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Aging alters the expression of trophic 
factors and tight junction proteins 
in the mouse choroid plexus
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Abstract 

Background The choroid plexus (CP) is an understudied tissue in the central nervous system and is primarily impli-
cated in cerebrospinal fluid (CSF) production. CP also produces numerous neurotrophic factors (NTF) which circulate 
to different brain regions. Regulation of NTFs in the CP during natural aging is largely unknown. Here, we investigated 
the age and gender-specific transcription of NTFs along with the changes in the tight junctional proteins (TJPs) 
and the water channel protein Aquaporin (AQP1).

Methods Male and female mice were used for our study. Age-related transcriptional changes were analyzed using 
quantitative PCR at three different time points: mature adult, middle-aged, and aged. Transcriptional changes dur-
ing aging were further confirmed with digital droplet PCR. Additionally, we used immunohistochemical analysis 
(IHC) for the evaluation of in vivo protein expression. We further investigated the cellular phenotype of these NTFS, 
TJP, and water channel proteins in the mouse CP by co-labeling them with the classical vascular marker, Isolectin B4, 
and epithelial cell marker, Plectin.

Results Aging significantly altered NTF gene expression in the CP. Brain-derived neurotrophic factor (BDNF), Mid-
kine (MDK), VGF, Insulin-like growth factor (IGF1), IGF2, Klotho (KL), Erythropoietin (EPO), and its receptor (EPOR) were 
reduced in the aged CP of males and females. Vascular endothelial growth factor (VEGF) transcription was gender-
specific; in males, gene expression was unchanged in the aged CP, while females showed an age-dependent reduc-
tion. Age-dependent changes in VEGF localization were evident, from vasculature to epithelial cells. IGF2 and klotho 
localized in the basolateral membrane of the CP and showed an age-dependent reduction in epithelial cells. Water 
channel protein AQP1 localized in the tip of epithelial cells and showed an age-related reduction in mRNA and pro-
tein levels. TJP’s JAM, CLAUDIN1, CLAUDIN2 and CLAUDIN5 were reduced in aged mice.

Conclusions Our study highlights transcriptional level changes in the CP during aging. The age-related transcrip-
tional changes exhibit similarities as well as gene-specific differences in the CP of males and females. Altered tran-
scription of the water channel protein AQP1 and TJPs could be involved in reduced CSF production during aging. 
Importantly, reduction in the neurotrophic factors and longevity factor Klotho can play a role in regulating brain 
aging.
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Graphical Abstract

Background
The blood-cerebrospinal fluid barrier (BCSFB) is a phys-
icochemical barrier established by choroid plexus (CP) 
epithelial cells in the lateral, third, and fourth cerebral 
ventricles. The CP is composed of highly specialized 
cuboidal epithelium that is continuous with ependymal 
cells lining the ventricles of the brain. These cuboidal epi-
thelial cells are interconnected by tight junctions on their 
apical surface along with a core of fenestrated capillaries, 
allowing the filtration of plasma [1]. Besides their barrier 
function, choroid plexus epithelial cells have a secretory 
function by producing 70–80% of cerebrospinal fluid 
(CSF) [2]. With the support of fenestrated capillaries and 
elevated blood flow, the cuboidal epithelial cells provide 
the brain with a high turnover rate of fluid containing 
hormones, peptides, and micronutrients to the neuronal 
network [3–5].

The structure of the CP lends itself to involvement in 
an extensive spectrum of physiological actions on the 
brain. In addition to secretory functions, the CP also per-
forms excretory functions, such as the removal of toxic 
peptides from the brain through various transporters 
[6]. Maintenance of epithelial-tight junctional integrity 
by tight junctional proteins is necessary to protect the 
central nervous system (CNS). These roles are served 

by junctional proteins such as the claudins, CLDN1, 
CLDN2, CLDN11, occludin, the zonula occludens pro-
tein (ZO-1) and junctional adhesion molecules (JAM), 
which are present in tight junctions of the choroid plexus 
epithelium [7–10]. Claudins and occludin are the major 
transmembrane molecules facilitating epithelial contact 
[11]. The importance of apical tight junctions in the CP 
epithelium has largely been neglected, and studies are 
lacking regarding the expression and regulation of the 
choroid epithelial tight junction proteins in the later 
stages of life.

