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Choroid plexus-mediated CSF secretion
remains stable in aging rats via high and age-
resistant metabolic activity

Sara D. Lolansen 1,2,10, Eszter O. Révész1,10, Søren N. Andreassen1,10,
Marleen Trapp3, Chiara Salio 4, Marco Sassoé-Pognetto 5,
Jens Velde Andersen 6, Emil W. Westi 6, Trine L. Toft-Bertelsen 1,
Jonathan H. Wardman1, Anne-Kristine Meinild Lundby7, Flemming Dela 7,8,
Annarita Patrizi 3,9, Blanca I. Aldana 6 & Nanna MacAulay 1

Ourbrain is bathed in cerebrospinalfluid (CSF) that is producedby the choroid
plexus. CSF serves as a dispersion route for hormones and nutrients, and a
conduit for waste clearance. Age-dependent reduction in the CSF secretion
rate could influence cerebral waste clearance and thereby promote cognitive
deficits in the elderly. Here, we resolve age-dependent modulation of CSF
dynamics and choroid plexus function by complementary in vivo determina-
tions of intracranial pressure (ICP) and CSF secretion/absorption rates, com-
bined with transcriptomic, morphological, and metabolic analysis of choroid
plexus in aging male rats. ICP and CSF secretion rate and absorption capacity
remain stable with age, and the choroid plexus retains its morphology,
structural integrity, gene expression, and highmetabolic rate across the tested
ages. This work supports the significance of choroid plexus function for brain
aging and promotes this tissue as a future target for neurodegenerative dis-
eases associated with impaired waste clearance and cognitive decline.

Cerebrospinal fluid (CSF) continuously circulates in the mammalian
brain and the cranial and spinal subarachnoid spaces1. Throughout life,
maintenance of CSF homeostasis is vital for normal health. The CSF
provides brain buoyancy and protects against mechanical insults,
enables delivery of nutrients, hormones, and growth factors critical for
normal brain development, and serves as a conduit for removal of
metabolic waste products back into the systemic circulation2,3. Dys-
regulated CSF homeostasis is increasingly recognized as a potential
contributor to various brain pathologies ranging from distorted cor-
ticogenesis in the developing brain4, neurodegeneration in the elderly

brain5–8, and hydrocephalic conditions, which may manifest at all
ages9,10. An important impediment to the advancement of novel
treatment strategies targeting dysregulated CSF dynamics is our cur-
rently limited understanding of howCSF dynamics change throughout
the course of life.

The adult human brain produces roughly 500mL of CSF each
day11, the majority of which arises from the secretory actions of the
choroid plexus residing within the four fluid-filled ventricles of the
brain1. The molecular mechanisms by which the choroid plexus
secretes CSF and the effects of healthy ageing on the CSF secretion
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apparatus and the associated CSF dynamics remain incompletely
understood. The choroid plexus of humans and mice displays age-
dependent morphological changes such as flattening of the epithe-
lium, thickening of the basement membrane, and a reduction in the
number and the length of the microvilli facing the CSF-filled
ventricles12–14. These structural changes have been speculated to be
accompanied by a reduced functional capacity, evidenced by mito-
chondrial alterations12 and decreased enzymatic activity15. These
morphological changesmay either not affect CSF secretion rates16,17 or
may increase18–20 or reduce21–25 CSF secretion with age. An age-
dependent reduction in CSF secretion, together with a concomitant
decline in fluid exchange between the CSF and the brain parenchyma6

could potentially hinder clearance of metabolic waste products and
lead to accumulation of toxic substances, ultimately promoting neu-
rodegeneration and cognitive decline in the elderly population5–7,26,27.
Here, we show that healthy ageing rats sustain their CSF secretion and
absorption rates, and thus intracranial pressure (ICP), with intact
choroid plexus morphology, transcriptomics, metabolic rate, and
mitochondrial function.

Results
Brain water content declines with maturity but remains stable
in aging
To elucidate age-dependent changes in brain fluid dynamics, we
employedmale rats of the six different age groups: 1, 3, 6, 12, 18, and 24
months of age (Fig. 1a). An increase in bodyweight was observed at the
first two time points, after which the weight plateaued (1M: 136 ± 2 g;
3M: 419 ± 7 g; 6M: 525 ± 14 g; 12M: 541 ± 26 g; 18M: 558 ± 22 g; 24M:
492 ± 34 g, n = 6 in each group, Fig. 1b). A similar age-dependent
increase in brain weight was observed in the young age groups (1M:
1.67 ± 0.02 g; 3M: 1.92 ± 0.07 g; 6M: 2.15 ± 0.05 g; 12M: 2.19 ± 0.06 g,
18M: 2.13 ± 0.08 g; 24M: 2.19 ± 0.07 g, n = 6 in each group, Fig. 1c) with
the youngest group of rats (1M) displaying a significantly higher
relative brain weight (>1%) compared to the remaining age groups
(<0.5%), P <0.001, Fig. 1d. To determine the brain water content, we
employed the wet-dry technique28, which revealed a significantly
higher brain water content in the younger rats (1M: 79.8 ± 0.1%, n = 6)
compared to all other age groups (3M: 78.0 ±0.1%; 6M: 77.2 ± 0.3%;
12M: 76.5 ± 0.1%; 18M: 76.5 ± 0.2%; 24M: 76.3 ± 0.2%, n = 6 in each
group, P <0.001), with the brain water content plateauing at the
6–12M age and remaining stable in aging (Fig. 1e).

ICP remains stable with age
To revealwhether the age-dependent brainwater content translated to
changes in ICP, we measured the ICP in each age group with an epi-
dural pressure probe placed in anaesthetized, mechanically ventilated
rats (Fig. 1f). The 1-month old rats displayed a tendency towards a
lower ICP (1M: 2.50 ±0.39mmHg, n = 6) but with no significant dif-
ferences across the age groups (3M: 3.95 ± 0.30mmHg; 6M:
3.85 ± 0.38mmHg; 12M: 3.22 ± 0.39mmHg; 18M: 3.93 ±0.66mmHg,
24M: 4.28 ±0.59mmHg, n = 6–7, Fig. 1g). The results suggest that the
ICP remains stable with aging.

CSF drainage capacity remains stable with age
To resolve if the stable ICP alignedwith undisturbedCSF dynamics, we
determined the CSF drainage capacity as the resistance to CSF outflow
(Rout) in the six age groups. The ICP was continuously monitored in
anaesthetized and ventilated rats during lateral ventricular infusion of
pre-heated aCSF in rates of 5, 10, and 15 µl/min (Fig. 1h). The ICP at the
end of each infusion step was employed to calculate the Rout (see
Methods). Therewas no significant difference in CSF drainage capacity
across the six age groups ((in mmHg/min/µl) 1M: 0.58 ±0.09; 3M:
0.60 ±0.06; 6M: 0.74 ±0.09; 12M: 0.63 ±0.06; 18M: 0.66 ±0.08;
24M: 0.63 ±0.13, n = 6–7, Fig. 1i). Therefore, the findings suggest that
the CSF drainage capacity remains intact with healthy aging.

