell genomic atlas uncovers human-specific 618 

features of brain development. Nature. 2019;574:418–422.  619 

26.  Huang S, Huang F, Zhang H, Yang Y, Lu J, Chen J, Shen L, Pei G. In vivo development 620 

and single-cell transcriptome profiling of human brain organoids. Cell Prolif. 621 

2022;55:e13201.  622 



 25 

27.  Paulsen B, Velasco S, Kedaigle AJ, Pigoni M, Quadrato G, Deo AJ, Adiconis X, Uzquiano 623 

A, Sartore R, Yang SM, et al. Autism genes converge on asynchronous development of 624 

shared neuron classes. Nature. 2022;602:268–273.  625 

28.  Yang AC, Kern F, Losada PM, Agam MR, Maat CA, Schmartz GP, Fehlmann T, Stein JA, 626 

Schaum N, Lee DP, et al. Dysregulation of brain and choroid plexus cell types in severe 627 

COVID-19. Nature. 2021;595:565–571.  628 

29.  Pellegrini L, Bonfio C, Chadwick J, Begum F, Skehel M, Lancaster MA. Human CNS 629 

barrier-forming organoids with cerebrospinal fluid production. Science. 630 

2020;369:eaaz5626.  631 

30.  Nowakowski TJ, Bhaduri A, Pollen AA, Alvarado B, Mostajo-Radji MA, Di Lullo E, 632 

Haeussler M, Sandoval-Espinosa C, Liu SJ, Velmeshev D, et al. Spatiotemporal gene 633 

expression trajectories reveal developmental hierarchies of the human cortex. Science. 634 

2017;358:1318–1323.  635 

31.  Masters H, Wang S, Tu C, Nguyen Q, Sha Y, Karikomi MK, Fung PSR, Tran B, Martel C, 636 

Kwang N, et al. Sequential emergence and contraction of epithelial subtypes in the 637 

prenatal human choroid plexus revealed by a stem cell model. Nat. Commun. 638 

2025;16:5149.  639 

32.  Rodríguez-Lorenzo S, Ferreira Francisco DM, Vos R, van Het Hof B, Rijnsburger M, 640 

Schroten H, Ishikawa H, Beaino W, Bruggmann R, Kooij G, et al. Altered secretory and 641 

neuroprotective function of the choroid plexus in progressive multiple sclerosis. Acta 642 

Neuropathol. Commun. 2020;8:35.  643 

33.  Parichha A, Suresh V, Chatterjee M, Kshirsagar A, Ben-Reuven L, Olender T, Taketo MM, 644 

Radosevic V, Bobic-Rasonja M, Trnski S, et al. Constitutive activation of canonical Wnt 645 

signaling disrupts choroid plexus epithelial fate. Nat. Commun. 2022;13:633.  646 

34.  Marques F, Sousa JC, Coppola G, Gao F, Puga R, Brentani H, Geschwind DH, Sousa N, 647 

Correia-Neves M, Palha JA. Transcriptome signature of the adult mouse choroid plexus. 648 

Fluids Barriers CNS. 2011;8:10.  649 

35.  Lun MP, Johnson MB, Broadbelt KG, Watanabe M, Kang Y-J, Chau KF, Springel MW, 650 

Malesz A, Sousa AMM, Pletikos M, et al. Spatially heterogeneous choroid plexus 651 

transcriptomes encode positional identity and contribute to regional CSF production. J. 652 

Neurosci. 2015;35:4903–4916.  653 

36.  Verhaege D, De Nolf C, Van Acker L, Claeys W, Castelein J, Van Wonterghem E, Van 654 

Imschoot G, Dujardin P, De Spiegelaere W, Hoste E, et al. Base barrier cells provide 655 

compartmentalization of choroid plexus, brain and CSF. Nat. Neurosci. 2026;29:551–566.  656 