As the brain ages, it undergoes progressive cellular 
and structural changes, leading to cognitive decline and 
increased vulnerability to neurobiological diseases. Vari-
ous trophic factors essential for maintaining neuronal 
function and survival have been shown to have an altered 
expression in the aged brain, leading to cognitive decline 
[12–14]. The choroid plexus plays an essential role in 
supporting neuronal function by producing a large vari-
ety of trophic factors during embryonic and adult stages 
[15, 16]. In the adult brain, the CP secretes major neuro-
trophic factors, including fibroblast growth factors, epi-
thelial growth factors, platelet-derived growth factors, 
insulin-like growth factors, vascular endothelial growth 
factors, MDK, and BDNF to the CSF, which circulates to 
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the different parts of the brain, supporting neuronal and 
vascular function [17–21]. Most of these trophic factors 
are known to be associated with adult neurogenesis, plas-
ticity, cognition, or angiogenesis [19, 22–24]. Growth fac-
tors such as VEGF and TGF-b are known to be involved 
in the maintenance of the choroid plexus [1, 25]. IGFs are 
one of the most significant trophic factors produced in the 
CP, as IGF1 signaling pathways have emerged as essential 
regulators of the aging process. IGF signaling is regulated 
by a family of specific IGF-binding proteins (IGFBPs). 
IGFBPs share substantial sequence homology and can 
bind IGFs with equal or greater affinity than the IGF1 
receptor (IGF1 R). High levels of IGF2 mRNA expression 
were reported in the choroid plexus [20]). IGF2 is essen-
tial for the maintenance of a subset of adult NSCs, sug-
gesting the importance of IGF2 in aging [26]. Reduced 
expression of IGF2 in the aged brain can accelerate the 
risk of neurodegenerative or psychiatric diseases [27, 28].

Natural aging affects the structure and function of 
the choroid epithelial cells. Aged choroid epithelial cells 
exhibit increased pathological protein deposits called 
Biondi ring tangles [29, 30] with depleted glucose metab-
olism and energy production [31, 32]. During natural 
aging, cranial and ventricular CSF volume doubles [33–
35], and this increase in CSF volume, coupled with the 
reduction in CSF production and secretion, slows the 
turnover rate of CSF by three to four-fold [36, 37]. This 
disruption in CSF turnover can contribute to the etiology 
of age-related neurocognitive disorders [38–42].

CP shows sex-related functional differences, including 
differences in the protein and hormone composition of 
CSF, immune function, BCSFB function, and toxic waste 
clearance [43]. Various studies have shown that the CP 
expresses sex hormone receptors such as androgen recep-
tors (ARs), estrogen receptors (ERs), and progestogen 
receptors (PR) [44–46]. These sex hormonal receptors 
regulate the transcriptome of the CP expressing secretory 
proteins and influence the composition of CSF [43, 44]. 
A previous study by Quintela and co-workers reported 
that CP exhibits sex-related differences in whole tran-
scriptomes from rat CP [47]. In contrast, a recent study 
reported that the transcriptomic profiles in rats showed 
a highly shared expression profile between female and 
male CP [48]. A focused study on the sex and age-related 
transcriptional changes in the CP is therefore timely. Age-
related alterations in the cerebrospinal fluid (CSF) pro-
teins have been reported [49]. This Dysregulated protein 
expression could be due to age-related dysfunction of the 
BCSF barrier. In an aged brain, the integrity of the BCSF 
barrier is compromised, resulting in protein leakage from 
blood to CSF [50]. Although the CP is known to produce 
various trophic factors, age-related changes in trophic fac-
tor expression are poorly understood. The present study is 

focused on age-related and gender-specific trophic factor 
changes in the choroid plexus of lateral ventricles. We also 
investigated the cellular-level translational changes in the 
choroid plexus vasculature and epithelium. Further, we 
examined age-related transcriptional changes in the epi-
thelial tight junction.

Methods
Animals
We used C57Bl/6J mice at the ages of 5–6 (Matured 
Adult), 11–12 (Middle-aged), and 18–24 (Aged) months, 
with five males and five females in each group, except in 
the 11–12  months group where only four females were 
available. Mice were bred in our laboratory (breeders from 
Jackson Laboratories, Bar Harbor, ME). Male and female 
mice were caged separately after weaning, and females 
were never exposed to males. Mice were maintained on a 
standard 12-h light–dark cycle with free access to food and 
water. All procedures were carried out in strict accord-
ance with the National Institutes of Health guidelines for 
the care and use of laboratory animals and approved by the 
USD Institutional Animal Care and Use Committee. Every 
effort was made to minimize the number of animals used.