CSF secretion remains stable with age
Toquantify the contributionofCSF secretion to the age-resistant ICP, the
CSF secretion rate was determined in the six different groups of rats
using the ventriculo-cisternal perfusion technique29,30. Here, the ven-
tricular system of anesthetized and mechanically ventilated rats was
continuously perfused with heated, equi-osmolar, and gas-equilibrated
aCSF containing a fluorescent dye of high molecular weight (dextran,
MW: 155 kDa) with simultaneous sampling of the perfused solution
through a cisterna magna puncture. As the high molecular weight of the
dextran hinders detectable dye dispersion into the surrounding brain
tissue (Ref. 31 and Supplementary Fig. S5d), the CSF secretion rate can be
directly obtained from the degree of dye dilution that occurs upon
mixing of the perfused solution with the nascent CSF (Fig. 1j). The CSF
secretion rate was significantly lower in the youngest group of rats (1M:
4.37 ±0.15 µl/min, n=6) compared to the remaining age groups (P<0.05
to P<0.001), which displayed similar CSF secretion rates, except for a
small, yet significant (P<0.05), decrease in CSF secretion rate from 18 to
24 months of age ((in µl/min) 3M: 6.41 ±0.20; 6M: 6.90±0.60; 12M:
6.79 ±0.22; 18M: 7.51 ±0.43; 24M: 5.94±0.28, n=6–7, Fig. 1k). Hence,
the CSF secretion rate appears to remain stablewith aging, althoughwith
a tendency towards a beginning reduction in the oldest age group.

No morphological remodeling in aging choroid plexus
With minimal age-dependent changes in CSF secretion rates, we
determined the morphological structure of choroid plexus epithelial
cells obtained from aging rats. Overall, the choroid plexus epithelial
cells retained their gross ultrastructural morphology across all age
groups (Fig. 2a), with no significant alterations in neither cross-
sectional cell area ((in µm2) 1M: 365 ± 27; 3M: 408 ± 20; 6M: 414 ± 16;
12M: 359± 8; 18M: 414 ± 15; 24M: 363 ± 6, n = 3, Fig. 2b) nor cell axis
ratio (1M: 1.07 ± 0.13; 3M: 1.08 ± 0.01; 6M: 0.94 ± 0.06; 12M:
1.16 ± 0.12; 18M: 0.90 ± 0.03; 24M: 0.93 ±0.06, n = 3, Fig. 2c). Simi-
larly, we observed no significant age-dependent changes in microvilli
length ((in µm) 1M: 1.57 ± 0.11; 3M: 1.37 ± 0.01; 6M: 1.52 ± 0.14; 12M:
1.58 ± 0.05; 18M: 1.48 ± 0.08; 24M: 1.54 ± 0.09, n = 3, Fig. 2d) or their
morphology (Fig. 2e). Finally, tight junctions also appeared intact and
unchanged amongst the different age groups (Fig. 2f).

Transcriptomic analysis of choroid plexus as a function of age
To reveal if age-dependent changes in CSF dynamics originated in
choroid plexus function rather than morphology, we determined the
transcriptomic profile of choroid plexus obtained from rats of the six
different age groups by RNAseq. The overall density of gene expres-
sion was similar between the age groups (Fig. 3a), although with slight
age-dependent fluctuations in genes at the lower endof the expression
level (Fig. 3a insert). To elucidate the overall distribution in expression
profiles amongst the different age groups, we performed a PCA plot of
the different age groups. The age groups arranged into three distinct
clusters containing the very young (1 month old), the young adult to
adult (3, 6, and 12 months old) and the elderly rats (18 and 24 months
old), Fig. 3b. We discovered that the different age groups shared
expression of the vast majority (92-95%, depending on their gene
library size) of genes (Fig. 3c) with 1072 genes differentially expressed
over the different age groups (Supplementary Data 1, sheet S1). A
number of geneswas exclusively expressedwithin eachgroupwith the
1-month-old rats expressing the largest number of exclusive genes
(288, ∼2.1% of all expressed genes), followed by the 18-months old (89
genes,∼0.6%), 24-months old (72 genes,∼0.5%), and to a lesser degree
the remaining age groups with ∼0.2–0.3% exclusive genes (37, 31, and
19 genes for age groups 3, 6, and 12 months, respectively), Fig. 3c.

To reveal the functional characteristics of the differentially
expressed genes, those recognized by the PANTHER database were
assigned to a molecular function (Supplementary Data 1, sheet S2), as
displayed in the enrichment plot in Fig. 3d. The highest abundance
of differentially expressed genes were categorized as ‘binding’
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(296 genes, 22%), followed by ‘catalytic activity’ (211 genes, 16%),
‘transporter activity’ (62 genes, 5%), ‘molecular function regulator’ (54
genes, 4%), ‘molecular transducer activity’ (48 genes, 4%), ‘transcrip-
tion regulator activity’ (46 genes, 3%), ‘structural molecule activity’ (22
genes, 2%), and ‘ATP-dependent activity’ (14 genes, 1%) with the rest of
the molecular functions having ≤1% genes assigned or could not be
assigned a molecular function (570 genes, 43%). Quantification of the

gene expression within each category as a function of age revealed no
obvious decline with aging, although with an elevated transcriptional
level in all categories besides ‘ATP-dependent activity’ in the 1-month
age group (Fig. 3e). To further elucidate the age-dependent gene
expression within the choroid plexus, the differentially expressed
genes were organized into protein classes, as illustrated in the
enrichment plot in Fig.4a (Supplementary Data 1, sheet S2). 346 genes
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Fig. 1 |Weight andCSFdynamics as a functionof age. aRepresentative images of
the six different age groups employed in the study (1, 3, 6, 12, 18, and 24-months (M)
old male Wistar rats anesthetized with ketamine/xylazin, n = 6 rats in each age
group). b. Body weight of the six different age groups. c Brain weight of the six
different age groups. d Relative brain weight of the six different age groups cal-
culated as percentage of bodyweight. e Brain water content of the six different age
groups calculated using the wet-dry technique (note; y-axis does not initiate at 0).
f Representative ICP traces obtained in one rat of each age group with the peak
indicating injection of 5 µl aCSF to obtain a continuous fluid column. The dashed
line indicates the starting point of the last 5min used to obtain the average ICP in
each animal.gAveraged ICP in rats of different ages (n = 6 (1M,6M, 12M, 24M)or 7
(3M, 18M) rats in each age group). h Representative ICP traces obtained in one rat
of each age group undergoing resistance to CSF outflow (Rout) measurements.

Arrows indicate initiation of each infusion rate. i Resistance to CSF outflow (Rout) in
rats of different ages (n = 6 (1M, 6M, 12M, 24M) or 7 (3M, 18M) rats in each age
group). j Representative time course trace of the fluorescence ratio of dextran
(outflow/inflow) during ventriculo-cisternal perfusion of one rat (3M). The squared
insert indicates the region used for the quantification of CSF secretion rates. k CSF
secretion rates across the six different age groups were quantified from the fluor-
escence ratio of dextran (n = 6 (1M, 3M,6M, 12M, 18M) or 7 (24M) rats in each age
group. 1M; turquoise, 3M; green, 6M; orange, 12M; red, 18M; purple, 24M; grey.
Data are presented as mean ± SEM and statistical significance was tested with one-
way ANOVA followed by Tukey’s multiple comparisons test. Asterisks denote sta-
tistical significance (*P <0.05, **P <0.01, ***P <0.001). Non-significance is not illu-
strated for clarity. Source data are provided as a Source Data file and exact P-values
in Supplementary Data 2.
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Fig. 2 | Choroid plexus epithelial cell morphology as a function of age.
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24M; grey. Data are presented as mean ± SEM, and statistical significance was
tested with the Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
Non-significance is not illustrated for clarity. Scale bar 5 µm (a), 1 µm (e), 2 µm (f).
Source data are provided as a Source Data file.
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Fig. 3 | Differential choroid plexus gene expression as a function of age. aGene
expression density between the different age states. Gene density (y-axis) versus
gene expression in log10(Median Ratio Normalization (MRN) (x-axis). Insert high-
lights gene expression between log10 (MRN) of −0.5 and 2. b PCA plot of the
different age groups with the threemajor clusters of age groups encircled. cGenes
shared between the age groups (excluding genes expressed lower than 10 TMM).
dGOenrichment analysis of themolecular functions of the differentially expressed
genes. e Expression level of the differentially expressed geneswithin each category