37.  Dyer SC, Austine-Orimoloye O, Azov AG, Barba M, Barnes I, Barrera-Enriquez VP, Becker 657 

A, Bennett R, Beracochea M, Berry A, et al. Ensembl 2025. Nucleic Acids Res. 658 

2025;53:D948–D957.  659 

38.  Ganten D, Minnich JL, Grenger P, Hayduk K, Brecht HM, Barbeau A, Boucher R, Genest 660 

J. Angiotensin-Forming Enzyme in Brain Tissue. Science. 1971;173:64–65.  661 



 26 

39.  Speck G, Poulsen K, Unger Th, Rettig R, Bayer C, Scho¨lkens B, Ganten D. In vivo activity 662 

of purified mouse brain renin. Brain Res. 1981;219:371–384.  663 

40.  Ganten D, Hermann K, Bayer C, Unger Th, Lang RE. Angiotensin Synthesis in the Brain 664 

and Increased Turnover in Hypertensive Rats. Science. 1983;221:869–871.  665 

41.  Schelling P, Ganten U, Sponer G, Unger T, Ganten D. Components of the renin-666 

angiotensin system in the cerebrospinal fluid of rats and dogs with special consideration of 667 

the origin and the fate of angiotensin II. Neuroendocrinology. 1980;31:297–308.  668 

42.  Van Thiel BS, Góes Martini A, Te Riet L, Severs D, Uijl E, Garrelds IM, Leijten FPJ, Van 669 

Der Pluijm I, Essers J, Qadri F, et al. Brain Renin–Angiotensin System: Does It Exist? 670 

Hypertension. 2017;69:1136–1144.  671 

43.  Rodrigues AF, Domenig O, Garrelds IM, Danser AHJ, Alenina N, Poglitsch M, Bader M. 672 

Renin Is Essential for Angiotensin II Formation in the Brain. J. Am. Heart Assoc. 673 

2024;13:e034209.  674 

44.  Day RP, Reid IA. Renin Activity in Dog Brain: Enzymological Similarity to Cathepsin D. 675 

Endocrinology. 1976;99:93–100.  676 

45.  Reid IA. Is there a brain renin-angiotensin system? Circ. Res. 1977;41:147–153.  677 

46.  Yadati T, Houben T, Bitorina A, Shiri-Sverdlov R. The Ins and Outs of Cathepsins: 678 

Physiological Function and Role in Disease Management. Cells. 2020;9:1679.  679 

47.  Osman MY, Smeby RR, Sen S. Separation of dog brain renin-like activity from acid 680 

protease activity. Hypertension. 1979;1:53–60.  681 

48.  Hirose S, Yokosawa H, Inagami T. Immunochemical identification of renin in rat brain and 682 

distinction from acid proteases. Nature. 1978;274:392–393.  683 

49.  Smeby MY, Osman RR, Sen S, Bumpus FM. Relationship of renin and other proteolytic 684 

enzymes in dog brain. In: Villarreal H, ed. Hypertension. New York: Wiley; 1981. p223  685 

50.  Grobe JL, Rahmouni K, Liu X, Sigmund CD. Metabolic rate regulation by the renin–686 

angiotensin system: brain vs. body. Pflüg. Arch. - Eur. J. Physiol. 2013;465:167–175.  687 

51.  McKinley MJ, Albiston AL, Allen AM, Mathai ML, May CN, McAllen RM, Oldfield BJ, 688 

Mendelsohn FAO, Chai SY. The brain renin–angiotensin system: location and 689 

physiological roles. Int. J. Biochem. Cell Biol. 2003;35:901–918.  690 

52.  Arnold AC, Gallagher PE, Diz DI. Brain renin–angiotensin system in the nexus of 691 

hypertension and aging. Hypertens. Res. 2013;36:5–13.  692 

53.  Baggeroer CE, Cambronero FE, Savan NA, Jefferson AL, Santisteban MM. Basic 693 

Mechanisms of Brain Injury and Cognitive Decline in Hypertension. Hypertension. 694 