RNA extraction and quantitative PCR analyses
The brains of the experimental mice were carefully dis-
sected, and the hemispheres were separated. Ventricles 
were gently rinsed with RNAlater stabilization solu-
tion, and the CP was carefully dissected under a micro-
scope. According to the manufacturer’s instructions, 
total RNA from CP was extracted using an RNAqueous 
micro kit (Invitrogen). The concentration and purity of 
RNA at 260/280 nm were determined using a NanoDrop 
ND-1000 spectrophotometer (Thermo Fisher Scientific, 
USA). 200  ng RNA was reverse transcribed into cDNA 
(Applied Biosystems High-Capacity cDNA Reverse Tran-
scription Kit, USA) using thermal cyclers (Techne Prime). 
Gene expression analyses were performed by quantitative 
real-time PCR (applied biosystems QuantStudio 5 using 
500 nM of each forward and reverse primers and SYBR 
green Universal PCR master mix (GenDEPOT, USA and 
Applied Biosystems, USA). Primers (Additional file  6: 
Table S1) were designed to amplify specific gene targets 
using the Primer3 program (https:// bioin fo. ut. ee/ prime 
r3-0. 4.0/). The expression levels of each gene target were 
normalized with the housekeeping gene Cyclophilin A 
(CypA), and the fold change of transcription was quanti-
fied using the relative quantification  2−∆∆Ct method.

QIAcuity dPCR
cDNA preparation was performed as previously 
described. 200  ng RNA was reverse transcribed into 
cDNA in a 20  ul reaction volume. After the reaction, 

https://bioinfo.ut.ee/primer3-0.4.0/
https://bioinfo.ut.ee/primer3-0.4.0/
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cDNA was diluted in 80 ul of dd water, and 3 ul of diluted 
cDNA was used for QIAcuity dPCR reactions. QIAcu-
ity dPCR reactions were conducted in the adult and 
old CP using cDNA generated from common RT reac-
tions. QIAcuity Four 5-plex digital PCR System (Qiagen, 
Hilden, Germany). Digital PCR reactions consisted of a 
12  µL reaction mixture per well containing 4  µL QIA-
cuity 4× Eva Green Probe PCR master mix (Qiagen), 
400  nM of primers (Additional file  6: Table  S1), PCR 
grade water (Thermo Fisher Scientific, Waltham, MA, 
USA), and cDNA template from the experimental group. 
Assembled reactions were transferred into QIAcuity 8k 
96-well Nanoplates (Qiagen) for partitioning using the 
Qiagen Standard Priming Profile, and nucleic acids were 
amplified under the following conditions: enzyme activa-
tion for 2 min at 95 °C and 45 cycles of 15 s at 95 °C and 
30  s at 60  °C followed by 60  s at 35  °C. Partitions were 
imaged with 200  ms (Green) exposure time, with gain 
set to 6 for both target channels. The QIAcuity Software 
Suite (Qiagen, version 2.0.20) was used to determine the 
copy number.

Protein isolation from choroid plexus
The brains of the experimental mice were carefully dis-
sected. Two hemispheres were separated using a surgical 
blade, and the ventricles were carefully rinsed with ice-
cold PBS. Removed the floating CP and transferred it to 
a 1.5 ml Eppendorf tube. 80 ul RIPA buffer with protease 
and phosphatase inhibitor was added to the Eppendorf 
tube, followed by 45  min of incubation on ice. Spin the 
mixture at 14,000×g for 20 min in a 4 °C pre-cooled cen-
trifuge. The supernatant was collected in the new centri-
fuge, and the resulting protein was concentrated using a 
10  K MWCO Pierce concentrator (Thermo Scientific). 
Protein estimation was done using the BSA method.