of molecular functions across all age groups. The expression levels are the z-score
of the mean (circles) with the 95% confidence interval indicated as shaded area.
n = 3. 1M; turquoise, 3M; green, 6M; orange, 12M; red, 18M; purple, 24M; grey.
Statistical significance was tested with one-way ANOVA followed by Tukey’s mul-
tiple comparisons post hoc test. Asterisks denote statistical significance between
the age groups (*; P <0.05, **; P <0.01, ***; P <0.001). Non-significance is not illu-
strated for clarity. Source data are provided as a Source Data file and exact P-values
in Supplementary Data 2.
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strated as z-score of themean (circles) with the 95% confidence interval indicated as a
shaded area. The expression level of each transporter at each age is indicated in
transcripts per million (TPM) below each graph, n= 3. e Quantification of Western
blots (from Supplementary Fig. 2b–d) of Na+/K+-ATPase (NKA), NKCC1, and AQP1,
n= 3, data are presented as mean±SEM and statistical significance was tested with
one-way ANOVA followed by Tukey’s multiple comparisons test. Asterisks denote
statistical significance (*P<0.05), non-significance is not illustrated for clarity. 1M;
turquoise, 3M; green, 6M; orange, 12M; red, 18M; purple, 24M; grey. Source data
are provided as a Source Data file and exact P-values in Supplementary Data 2.
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(32%) could not be assigned to a protein class, but the majority of the
differentially expressed genes were assigned to the category of
‘metabolite interconversion enzymes’ (104 genes, 10%), followed by
‘protein modifying enzymes’ (96 genes, 9%), and ‘transporters’ (79
genes, 7%). The latter category could directly influence the CSF
secretion rate and transcellular transport ofmetabolites etc., and their
individual age-dependent expression fluctuation therefore illustrated
in Fig. 4b. The table of transporters only includes genes with an
expression level of 100 TMM or above, but all differentially expressed
genes classified as ‘Transporter’ are included in Supplementary Data 1,
sheet S2 – Protein class. To elucidate whether the choroid plexus
capacity to clear brain waste products and toxinsmay reducewith age,
we extracted the set of choroid plexus transcripts encoding transport
families involved in these processes, i.e., the ABC transporter family
and the SLC families involved in efflux of waste products32. The ABC
transporter family increased in expression in the two eldest age
groups, which contrasts the age-dependent downward trend of the
other three transporter categories, and the abrupt decline in the 24
months age group for the nucleoside and peptide transporters group
(Supplementary Fig. S1a). For the expression of genes encoding drug-
metabolizing enzymes, one group (glutathione S-transferases and
glutathione-synthesis related genes) displayed a stable expression
across the age groups, whereas the three other groups (‘Cytochrome
P450s and epoxide hydrolases’, ‘flavin-containing monooxygenases’,
and ‘UDP-glucuronosyltransferases and sulfotransferases’) exhibited
slight, but not statistically significant, fluctuations across the age
groups (Supplementary Fig. S1b). Of the antioxidant enzymes, the
group encoding hemeoxygenases andbiliverdin reductase displayed a
tendency towards reduced expression in the older age groups (Sup-
plementary Fig. S1c).We observednooverall age-dependent decline of
transcripts encoding junctional proteins (Supplementary Fig. S1d), nor
in individual transcript abundance of the expressed tight junctional
proteins (claudin 1, 2, 3, 5, 9, 10, 12, 15, 19, 22, 23, occludin, or zonula
occludens 1) with the exception of claudin 11, which demonstrates
significant age-dependent transcript fluctuation (Supplementary
Data 1, sheet S1). Claudin 1 displayed a tendency towards an increased
expression in the 24M old rats (Supplementary Data 1), which was
replicated at the protein level (Supplementary Fig. S2a).

None of the transport mechanisms usually assigned to CSF
secretion33 appeared amongst the membrane transport mechanisms
differentially expressed across the age groups (Fig. 4b). We therefore
extracted this set of transport proteins to determine their age-
dependent distribution (Fig. 4c). Although several of these, the
Na+,K+,2Cl- cotransporter 1 (NKCC1), the Cl-/HCO3

- exchanger 2 (AE2),
the Na+/K+-ATPase α1, the Na+-coupled HCO3

- transporters NBCe2 and
NCBE, but not aquaporin 1 (AQP1), displayed a tendency to increase
from the 1month age group to the 3months age group, none declined
significantly with old age (Fig. 4d), confirmed at the protein level with
the Na+/K+-ATPase, the NKCC1, and AQP1 (Fig. 4e and Supplementary
Fig. S2b–d). With such stable expression of the transport proteins
involved inCSF secretion, we speculated that themetabolism required
to sustain the secretory apparatus remained high throughout the rat
life span. To determine the age-dependent gene expression of genes
involved in metabolism, we extracted the biological function of the
differentially expressed genes with enrichment analysis (Supplemen-
tary Fig. S3a and Supplementary Data 1, sheet S2). The 1072 differen-
tially expressed genes were assigned to 2306 biological functions,
meaning that some genes appear in more than one category, with 489
genes (21%) remaining unclassified. Themost abundant category in the
enrichment plot was ‘cellular processes’ (534 genes, 23%), followed by
‘biological regulation’ (292 genes, 13%) and ‘metabolic processes’ (281
genes, 12%) (Supplementary Fig. S3a). The 281 differentially expressed
genes encoding metabolic processes displayed a significant decline
from the 1-month-old rats to the rest of the age groups, with no sig-
nificant fluctuations in the rest of the age groups (Supplementary

Fig. S3b). The genes involved in glycolysis (listed in Supplementary
Data 1, sheet S3) displayed a tendency towards a decline in expression
level from the rats of 1 month to those of 3 months of age, and again
from the 18-month-old rats to the 24-month-old ones (Supplementary
Fig. S3c). In contrast, the genes encoding enzymes involved in the TCA
cycle (listed in Supplementary Data 1, sheet S3) were significantly
upregulated in the 12-month-old rats, followed by a significant down-
regulation in the 18-month-old rats, and a return to baseline by
24 months of age (Supplementary Fig. S3d).