2024;81:34–44.  695 

54.  Duron E, Hanon O. Hypertension, cognitive decline and dementia. Arch. Cardiovasc. Dis. 696 

2008;101:181–189.  697 



 27 

55.  Santisteban MM, Iadecola C, Carnevale D. Hypertension, Neurovascular Dysfunction, and 698 

Cognitive Impairment. Hypertension. 2023;80:22–34.  699 

56.  Toledo JB, Arnold SE, Raible K, Brettschneider J, Xie SX, Grossman M, Monsell SE, 700 

Kukull WA, Trojanowski JQ. Contribution of cerebrovascular disease in autopsy confirmed 701 

neurodegenerative disease cases in the National Alzheimer’s Coordinating Centre. Brain. 702 

2013;136:2697–2706.  703 

57.  George CJ, Kyaw KT, Hall CB, Weiss EF, Verghese J, Abadir P. A comparison of drugs 704 

targeting the renin-angiotensin system and global cognition in aging. J. Alzheimer’s Dis. 705 

2025;13872877251365541.  706 

58.  Ho JK, Moriarty F, Manly JJ, Larson EB, Evans DA, Rajan KB, Hudak EM, Hassan L, Liu 707 

E, Sato N, et al. Blood-Brain Barrier Crossing Renin-Angiotensin Drugs and Cognition in 708 

the Elderly: A Meta-Analysis. Hypertension. 2021;78:629–643.  709 

59.  Andreassen SN, Toft-Bertelsen TL, Wardman JH, Villadsen R, MacAulay N. 710 

Transcriptional profiling of transport mechanisms and regulatory pathways in rat choroid 711 

plexus. Fluids Barriers CNS. 2022;19:44.  712 

60.  Kapsha JM, Severs WB. Renin activity in rat choroid plexi: effects of water-deprivation and 713 

hypovolemia. Experientia. 1983;39:429–430.  714 

61.  Vardi J, Kisch E, Bornstein N, Alguetti A, Flechter S, Regev I. CSF renin activity in 715 

hypertensive and normotensive patients. Schweiz. Arch. Neurol. Neurochir. Psychiatr. 716 

1981;129:347–352.  717 

62.  Visniauskas B, Kilanowski-Doroh I, Ogola BO, Mcnally AB, Horton AC, Imulinde Sugi A, 718 

Lindsey SH. Estrogen-mediated mechanisms in hypertension and other cardiovascular 719 

diseases. J. Hum. Hypertens. 2023;37:609–618.  720 

63.  Maktabi MA, Heistad DD, Faraci FM. Effects of angiotensin II on blood flow to choroid 721 

plexus. Am. J. Physiol.-Heart Circ. Physiol. 1990;258:H414–H418.  722 

64.  Faraci FM, Mayhan WG, Williams JK, Heistad DD. Effects of vasoactive stimuli on blood 723 

flow to choroid plexus. Am. J. Physiol. Heart Circ. Physiol. 1988;254:H286–H291.  724 

65.  Maktabi MA, Stachovic GC, Faraci FM. Angiotensin II decreases the rate of production of 725 

cerebrospinal fluid. Brain Res. 1993;606:44–49.  726 

66.  Mohan UP, Filipeanu CM, Lazartigues E. Microglial activation and RAS signaling: a dual-727 

edged sword in neuroinflammation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 728 

2026;330:R151–R165.  729 

67.  Milner TA, Chen RX, Welington D, Rubin BR, Contoreggi NH, Johnson MA, Mazid S, 730 

Marques-Lopes J, Marongiu R, Glass MJ. Angiotensin II differentially affects hippocampal 731 

glial inflammatory markers in young adult male and female mice. Learn. Mem. 732 

2022;29:265–273.  733 



 28 

68.  de Kloet AD, Liu M, Rodríguez V, Krause EG, Sumners C. Role of neurons and glia in the 734 