Automated western blot analysis
Western blots were also performed using the Protein 
Simple Jess Western instrument (San Jose, CA). Cell and 
tissue lysates were prepared as described above. 4ul of 
protein samples were mixed with a 5× fluorescent mas-
ter mix (Protein Simple) to achieve a final concentration 
of 1× master mix buffer according to the manufacturer’s 
instructions. Samples were then denatured at 95  °C for 
5 min. All materials and solutions added onto the assay 
plate were purchased from Protein Simple, except the 
primary antibody. 10 ul of antibody diluent, protein nor-
malizing reagent, primary antibodies, secondary anti-
bodies, chemiluminescent substrates, 3 ul of the sample, 
and 500 ul of wash buffer were prepared and dispensed 
into the assay plate. The assay plate was loaded into the 
instrument, and protein was separated within individual 
capillaries. Protein detection and digital images were 

collected and analyzed with Compass software (Protein 
Simple), and data were reported as an area under the 
peak, representing the signal’s intensity. The data was 
also normalized using the housekeeping gene beta-actin. 
For the primary antibody, rabbit polyclonal anti-klotho 
(Proteintech, Cat No. 28100-1-AP) and rabbit polyclonal 
anti-beta-actin (4970S, Cell Signaling Technology, Dav-
ers, MA) were used at 1:100 dilution; for the secondary 
antibody, anti-mouse NIR and anti-rabbit HRP second-
ary antibodies from Protein Simple were used.

Immunohistochemistry
Immunohistochemical analysis was carried out in fresh, 
frozen mouse brains (n = 3). Mouse brains were dis-
sected carefully and quickly frozen using dry ice. Immu-
nohistochemical studies were performed in 17  um 
cryocut coronal brain sections which were fixed using 
precooled histochoice fixative (Sigma) for 10  min, fol-
lowed by blocking with Bovine serum albumin (BSA) for 
1  h at room temperature. Sections were incubated with 
different primary antibody (Additional file  7: Table  S2) 
concentrations in antibody solution (2.5% BSA in PBS) 
at 4  °C overnight. (All the antibody details and concen-
trations are given in the Additional file 7: Table S2) Fol-
lowing primary antibody incubation, slides were washed 
in 1× PBS three times for five minutes each at room 
temperature. Slides were then incubated with appropri-
ate fluorescent secondary antibodies (1:500, Alexa-488, 
and 640, Invitrogen, Carlsbad, CA, USA) in antibody 
solution for 1.5  h at room temperature. The slides were 
then rinsed in 1× PBS three times for five minutes each. 
Finally, Vascular marker Isolectin B4 (1:1000, Vector 
Laboratories) was added to the slide and incubated for 
one hour. Slides were washed in 1× PBS three times, and 
the cover slipped using VectaMount with DAPI (Vector 
Laboratories). Sections were viewed, and images were 
captured using a Nikon Eclipse Ni microscope equipped 
with DS-Qi1 monochrome, a cooled digital camera, and 
NIS-AR 4.20 Elements imaging software.

Immunohistochemistry image analysis
Immunohistochemical image analysis was performed 
using ImageJ software, version 1.54 g, and Java 1.6.0_20 
(32-bit) engine. Briefly, the multi-channel images were 
split into separate channels. The desired image chan-
nel was then selected and converted into an 8-bit gray-
scale. After converting the image into an 8-bit grayscale, 
we used an inverted feature in the ImageJ. After invert-
ing the image, we adjusted the threshold plugin and kept 
the area constant. We used three mice each for adult and 
aged mice, and a total of 12 sections were analysed to 
obtain the mean gray value.
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Blood‑CSF barrier permeability analysis
Male mice were anesthetized, and fluorescein isothiocy-
anate dextran (FITC-dextran—40,000 da, 100 μl, 50 mg/
ml, in saline, Sigma-Aldrich, St. Louis, MO) was injected 
intravenously in the inferior vena cava vein. After 1 min, 
the brains were removed and frozen quickly on dry ice. 
Coronal sections (20 μm thickness) were taken using the 
cryostat (Leica Microsystems, CM1860, Buffalo Grove, 
USA). Fluorescent images of the sections were captured 
using a Nikon Eclipse Ni microscope and NIS Elements 
software.