The choroid plexus sustains its high metabolic rate
throughout aging
To elucidate the age-dependent metabolic function of the choroid
plexus, we performed stable isotope tracing on the acutely excised
choroid plexus (Fig. 5a, b). Initially, we determined the metabolic
capacity of the lateral choroid plexus compared to other tissues,
including the cerebral cortex, muscle, and other epithelial tissues
(proximal tubule and small intestine) in the 3-month-old rats (Fig. 5c). 13C
enrichment frommetabolism of [U-13C]glucose was robustly detected in
aspartate, citrate, malate and succinate across the five different tissues.
We found that the cycling ratios were significantly higher in the lateral
choroid plexus compared to the other tissues with a cycling ratio for
e.g., citrate in choroid plexus of 3.75 ±0.11, in the cerebral cortex of
0.95 ±0.12, in the small intestine of 1.29 ±0.08, in the muscle of
0.92 ±0.14, in the proximal tubule of 1.29 ±0.10, n=6-7, P<0.05
(Fig. 5c). The metabolic activity of the different tissues was similarly
distributed irrespective of the quantified metabolite (Fig. 5c) and aver-
aged across all four quantified metabolites, the metabolic activity of
choroid plexus was 3.8-fold higher than cerebral cortex, 2.5-fold higher
than small intestine, 2.6-fold higher thanmuscle and 2.1-fold higher than
proximal tubule. The choroid plexus thus displays an exceedingly high
baseline activity of the TCA cycle, both regarding the lateral choroid
plexus (Fig. 5c) and the fourth choroid plexus (Supplementary Fig. S4a).
To then determine whether healthy ageing affects the high metabolic
activity of the choroid plexus, we quantified [U-13C]glucose metabolism
in the acutely excised choroid plexus from rats of 1, 3, 6, 12, 18 and
24 months of age (Fig. 5d). The 1-month-old rats displayed a slightly
highermetabolic activity of the choroid plexus compared to someof the
groups of older rats, when compared across all tested metabolites
(Fig. 5d), e.g., the cycling ratio of citrate was 4.09±0.08 in the 1M rats,
compared to 3.56 ±0.09 in the 3M rats, P<0.05, 3.54 ±0.16 in the 6M
old rats, P<0.05, 3.73 ±0.16 in the 12M old rats, P=0.32, 3.39 ±0.12 in
the 18M old rats, P<0.05, and 3.60±0.11 in the 24M old rats, P=0.70,
n=6 of each group (Fig. 5d). This pattern was also observed for the
fourth choroid plexus (Supplementary Fig. S4b). However, there was no
significant decline of the metabolic activity from 3-months-old to any of
the older groups of rats (Fig. 5d), suggesting that the high metabolic
activity of the choroid plexus is sustained throughout ageing.

Aging choroid plexus retains mitochondrial morphology and
function
Due to the maintenance of high metabolic activity throughout aging,
our attention was drawn to mitochondria, which are important for
sustaining the energy required for the activity of the choroid plexus
epithelial cells. Ultrastructural images revealed no significant changes in
mitochondrial morphology between the different age groups (Fig. 6a).
In fact, neither mitochondrial density ((mitochondria/100 µm2) 1M:
9.55 ±0.75; 3M: 7.66±0.61; 6M: 8.25 ±0.67; 12M: 8.83 ± 1.20; 18M:
8.00±0.43; 24M: 9.99 ± 1.76, n= 3, Fig. 6b), overall cross-sectional area
((in µm2/cell) 1M: 0.71 ±0.01; 3M: 0.80±0.06; 6M: 0.70 ±0.01; 12M:
0.76 ±0.05; 18M: 0.70 ±0.03; 24M: 0.74 ±0.05, n=3, Fig. 6c), nor
shape, asmeasured by circularity (1M: 0.84 ±0.01; 3M: 0.84 ±0.01; 6M:
0.85 ±0.01; 12M: 0.83 ±0.01; 18M: 0.84 ±0.01; 24M: 0.84 ±0.01, n= 3,
Fig. 6d), showed any statistical differences through aging.Mitochondrial
function was then determined by oxidative phosphorylation capacity of
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Data are presented as mean ± SEM, and statistical significance was tested with
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the choroid plexus, measured with high-resolution respirometry. Initi-
ally we resolved the oxidative phosphorylation capacity of choroid
plexus acutely excised from3-months-old rats by quantifying theO2 flux
in response to sequential titration of various electron transport chain
substrates (Fig. 6e, f). The maximal oxidative phosphorylation capacity,
represented by the ΔO2 flux between baseline and succinate titration,
amounted to 137 ±8 pmol/s×mg, n= 5. Mitochondria outer membrane
integrity was verified following quantification of the percentile increase
in O2 flux upon the addition of cytochrome C, 10.9 ± 2.5%, n = 5, which
contributes validation of adaptability of the assay to choroid plexus. The
maximal oxidative phosphorylation capacity was stable across all age
groups ((in pmol/s×mg): 1M: 135 ± 15; 3M: 138 ±9; 6M: 122 ± 13; 12M:
127 ± 9; 18M: 128 ± 6; 24M: 121 ± 9, n=6 of each, P=0.83) with no sta-
tistically significant reduction with aging (Fig. 6g).

Discussion
Weheredemonstrate thatmale rats generally retain their choroid plexus
structure and function with age and thus display stable CSF dynamics in
aging. Young rats had significantly larger relative brainweight andhigher

brain water content than their aged counterparts, the latter of which is
also evident in infants and young children34. The rats displayed reduced
total brain water content with aging, although stabilizing around 12
months of age. Brain water content represents all fluid-containing cells
and (interstitial) compartments in the brain, with the CSF surrounding
thebrain lost duringbrain isolation.Our data thereforedonot reflect the
general ventricular enlargement generally observedwith age-dependent
brain atrophy in both rats and humans with aging21,35,36. The young rats
displayed a tendency towards a lower ICP, but no significant changes
observed across the age groups, which is in line with earlier reports on
aging human subjects37–39, but contrasting a proposed age-related
reduction of human ICP40. The resistance to CSF outflow, likewise,
remained constant across age groups, suggesting that the CSF drainage
capacity is intact also in aged rats, aligningwith earlier studies onhealthy
human subjects suggesting either no, or a slight, increase in the resis-
tance to outflowwith age37,39. Of note, this type of analysis measures the
ease by which an experimentally-induced excess of brain fluid is cleared
from the CSF system, irrespective of the mechanism of CSF absorption
and the anatomical location, and therefore reflects the capacity for CSF
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drainage, rather than rate of drainage in the resting state. The latter
manifests in an age-dependent reduction of CSF outflow via the basal
meningeal lymphatic vessels or across the cribriform plate to the lym-
phatic vessels, as determined with a fluorescent indicator, in mice41–43

and in rats until the 12months age, after which the drainage stabilized44.
The CSF secretion rate in the anesthetized rats increased after the