CNS actions of the renin-angiotensin system in cardiovascular control. Am. J. Physiol. 735 

Regul. Integr. Comp. Physiol. 2015;309:R444-458.  736 

69.  Faraco G, Park L, Zhou P, Luo W, Paul SM, Anrather J, Iadecola C. Hypertension 737 

enhances Aβ-induced neurovascular dysfunction, promotes β-secretase activity, and leads 738 

to amyloidogenic processing of APP. J. Cereb. Blood Flow Metab. 2016;36:241–252.  739 

70.  Güzel Ö, Kehoe PG. The Contribution of the Renin-Angiotensin System to Alzheimer’s 740 

Disease. Curr. Top. Behav. Neurosci. 2025;69:107–127.  741 

71.  MacLachlan R, Kehoe PG, Miners JS. Dysregulation of ACE-1 in Normal Aging and the 742 

Early Stages of Alzheimer’s Disease. J. Gerontol. A. Biol. Sci. Med. Sci. 2022;77:1775–743 

1783.  744 

72.  Yamaguchi H, Gomez RA, Sequeira-Lopez MLS. Renin Cells, From Vascular 745 

Development to Blood Pressure Sensing. Hypertension. 2023;80:1580–1589.  746 

73.  Ganten D, Fuxe K, Phillips MI, Mann JFE, Ganten U. The brain isorenin-angiotensin 747 

system: biochemistry, localization and possible role in drinking and blood pressure 748 

regulation. In: Ganong WF, Martini L, eds. Frontiers in Neuroendocrinology. New York: 749 

Raven Press; 1978. p61-90.  750 

74.  Brosnihan KB, Smeby RR, Ferrario CM. Effects of chronic sodium depletion on canine 751 

brain renin and cathepsin D activities. Hypertension. 1982;4:604–608.  752 

75.  Lindvall M, Edvinsson L, Owman C. Sympathetic nervous control of cerebrospinal fluid 753 

production from the choroid plexus. Science. 1978;201:176–178.  754 

76.  Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, Lee MJ, Wilk AJ, Darby 755 

C, Zager M, et al. Integrated analysis of multimodal single-cell data. Cell. 2021;184:3573-756 

3587.e29.  757 

77.  Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for 758 

RNA-seq data with DESeq2. Genome Biol. 2014;15:550.  759 

78.  Zhang M-Z, Yao B, Fang X, Wang S, Smith JP, Harris RC. Intrarenal dopaminergic system 760 

regulates renin expression. Hypertension. 2009;53:564–570.  761 

79.  Shipley FB, Dani N, Xu H, Deister C, Cui J, Head JP, Sadegh C, Fame RM, Shannon ML, 762 

Flores VI, et al. Tracking Calcium Dynamics and Immune Surveillance at the Choroid 763 

Plexus Blood-Cerebrospinal Fluid Interface. Neuron. 2020;108:623-639.e10.  764 

80.  Calipari ES, Juarez B, Morel C, Walker DM, Cahill ME, Ribeiro E, Roman-Ortiz C, 765 

Ramakrishnan C, Deisseroth K, Han M-H, et al. Dopaminergic dynamics underlying sex-766 

specific cocaine reward. Nat. Commun. 2017;8:13877.  767 

81.  Burrello J, Buffolo F, Domenig O, Tetti M, Pecori A, Monticone S, Poglitsch M, Mulatero P. 768 

Renin-Angiotensin-Aldosterone System Triple-A Analysis for the Screening of Primary 769 

Aldosteronism. Hypertension. 2020;75:163–172.  770 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Table1.pdf

Supplement.pdf

https://assets-eu.researchsquare.com/files/rs-10474429/v1/19aa2d4e6ea179f2d7613e51.pdf
https://assets-eu.researchsquare.com/files/rs-10474429/v1/13bda8a3c8c1f92456f79a81.pdf