Data analysis
Statistical analysis was performed using GraphPad Prism 
8.4 software. Outliers greater than 2 standard devia-
tions from the mean were identified using the Grubbs 
test (α = 0.05) using GraphPad Prism 8.4 software and 
removed from further analysis. Normality was assessed 
using the Shapiro–Wilk test (GraphPad Prism 8.4). All 
statistical tests use biological replicates and are indicated 
by group size (n) in the figure legend. Error bars indicate 
the standard error of the mean (SEM). The following 
statistical tests were applied to determine statistical sig-
nificance: an unpaired two-tailed t-test (GraphPad Prism 
8.4.3) was used for QIAcuity dPCR, IHC mean gray 
intensity (Image J version 1.54g) and western blot, and 
One-way ANOVA was used for the analysis of real-time 
PCR. The unequal variance was corrected using Welch’s 
correction (GraphPad Prism 8.4).

Results
See Fig. 1.

Neurotrophic factor expression is significantly altered 
in the aged choroid plexus
Neurotrophic factors are highly expressed and secreted 
in the CP and other brain regions. CP secretes several 
trophic factors into CSF and circulates it to different 
brain regions [2]. Here, we studied the gender-specific 
expression patterns of major neurotrophic factors in the 
murine CP. To address the age-dependent transcriptional 
level changes in murine CP, we first analyzed neuro-
trophic factor gene expression patterns at three different 

ages: 5–6 m.o. (from now on referred to as mature adult), 
11–12  m.o. (middle-aged) and 18–24  m.o. (aged). Fur-
ther, we confirmed transcript levels using digital drop-
let PCR. Most of the trophic factors examined showed 
transcriptional dysregulation in the aged CP; some were 
gender specific. First, we analyzed the transcription pat-
tern of the VEGF gene, which is actively involved in the 
maintenance of the CP vasculature and has a role in 
the permeability of blood vessels. VEGF showed a dif-
ferential transcriptional pattern in males and females. 
In male CP, the relative gene expression showed a con-
sistent VEGF gene expression throughout the lifespan 
(Additional file 1: Fig. S1a), and the ddPCR gene expres-
sion analysis further confirmed that in males, VEGF 
mRNA transcription is not affected by aging (Fig.  1a). 
However, in females, VEGF mRNA expression is signifi-
cantly (P < 0.0001) reduced with age (Fig.  1b), and the 
reduction is evident from middle age (P < 0.01) onwards 
(Additional file 1: Fig. S1b). We used immunohistochemi-
cal analysis to determine whether these gene expression 
changes are mediated at the protein level. Interestingly, 
unlike gene expression changes, VEGF protein is more 
highly expressed in the aged CP than in adults in both 
males (P < 0.01) and females (P < 0.05) (Fig.  1c). We also 
found that VEGF localization was not limited to the cho-
roid vasculature. The expression was also observed in the 
basal membrane of epithelial cells or stroma (Fig. 1d, e).

Next, we investigated the expression pattern of MDK, 
another trophic factor highly expressed in the CP. MDK 
is known to provide neurotrophic support and neur-
ite outgrowth [51]. MDK mRNA transcription showed 
a significant (P < 0.0001) reduction in the aged male and 
female mice (Additional file 1: Fig. S1a, b). The decline in 
MDK gene expression starts in middle age and continues 
throughout the later stages of life. ddPCR gene expres-
sion (Fig.  1a, b) also confirmed the reduction of MDK 
transcripts in CP of older males (P < 0.05) and female 
mice (P < 0.001). Then, we turned our attention to BDNF, 
which is widely expressed in the CNS and is involved in 
neuronal survival, development, and synaptic plastic-
ity [52–54] QIAcuity ddPCR analysis showed a signifi-
cantly (P < 0.001) lower copy number of BDNF (Fig.  1a) 
in CP than other trophic factors, indicating reduced 