1 month of age, in accordance with an earlier study45, but remained
constant in the remaining life span of the rat (with the exception of a
small increase at 18Mwith a subsequent decline at 24M, atwhich time
point the CSF secretion rate was similar to that of the 3-12M). Of note,
aged rats used for this study did not show overt neurological symp-
toms, but their cognitive status was not tested prior to experiments.
Chiu et al.21 reported an increasedCSF secretion rate from3-month-old
rats to the older age groups, with a constant CSF secretion rate from 12
to 20 months of age, in accordance with the present study. Their 30-
month age group displayed a decline in the CSF secretion rate, which
could suggest an age-dependent decrease in CSF secretion rate in very
old rats, a tendency we also observed in our oldest age group (24M),
which could be the beginning of a very-old-age-dependent decline.
The discrepancy could thus reside in the 6 months age difference
(6 months older than our oldest rats at 24 months), the different rat
strain (F344/BN hybrid) employed, or critical differences in animal
ventilation during the procedures. In particular, Chiu et al. did not
implement mechanical ventilation, and this may have affected the old
age group. We, in fact, quickly noticed that the 24-month-old rats
required swift initiation of assisted ventilation following anesthesia to
ensureproper physiological bloodparameters andhence survival. This
age-dependent requirement for mechanical ventilation prevented the
use of the alternative ‘direct method’ to assess CSF secretion rate46. To
avoid such confounding elements, the CSF secretion measurements
could therefore be conducted in awake rats, as was recently demon-
strated to provide larger CSF secretion rates than during anesthesia46.
In mice, the CSF secretion rate was reported slightly reduced in aged
mice, but remained rate stable in all preceding age groups22. Earlier
studies in goats revealed an age-dependent reduction in fluid exiting
the in situ perfused choroid plexus in anesthetized goats16. This
reduction was, however, countered by an age-dependent increase in
choroid plexus weight (as also observed in humans47,48), which, taken
together, suggests a constant CSF secretion rate in aging goats.
Although one study suggested an age-dependent reduction of the
CSF secretion rate in healthy humans by a modified Masserman
technical approach23, and another suggested an increased CSF secre-
tion rate by determination of CSF protein content18, several phase
contrast magnetic resonance imaging (MRI) studies performed on
human subjects demonstrate either no difference17 or age-dependent
either elevation19,20 or reduction24,25 of the aqueductal CSF flow.
The MRI-based CSF flow quantifications are, amongst other factors,
influenced by the arterial pulsation, which also changes with age24,
and may, in addition, depend on the aqueductal diameter.
Taken together, it remains unresolved to what extent (or if) the CSF
secretion rate, on a general basis, alters with healthy aging. Of note,
with the larger total CSF volume in aged humans and rodent21,35,36,
undisturbed rates of CSF secretion and drainage will lead to reduce
combined CSF turnover. The estimated doubling of the total CSF
volumebetween 3M and 24Mof age, as reported for F344/BN rats21, is
thus predicted to half the CSF turnover rate and thereby slow clear-
ance of metabolites and toxins. Such reduced clearance of waste
products could contribute to turning physiological aging into neuro-
degenerative disease. With the numerous reports of altered choroid
plexus volume, morphology, and transcriptomics or blood-choroid
plexus-CSF barrier function in various neurodegenerative diseases,
such as multiple sclerosis, Alzheimer’s disease, amyotrophic lateral
sclerosis, and Parkinson’s disease49–55, one may anticipate future elu-
cidation of alterations in this system as contributing factors in occur-
rence of neurodegenerative pathology.

The sustained CSF secretion capacity in aging rats aligns with the
strikingly unchanged lateral choroid plexus morphology in the aging
rats, where the epithelial cells remained cuboidal with identical cross-
sectional area, microvilli length and abundance, and tight junctional
coupling. The age-persistent tight junctional coupling corroborates a
previous demonstration in rats of a different species; Sprague-
Dawley56, with earlier reporting of either a similar maintenance of
microvilli coverage13, or slightly shorter, but denser microvilli with
aging in this strain of rats56. Murine and human choroid plexus epi-
thelial cellsflattenwith age12,14, with a slight shortening of themicrovilli
length in the agingmousechoroidplexus. Agedmurine choroidplexus
displayed reduced tight junctional contact area12, although with no
general reduction in transcripts encoding tight junctional proteins in
agedmice57. The latter aligned with the aging rats in the present study,
which displayed no overall reduction in transcripts encoding junc-
tional proteins, nor in individual transcript abundance of the expres-
sed tight junctional proteins, with the exception of claudin 11,
demonstrating a significant age-dependent transcript fluctuation.
Taken together, there may be species- and strain-dependent differ-
ences in choroid plexus morphology in aging although direct func-
tional effects of the reported age-dependent changes await future
quantification. In addition, age-related degradation or modification of
relevant choroid plexus transport proteins or tight junction proteins,
as observed for claudin 157, are likely to affect choroid plexus function
with aging, although claudin 1 remained stable at the protein level in
the aging rats here employed. Lastly, with the different localization,
gene transcription, and developmental profiles58,59 of the choroid
plexuses in the lateral ventricles versus the one in the fourth ventricle,
the latter could well age differentially from those placed in the lateral
ventricles of the forebrain.

Transcriptomic analysis of the aging choroid plexus revealed a
notable clustering of the young rats (1M) versus the adult rats (3M,
6M, 12M), which again were distinct from that of the old rats (18M,
24M), suggesting age-dependent gene expression in the rat choroid
plexus, as previously reported for mice and humans58,60. Never-
theless, the groups shared expression of the vast majority of genes,
with only∼1000 genes differentially expressed over the different age
groups. Of note, it is possible that larger sample sizes could highlight
small differences not detectable in a three-sample size experiment.
The choroid plexus from young rats displayed the largest number of
exclusive transcripts, which aligned with most of the assigned
molecular functions of the differentially expressed genes being ele-
vated in this young age group. Of the differentially expressed genes,
7% were assigned to the protein class of transporters, of which we
observed no general age-dependent reduction in expression of
transporters involved in the clearing of brain waste product and
toxins. However, the abrupt decline of transcripts encoding nucleo-
side and peptide transporters at 24M may likely affect neuronal
homeostasis and maintenance and could thus influence neuronal
function with aging. Transcripts encoding the transport proteins that
are generally considered implicated in CSF secretion remained stable
with aging, which aligns with the stable CSF secretion rates observed
in all age groups in the present study. We confirmed the stable
expression at the protein level for the Na+/K+-ATPase, the NKCC1, and
the AQP1, although the latter displayed a tendency towards higher
levels in the middle-aged (6-18M) groups. With the recent demon-
stration of AQP1 not required for CSF secretion61, such potential
decline is not expected to influence CSF secretion in aging. We
cannot exclude altered abundance of the transporters not tested at
the protein level, nor age-dependent changes in their potential post-
translational modifications, which could, together or alone, affect
the protein activity level. Accordingly, earlier studies on aged chor-
oid plexus have demonstrated either constant expression of the Na+/
K+-ATPase in mice12 or apparently reduced (although unquantified)
immunodetection of the Na+/K+-ATPase in Sprague-Dawley rats56,
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which contrasts the stable protein level of Na+/K+-ATPase in aging
rats here observed.

Twelve percent of the differentially regulated genes belonged to
the protein class of metabolic processes. These genes, and those
involved in both glycolysis and the TCA cycle, were generally reduced
in transcript abundance from the 1-month-old rats, but remained
stable across the remaining age groups. These transcriptomic findings
were reflected in the metabolic rate of excised choroid plexus, which,
likewise, was reduced after 1 month of age, but remained intact
throughout aging in both choroid plexus of the lateral ventricle and
that of the fourth ventricle. The choroid plexus metabolism was ∼4-
fold higher than the cerebral cortex and ∼2.5-fold higher than muscle
tissue and two other fluid-transporting epithelia (proximal tubule and
small intestine), underscoring the high metabolic requirement for
sustenanceof the CSF production in addition to themultitude of other
functions served by the choroid plexus. Curiously, this age-resistant
metabolic rate is not mirrored in cortical tissue, with its well-
established metabolic decline with age in humans, mice and rats62–64,
suggesting the importance of sustained CSF secretion in the aging
brain. Lastly, mitochondrial function, as determined by their capacity
for oxidative phosphorylation, also remained stable across lateral
choroid plexuses from the different age groups, with no indication of
declined mitochondrial activity in aged rats. These findings align with
the observed integrity of mitochondrial morphology, cross-sectional
area, and density across the age groups. The intact oxidative phos-
phorylation capacity of aged mitochondria mirrors that observed in
murine choroid plexus, despite their elongation with age12.