Fig. 1 Differential regulation of trophic factors in the aged choroid plexus: The QIAcuity dPCR analysis showed that aging significantly altered 
the expression of neurotrophic factors in the choroid plexus (CP) of male (a) and female (b) mice (n = 5). The copy number of neurotrophic factors 
VGF, MDK, BDNF, EPO, and EPOR was significantly reduced in the CP of aged males and females. VEGF showed a gender-specific expression pattern. 
In males, concentration was unchanged while females showed an age-related decline in the copy number. VEGF (Green)-Isolectin B4 (Red) 
co-labeling indicates that the aged CP of males (d) and females (e) showed an increased VEGF localization in and out of the CP vasculature. The 
mean gray value (c) of the immunohistochemical analysis showed an increased VEGF staining in the aged CP of both genders. Scalebar-100 µm 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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a bAbsolute gene expression in the male choroid plexus 
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transcription of BDNF mRNA in the CP. However, an 
age-dependent reduction is evident in BDNF mRNA lev-
els (Additional file 1: Fig. S1a, b) in the CP of both males 
(P < 0.0001) and females (P < 0.001). Even though another 
important trophic factor, VGF, did not show any differ-
ence in the real-time PCR (Additional file  1: Fig.  S1a, 
b), QIAcuity ddPCR analysis showed an age-depend-
ent reduction in VGF mRNA transcription in males 
(P < 0.01) and females (P < 0.001). Interestingly, females 
exhibit a higher copy number than males. EPO, a neuro-
trophic and neuroprotective cytokine, exhibits a signifi-
cantly (P < 0.0001) lower copy number (Fig. 1a, b) in the 
CP of aged males and female mice, indicating reduced 
transcription of the EPO gene during aging. EPO acts 
through its classical receptor EPOR. EPOR gene copy 
number is significantly decreased (Fig. 1a, b) in the aged 
CP of both males (P < 0.001) and females (P < 0.0001), 
indicating reduced EPO signaling in the later stages of 
life.

IGF expression decreased in the choroid plexus of aged 
mice
Insulin-like growth factors (IGFs) are essential growth-
promoting peptides that act as endocrine, paracrine, and 
autocrine factors. IGF signaling plays a crucial role in 
controlling aging and life span in invertebrates [55, 56]. 
To analyze IGF signaling in aged mice, we first examined 
the mRNA of the IGF1 gene. The relative expression of 
IGF1 mRNA showed differential expression patterns 
in the aged males and females. We found a significant 
down-regulation (P < 0.0001) in IGF1 transcription in 
aged females (Additional file  1: Fig.  S1d). Age-related 
changes were significant (P < 0.0001) in middle-aged 
female mice. ddPCR (Fig. 2b) (P < 0.001) gene expression 
confirmed the altered transcription of IGF1 mRNA in 
aged females. Even though the relative expression (Addi-
tional file  1: Fig.  S1c) appeared unchanged in male CP, 
absolute gene expression showed (Fig.  2a) a significant 
reduction (P < 0.001) in IGF1 transcript levels.

IGF2 is a significant growth factor in the brain and 
is involved in memory consolidation. IGF2 transcrip-
tion in the brain is mainly localized at the CP and lep-
tomeninges [57]. Quantitative PCR analysis showed 

an age-dependent reduction in IGF2 gene transcrip-
tion in the CP of both males (P < 0.001) and females 
(P < 0.0001) (Additional file  1: Fig.  S1c, d). The reduc-
tion was evident from middle age onwards. QIAcuity 
ddPCR further confirmed the reduced concentration 
of IGF2 transcripts in aged CP of males (P < 0.05) and 
females (P < 0.01) (Fig.  2a, b). Further, we focused on 
age-related protein-level changes in IGF- II expres-
sion in the CP epithelium and vasculature. The co-
labeling study showed that in adult CP, IGF2 protein is 
expressed in the epithelial cells, particularly in the basal 
membrane of epithelial cells (Fig. 2e; Additional file 3: 
Fig. S3b). The vasculature of the CP is free from IGF2 
expression (Fig. 2d; Additional file 3: Fig. S3a). Natural 
aging dramatically reduced IGF2 protein expression 
(Fig. 2c; Additional file 2: Fig. S2c) in the choroid epi-
thelium of both males and females (P < 0.05).

IGF1 and IGF2 act through the IGF receptor, and the 
IGF1R gene expression showed a differential expression 
in both males and females (Fig.  2a, b). Aging did not 
influence IGF1R gene expression in the male CP (Fig. 2a; 
Additional file 1: Fig. S1c), whereas, in females, both the 
absolute (P < 0.01) and relative (P < 0.0001) expression 
indicate a significant reduction in IGF1R gene transcrip-
tion (Fig. 2b; Additional file 1: Fig. S1d). The IGF peptides 
have a short lifespan unless they are bound by specific 
binding proteins that transport them in circulation 
and deliver them to specific tissues. IGFBPs are found 
throughout the body in various fluids and tissues [58, 59]. 
IGFBP has binding affinities for IGF-I and IGF2 com-
parable to the ligands for IGF-IR. Most IGFBPs inhibit 
IGF-induced cell growth by binding to IGFs and acting 
as a time-release mechanism. Here, we analyzed the tran-
scription pattern of IGFBP4 and IGFBP7 genes. Quanti-
tative PCR gene expression analysis showed that IGFBP4 
and IGFBP7 gene expression in CP is gender-specific; in 
males, gene expression remains unchanged (Additional 
file 1: Fig. S1c), and in females (Additional file 1: Fig. S1d), 
both IGFBP4 (P < 0.001) and IGFBP7 (P < 0.0001) expres-
sion significantly reduces as age progresses. Gene expres-
sion analysis using QIAcuity dPCR (Fig.  2b) confirms 
the age-induced reduction in the IGFBP4 (P < 0.01) and 
IGFBP7 (P < 0.001) transcription.

(See figure on next page.)
Fig. 2 Insulin-like growth factor expression is reduced in aged choroid plexus. IGF transcription was significantly altered in the aged CP of males 
(a) and females (b) (n = 5). IGF1 and IGFII mRNA showed a reduced copy number in both genders. IGF1R expression showed a gender-specific 
expression, where it was unchanged in the males (a) and reduced in the females (b). IGFBP4 and IGFBP7 in the females showed a reduction (b) 
in copy number, indicating a downregulation of IGFBP gene expression. IGF2 (red)-IsolectinB4 (Green)co-labeling showed that IGF2 is absent in 
the choroidal vasculature of males (d). The co-labeling study using plectin (Green) showed that IGF2 (red) is expressed in the basolateral side 
of choroidal epithelial cells of male mice (Fig. 1e). c The reduction of IGF2 Protein expression in male mice is evident from the mean gray value 
of IHC images (Fig. 1c). Scalebar-100 µm. *P < 0.05, **P < 0.01, ***P < 0.001,



Page 8 of 19Sadanandan et al. Fluids and Barriers of the CNS           (2024) 21:77 

Absolute gene expression of IGF’s  in the male choroid plexus 

Mature adult 

Aged

d

IGF-1 IGF-2 IGF1-R
10

100

1000

10000

100000

Co
nc

en
tr

at
io

n 
(c

op
ie

s/
ng

 R
NA

)

Mature Adult

Aged

✱✱✱

✱

a

IGF-1 IGF-2 IGF1-R IGFBP-4 IGFBP-7
10

100

1000

10000

100000

Co
nc

en
tr

at
io

n 
(c

op
ie

s/
ng

 R
NA

)

Mature Adult

Aged

✱✱✱

✱✱

✱✱
✱✱

✱✱✱

Absolute gene expression of IGF’s  in the female choroid plexus 

IGF-2 expression in the endothelial cells of adult and aged male choroid plexus 

IGF-2 expression in the epithelial cells of adult and aged male choroid plexus 

b

e

DAPI IGF2 ISOLECTIN B4

DAPI PLECTINIGF-2

DAPI IGF2 ISOLECTIN B4

DAPI IGF2 PLECTIN
Aged

Mature Adult 

c IGF 2 expression Mean gray value

100μm

100μm

MERGED

MERGED

100μm

MERGED

100μm

MERGED

Adult Aged
0

5

10

15

20

25

M
ea

n 
gr

ay
 v

al
ue

✱

Fig. 2 (See legend on previous page.)



Page 9 of 19Sadanandan et al. Fluids and Barriers of the CNS           (2024) 21:77  

Longevity factor Klotho is reduced in the aged choroid 
plexus
α-Klotho is a glycosylated transmembrane protein 
that has been extensively studied as an anti-aging pro-
tein. Klotho is expressed highly in the choroid plexus, 
and its precise functions are largely unknown. We 
examined the gender and age-specific expression pat-
tern of klotho in the CP. KL gene showed a reduced 
copy number (Fig.  3a) in the aged CPs of both males 
(P < 0.05) and females (Fig. 3b) (P < 0.01), indicating an 
age-related reduction in KL gene expression. Realtime 
PCR analysis showed that in females, the downregula-
tion (Additional file  1: Fig.  S1b) of the KL gene is evi-
dent from middle age onwards, and male mice show a 
trend towards reduction (Additional file 1: Fig. S1a) in 
the later stages of life.