In conclusion, male rats retain their capacity for CSF absorption
and secretion throughout healthy aging, which aligns with the mor-
phologic, transcriptomic, andmetabolic stability of the choroid plexus
epithelium in the tested time span. Future research should address
putative sex-specific differences in healthy aging of the CSF secretion
machinery and CSF dynamics. Although some data sets may indicate a
similar functional stability in larger mammals, including humans,
neurodegenerative pathologies e.g., Alzheimer’s disease may be
associated with reduced CSF secretion and/or CSF turnover5,18,26,65,
which could contribute to slower clearance of metabolites and toxic
compounds and thus worsened cognition. Future determinations of
neuropathology-related disturbances in CSF dynamics should, how-
ever, consider that rodent models generally fail to fully recapitulate
neurodegenerative pathologies such as Alzheimer’s disease. Never-
theless, an improved understanding of CSF dynamics in health versus
diseased aging may pave the way towards uncovering whether
manipulation of the CSF secretion apparatus could prove beneficial in
the treatment of neurodegenerative diseases associated with reduced
waste clearance and cognitive decline5.

Methods
Experimental rats
All animal experiments conformed to the European guidelines and
ethical regulations for the use of experimental animals. The experiments
were approvedby the animal facility at the Faculty ofHealth andMedical
Sciences, University of Copenhagen, and by the Danish Animal Experi-
ments Inspectorate (permission number 2021-15-0201-00867). Male
Wistar rats (Janvier) of ages 1, 3, 6, 12, 18, and 24months were employed
in the study. The rats were housed with 12:12 light cycle with access to
water and food ad libitum in accordance with the guidelines of the
Danish Veterinary and Food Administration (Ministry of Environment
and Food). When possible, several experiments were performed on the
samerats inorder to reduce thenumberof experimental animals, i.e., the
bodyweight and brain weights (Fig. 1) were determined from one set of
rats, of which the choroid plexuses were extracted from the brains for
RNAseq (Figs. 3–4) prior to determination of brain water content (Fig. 1),
the intracranial pressure (ICP)was recorded justprior to the resistance to
outflow determination in another set of rats (Fig. 1), and the choroid

plexuses for electron microscopy (Figs. 2,6) were extracted after termi-
nation of the ventriculo-cisternal perfusion assay (Fig. 1).

Anesthesia and physiological parameters
The experimental rats were anaesthetized with intraperitoneal (i.p.)
administration of xylazin and ketamine (ScanVet, 10mg/kg animal
xylazine, 5min later 100mg/kg animal ketamine, half dose of ketamine
was re-dosed every 10–40min upon detection of foot reflex). The body
temperature of the anesthetized rats was maintained at 37 °C by a
homeothermic monitoring system (Harvard Apparatus). Mechanical
ventilation was included for anesthetic protocols longer than 30min to
ensure stable respiratory partial pressure of carbon dioxide and arterial
oxygen saturation, and thus stable plasma pH and electrolyte content. A
surgical tracheotomy was performed and the ventilation controlled by
theVentElite system (HarvardApparatus) by0.9 lmin−1 humidified airmi
−xed with 0.1 lmin−1 O2 adjusted with approximately 3mL/breath, 80
breaths/min, a Positive End-Expiratory Pressure (PEEP) at 2 cm, and 10%
sigh for a ~400g rat. The ventilation settings were optimized for each
animal using a capnograph (Type 340, Harvard Apparatus) and a pulse
oximeter (MouseOx® Plus, Starr Life Sciences) after system calibration
with respiratory pCO2 (4.5–5 kPa), pO2 (13.3–17.3 kPa), and arterial oxy-
gen saturation (98.8–99.4%) (ABL90, Radiometer). The eldest group of
rats (24 months of age) was generally more sensitive to the anesthetic
agents, and respirationmomentarily stopped in some of the rats before
the insertion of the tracheal ventilation tube. Mechanical ventilation of
the rats, however, ensured stable heart rates (Supplementary Fig. S5a)
andensuredoxygen saturation in all agegroupsduring the experimental
time window, albeit with an age-dependent reduction in baseline heart
rate (Supplementary Fig. S5b).

Determination of brain water content
The rat brain was swiftly removed following anesthesia and decapita-
tion, placed in a pre-weighed porcelain evaporating beaker (Witeg),
and weighed within minutes after brain isolation. The brain tissue was
dried at 100 °C for 72 h to a constantmass. The dry brain wasweighed,
and the brain water content was determined in mL/gram dry weight
using the equation: (wet weight - dry weight)/dry weight.

CSF production rate
(Equation 1). The CSF production rate was determined with the
ventriculo-cisternal perfusion technique. A 4mm brain infusion cannula
(Brain infusion kit 2, Alzet) was stereotaxically placed in the right lateral
ventricle of an anesthetized and ventilated rat (coordinates: 1.3mm
posterior to Bregma, 1.8mm lateral to the midline, and 0.4-0.8mm
ventral), through which pre-heated (37 °C, SF-28, Warner Instruments)
HCO3

--buffered artificial CSF (HCO3
--aCSF; (in mM) 120 NaCl, 2.5 KCl, 2.5

CaCl2, 1.3 MgSO4, 1 NaH2PO4, 10 glucose, 25 NaHCO3, pH adjusted with
95% O2/5% CO2) containing 0.5mg/mL TRITC-dextran (tetra-
methylrhodamine isothiocyanate-dextran, MW= 150,000; T1287,
Sigma) was perfused at 9μl/min. CSF was sampled continuously
through a glass capillary inserted into another glass capillary inserted
into cisterna magna, which prevents elevation of the ICP during the
procedure. The outer glass capillary was replaced at 5min intervals and
the fluorescent content of each of these CSF samples wasmeasured in a
microplate photometer (545nm, SynergyTM Neo2 Multi-mode Micro-
plate Reader; BioTek Instruments), and the production rate of CSF was
calculated from the equation:

Vp = ri �
Ci � Co

Co
ð1Þ

where Vp = CSF production rate (µl min−1), ri = infusion rate (µl min−1),
Ci = fluorescence of inflow solution, Co = fluorescence of outflow
solution, calculated based on the stable time interval from 45-90min
after initiation of the experiment. As earlier demonstrated for young
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rats31, lack of penetration of the dextran across the ependymal lining
into the parenchyma was verified following completion of full
experiments in both young (3M) and aged (24M) old rats (Supple-
mentary Fig. S5c-d).

ICP and resistance to outflow measurements
Anesthetized and ventilated rats were placed in a stereotactic frame
and the skull was exposed. A brain infusion cannula (Brain infusion kit
2, Alzet) was placed in the left lateral ventricle (coordinates: 1.3mm
posterior to bregma, 1.8mm lateral to the midline, 0.4–0.8mm ven-
tral). After cementing the cannula in place, a 3.6mm diameter cranial
window was drilled in the contralateral side (coordinates: 6mm pos-
terior to bregma, 1mm lateral to the midline) with care not to damage
the dura. An epidural probe (PlasticsOne, C313G) was secured with
dental resin cement (Panavia SA Cement, Kuraray Noritake Dental Inc.)
above the dura and the ICP probe was filled with HEPES-aCSF ((inmM)
120 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 10 glucose, 17 Na-
HEPES, adjusted to pH 7.4 with NaOH) prior to connection to a pres-
sure transducer APT300 and transducer amplifier module TAM-A
(Hugo Sachs Elektronik) followed by a multifunction data acquisition
module DT9836-12-2-BNC (Data Translation). To ensure the presence
of a continuous fluid columnbetween the dura and the epidural probe,
approximately 5 µl HEPES-aCSF was injected through the epidural
probe. The ICP signalwas recorded at a 1 kHz sampling rate usingBDAS
Basic Data Acquisition Software (Hugo Sachs Elektronik). Jugular
compressionwas applied to confirmproper ICP recording. Continuous
ICP recordings were performed for at least 20minutes (and employed
for quantification of the age-dependent ICP) before beginning the
resistance to CSF outflow assay. Following the baseline ICP measure-
ments, pre-heated (37 °C, SF-28, Warner Instruments) aCSF was
infused into the left lateral ventricle through the Alzet for intervals of
10minutes at 5, 10 and 15 µl/min. (Eq. 2)

Resistance to drainage (Rout) was calculated using the following
equation (derived from66):

Rout =
ICPinf � ICPbase

V inf
ð2Þ

Where ICPinf is the mean ICP of the last three minutes of infusion at a
given rate (in mmHg), ICPbase is the initial stable ICP baseline the last
fiveminutes before the initiation of the Routmeasurements (inmmHg),
andVinf is the infusion rate (in µl/min). Rout for each rate of infusionwas
calculated and averaged across all infusion rates for each rat to
determine resistance to CSF drainage.

RNAsequencing (RNAseq)
Choroid plexuses (from lateral and fourth ventricles) were iso-
lated from the anesthetized and decapitated rat and stored in
RNAlater® (Sigma-Aldrich, St. Louis, Missouri, USA) at −80 °C. The
RNA extraction and library preparation were performed by
Novogene Company Limited, UK, with NEB Next® Ultra™ RNA
Library Prep Kit (NEB, USA) prior to their RNA sequencing
(paired-end 150 bp, with 12 Gb output) on an Illumina NovaSeq
6000 (Illumina, USA). The 150 base-pair end reads were mapped
to the reference genome (Rattus norvegicus Rnor_6.0 v.104) using
Spliced Transcripts Alignment to a Reference (STAR) RNA-seq
aligner (v. 2.7.9a)67. The data was normalized using DEseq2 (v.
3.16)68 using standard procedure69: The gene expression was
normalized for ranking of gene expression to trimmed mean of
M-values (TMM)70 by ‘conorm’ python library (v.1.2.0) (https://
pypi.org/project/conorm/). A density plot was generated using
DEseq268 normalized data Median Ratio Normalization (MRN)69. A
principal component analysis (PCA) was generated using DEseq2
rlog transformed data, Relative Log Expression (RLE), utilizing
Scikit-learn python library69,71. The Venn diagram was generated

using TMM normalized data, excluding genes expressed below 10
TMM, utilizing R library ‘venn’ and ‘ggplot2’72,73. The genes shared
between the age groups are displayed in the venn diagram in a
binary manner (present if expressed above the threshold). All
three data normalization methods were compared and yielded
virtually identical results, with no discernible impact on down-
stream analyses. Differential expression of genes between age
groups was determined based on DEseq2 Likelihood Ratio Test
(LRT)68. These differentially expressed genes were employed for
the subsequent bioinformatics analyses. The differentially
expressed genes were categorized by their three major gene
ontology terms ‘Molecular function’, ‘Protein classes’, and ‘Bio-
logical function’74,75 by utilizing the PANTHER database (accessed
8 Sep 2023)76,77. The gene symbols were gathered from the
Ensembl Biomart extension (accessed 8 Sep 2023)78,79 and used as
input for the PANTHER database. The gene annotation obtained
from the PANTHER gene lists of the subcategories within ‘Mole-
cular function’, ‘Protein classes’, and ‘Biological function’ was
mapped back to Ensembl ID using ‘gene symbol’ and ‘UniProt IDs’
as reference. The ensembl IDs without reference to a ‘gene sym-
bol’ in the PANTHER database was annotated ‘Unclassified’. A
‘small group collection’ was implemented for the enrichment
plots containing groups of ‘Molecular function’ and ‘Biological
function’ less than one percent, and ‘Protein classes’ less than two
percent. Time series plots were generated using DEseq2 normal-
ized (MRN) data transformed to z-score. The table of transport
mechanisms was generated using DEseq2 normalized data (MRN)
transformed to z-score and ranked according to normalized mean
TMM values across all samples. Genes encoding transporters
involved in neuroprotection and efflux were selected based on
the gene list from Kratzer et al.32. All program parameter settings
for library building and mapping, and libraries/packages, toge-
ther with all scripts for the gene annotation and analysis are
available at https://github.com/Sorennorge/MacAulayLab-Age-
Study. Raw data are available at the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus (GEO)
database (accession number: GSE246313).

Western blotting
Rats were anesthetized, decapitated, and the brains removed and
immersed in ice-cold HEPES-aCSF for 10min before isolation of
the lateral choroid plexuses. Two isolated lateral choroid plexu-
ses per rat were lysed in 90 µl RIPA buffer (in mM: 150 NaCl, 50
Tris pH 8.0, 5 EDTA, 0.5% sodium deoxycholate, 0.1% SDS and 1%
Triton X-100; Sigma) supplemented with the protease inhibitors
pefabloc (0.4 mM, Sigma-Aldrich) and leupeptin (8 µM, Sigma-
Aldrich), sonicated (70% power for 3 ×5 secs intervals, Sonopuls,
Bandelin), and centrifuged at 13.000 × g for 3 min at 4 °C. 30 µl
sample buffer (4% SDS, 0.006% Bromphenol Blue, 8.7% glycerol,
0.25% Tris-base and 0.75% DTT, pH 6.8, adjusted with HCl) was
added, the samples were heated up to 65 °C for 10min and stored
at −80 °C. Of the lysed choroid plexus, we loaded 10 µl (Na+/K+-
ATPase) or 12 µl (claudin 1) on precast SDS-PAGE gels (4–20%
Criterion TGX, Bio-Rad) and transferred using immobilon-FL
membranes (Merck Millipore). The membranes were blocked in
Odyssey blocking buffer PBS (LI-COR) and probed with primary
antibodies: mouse anti-Na+/K+-ATPase α1 a6F (1:60, a6F, DSHB),
rabbit anti-claudin-1 (1:1000, ab307692, Abcam), rabbit anti-
AQP1-1 (1:1000, ab307692, Alomone), sheep anti-NKCC1 (2 µg/
ml, S022D, Dundee University, and as a loading control; chicken
anti-GAPDH (1:800, AB2302, Millipore), all diluted in blocking
buffer:PBS-T 1:1. Primary antibodies were detected using
fluorophore-conjugated secondary antibodies (all 1:10.000; IRDye
680RD Donkey anti-chicken, IRDye 800CW Goat anti-mouse;
IRDye 800CW Goat-anti rabbit, rabbit anti sheep IgG, DyLight
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800 conjugate, LI-COR) and scanned on an Odyssey CLx imaging
system (Image Studio ver. 5.2, LI-COR). Image analysis was per-
formed using Image Studio software (LI-COR).

Transmission Electron Microscopy (TEM)
Choroid plexuses of the lateral ventricles were isolated from anes-
thetized and decapitated rats and fixed in 2% v/v glutaraldehyde in
50mM sodium phosphate buffer (pH 7.2) at 4 °C until further pro-
cessing. Following a phosphate buffer (0.2M) wash, the choroid
plexus underwent post-fixation in a 1:1mixture of 2% aqueous osmium
tetroxide (Electron Microscopy Sciences, Hatfield, PA) and 3%
potassium ferrocyanide (Sigma-Aldrich) at 4 °C for 1 hour. It was then
dehydrated in increasing acetone concentrations (30%, 60%, 90%,
100%) for 15min each. The samples were subsequently incubated in
acetone/Spurr resin (1:1 for 30min, then 1:2 for 30min) and left in
Spurr resin (Electron Microscopy Sciences) overnight at room tem-
perature. The choroid plexuses were embedded in Spurr resin within
capped 00 BEEM capsules (Electron Microscopy Sciences) for 24 h at
70 °C. An ultramicrotome (EM UC6, Leica Microsystems) was used to
cut ultrathin sections (70 nm), which were collected on uncoated
nickel grids (100 mesh). These sections were counterstained with
UranyLess EM Stain for 30 s and lead citrate (both from Electron
Microscopy Sciences) for 30 s. A JEM-1400 Flash transmission elec-
tron microscope (JEOL, Tokyo, Japan) was utilized to examine the
sections. The Jeol Matataki Flash camera’s automated montage sys-
tem was employed to obtain electron micrographs. The lateral chor-
oid plexus from three different animals from each age group was
imaged and seven images from each choroid plexus were chosen for
quantification (in total 21 images per age group). Cells were selected
such that both apical and basal compartments and lateral borders
were visible. The analysis was performed using ImageJ (Fiji, NIH) with
a previously published custom semi-automated macro12. The follow-
ing parameters were analyzed: cross-sectional cell area (µm2); cell axis
ratio, calculated as the proportion between horizontal (distance
between the lateral extremities of the cell) and vertical (distance
between basal to apical extremities - microvilli not included) lengths;
microvilli length (µm), average of three segments measured from the
apical border of the epithelial cell until the end of the microvilli
(segments were placed at both lateral extremities and the center of
the structure); mitochondrial density (mito/µm2); mitochondrial
cross-sectional area (µm2/cell), computed as the mean area occupied
by all mitochondrial profiles in a cell; mean circularity of all mito-
chondria in a cell, derived using the formula 4π x Area/Perimeter2

(with values near 1 indicating round mitochondrial profiles and those
closer to 0 suggesting elongated shapes).

Metabolic mapping using stable isotope tracing
Oxidative glucosemetabolism in the tricarboxylic acid (TCA) cyclewas
determined by 13C isotope tracing80. Three-months-old Wistar rats
were anesthetized and sacrificed before isolation of the intact lateral
and fourth choroid plexuses, small pieces of the cerebral cortex, small
intestine, hind leg muscle, and isolated proximal tubule81. The tissues
were swiftly transferred to oxygenated (5% CO2/95% O2) Dulbecco’s
Modified Eagle’s Medium with pH = 7.4 (Sigma-Aldrich, D5030), con-
taining 5mM[U-13C]glucose and incubated for 30minutes at 37 °C. The
incubation was terminated by transferring the tissue to ice-cold 70%
ethanol. The isolated proximal tubules were briefly centrifuged to
form a pellet onto which ice-cold 70% ethanol was added. To deter-
mine the age-dependentmetabolism of choroid plexus, the lateral and
fourth choroid plexuses were isolated from rats of 1, 3, 6, 12, 18, and
24 months of age. The tissues were quickly transferred to gas-
equilibrated (5% CO2/95% O2) aCSF containing (in mM): 128 NaCl, 25
NaHCO3, 3 KCl, 2 CaCl2, 1.2 MgSO4, 0.4 KH2PO4, and 5mM [U-13C]
glucose (pH = 7.4) and incubated for 30min at 37 °C. The incubation

was terminated by transferring the tissue pieces to ice-cold 70%
ethanol. Before analysis, all tissues were sonicated and centrifuged
(4000 g x 20min), and the supernatant was removed and lyophilized.
The tissue extracts were analyzed by gas chromatography-mass
spectrometry (GC-MS)82. Briefly, extracts were reconstituted in
water, acidified, extracted twice with ethanol and metabolites deriva-
tized using N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide.
Samples were analyzed by GC (Agilent Technologies, 7820A, J&W GC
column HP-5 MS) coupled to MS (Agilent Technologies, 5977E). The
isotopic enrichment was corrected for the natural abundance of 13C by
analyzing standards containing the unlabeled metabolites of interest.
Isotope tracing reveals the fractional 13C enrichment of metabolites,
described as M+X, where M is the molecular ion and X is the number
of 13C atoms in the molecule80. The fractional 13C enrichment depends
on the total metabolite amounts, which may vary across tissues and
age. To circumvent this, the isotope tracing results are presented as
the cycling ratio83, describing the metabolite accumulation of 13C
generated by subsequent turns of the TCA cycle (M + 3, M+ 4,M+ 5…)
relative to the 13C entry into the TCA cycle (M + 2), reflecting the rate of
TCA cycling. As the cycling ratio is a measure of 13C accumulation
relative to 13C entry into the TCA cycle, it is only dependent on 13C
fluxes, which allows for metabolic comparisons across tissues with
potentially different metabolite amounts.

Mitochondrial respiration measurements
The age-dependent mitochondrial respiratory capacity was assessed
by high-resolution respirometry84 using the high-resolutionOxygraph-
2k (Oroboros, Innsbruck, Austria). Acutely excised lateral choroid
plexuses were swiftly blotted on filter paper and weighed on a XS205
DualRange Analytical Balance (Mettler-Toledo AG, Switzerland). The
respirometric measurements were performed in duplicate at 37 °C in
mitochondrial respiration medium (MiR05: 0.5mM EGTA, 3mM
MgCl2, 60mM potassium lactobionate, 20mM taurine, 10mM
KH2P04, 20mM Hepes, 110mM sucrose and 1 g/l bovine serum albu-
min (pH 7.1)). The choroid plexus was initially permeabilized by digi-
tonin (1.25 µg/ml, Sigma-Aldrich) for 15minutes before the sequential
addition of the complex I substrates pyruvate (5mM, Sigma-Aldrich),
malate (2mM, Sigma-Aldrich), and glutamate (10mM, Sigma-Aldrich)
to provide electrons to complex I. The addition of ADP (5mM, Sigma-
Aldrich) promoted the oxygen flux that reflects complex I oxidative
phosphorylation capacity. Subsequent addition of the complex II
substrate succinate (10mM,Sigma-Aldrich) allowedmaximal oxidative
phosphorylation, with electron flow via both complex I and complex II.
To test the integrity of the mitochondria outer membrane, cyto-
chrome C (10 µM, Sigma-Aldrich) was titrated into each chamber. A
cytochrome C-induced percentile increase in oxygen flux >20% indi-
cated compromised sample integrity. 10 choroid plexuses (of the 82
here employed) surpassed this threshold and were omitted from the
subsequent data analysis.

Data analysis and statistics
All data are shown asmean ± SEM, and statistical analyses were carried
out with GraphPad Prism (GraphPad Software).

Statistical significance was determined with a parametric or non-
parametric tests depending on whether the data was normally dis-
tributed calculatedwith the D’Agostino-Pearson’s test. One or two-way
ANOVA (parametric) or Kruskal-Wallis (non-parametric) were
employed for statistical analysis followed by Tukey’s or Dunn’s multi-
ple comparisons post hoc test, as indicated in figure legends. P <0.05
was considered statistically significant.

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

Article https://doi.org/10.1038/s41467-025-61889-6

Nature Communications |         (2025) 16:6778 13

www.nature.com/naturecommunications


Data availability
The datasets used in the current study are available from the corre-
sponding author on request. Source data are provided with this paper.
All program parameter settings for library building and mapping,
together with all scripts for the gene annotation and analysis are
available at https://github.com/Sorennorge/MacAulayLab-Age-
Study85. Raw RNAseq data are available at the National Center for
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO)
database (accession number: GSE246313; https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE246313). Source data are provided
with this paper.
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