We extended our investigation to examine whether 
the changes in the mRNA level are reflected at the pro-
tein level. First, we used Western blot analysis to examine 
membrane-bound Klotho protein expression in the aged 
CP of both sexes (Fig.  3c, e). Klotho protein expression 
revealed an age-related reduction (Fig.  3d, f ) in the CP 
of males (P < 0.01) and females (P < 0.01). Klotho bands 
were visible in the 130  kDa, suggesting the presence of 
membrane-bound klotho. Also, we did not observe any 
bands at 62 kDa, indicating the absence of soluble klotho 
in the CP of both adults and aged CP. Next, we used IHC 
analysis to identify age-related changes in klotho pro-
tein expression patterns in the choroid epithelium and 
vasculature. Co-localization of Klotho with plectin indi-
cates that Klotho protein expression is mainly concen-
trated in the choroid epithelial cells (Fig. 3h; Additional 
file 4: Fig. S4b). The apical part of epithelium lacks klotho 
expression, whereas the basolateral side is rich in klotho 
protein. Klotho is not co-labeled with isolectin B4, indi-
cating the absence of Klotho protein in the choroid vas-
culature (Fig. 3g; Additional file 4: Fig. S4a). IHC analyses 
clearly indicate an age-dependent reduction in klotho 
protein expression in CP of males and females (P < 0.05) 
(Fig. 3g; Additional file 4: Fig. S4c). Reduced klotho pro-
tein expression was observed in the ventricular lining of 
aged mice.

Water channel protein AQP1 expression is altered 
in the aged choroid plexus
A primary function of choroid epithelium is the produc-
tion of CSF. Aquaporins (AQPs) are a family of small 
transmembrane proteins that facilitate water transport 
across plasma membranes during CSF production. AQP1 
is the primary water channel expressed in the choroid 
plexus epithelium. We examined the age-dependent tran-
scriptional changes in the male and female CP. AQP1 
gene expression (Additional file 2: Fig. S2a, b) is signifi-
cantly lowered in the aged CP of both males (P < 0.001) 
and females (P < 0.0001). The reduction is evident from 
middle age onwards. The ddPCR analysis further con-
firmed the low copy number in the aged CP of males 
(P < 0.05) and females (P < 0.01), indicating a signifi-
cantly reduced concentration of the AQP1 gene (Fig. 4a, 
b). Protein expression analysis using IHC indicates that, 
like AQP1 mRNA transcription, AQP1 Protein expres-
sion also showed an age-dependent reduction (P < 0.01) 
in the CP epithelium of aged males and females (Fig. 4e; 
Additional file 5: Fig. S5c). IHC analysis indicates that the 
AQP1 protein is absent in the vasculature (Fig. 4d; Addi-
tional file 5: Fig. S5a) and robustly expressed in the ven-
tricular-facing surface of the choroid plexus epithelium. 
We noted low-level expression of AQP-1 in the basolat-
eral membrane of adult epithelial cells, which diminished 
further as age progressed and was almost absent in the 
aged CP.

Aging‑altered tight junction protein expression 
compromises tight junction integrity
The distribution of tight junctions in the choroid plexus 
differs from other brain regions. Choroid vasculature is 
fenestrated and lacks tight junctions [60]. The epithelial 
cells are connected by tight junctions in the apical region 
and maintain BCSF integrity [61]. Claudins are one of 
the most crucial tight junction proteins in the choroid 
epithelium. CLDN-1 gene expression did not show any 
significant changes in the old male choroid plexus (Addi-
tional file 2: Fig. S2a, d). In females, CP, CLDN1 m RNA 
transcription showed a trend toward decrease but was 
not statistically significant. QIAcuity ddPCR analysis 

Fig. 3 Longevity factor klotho expression was significantly altered in the aged choroid plexus of both genders: Age-related transcriptional level 
reduction was observed in the CP of males and females (a). The QIAcuity ddPCR analysis showed reduced KL mRNA copy numbers in the aged mice 
of both genders (n = 5). A quantitative analysis of Klotho protein was conducted using Jess capillary separation in the CP of (b) males and females 
(d). Bands were observed at 130 kDa, indicating that the Klotho protein in the CP is membrane-bound, and an age-related reduction was evident 
in the CP of males (c) and females (e). We used β actin as a reference gene for Klotho with a molecular weight of 45 kDa. Klotho (Red)-IsolectinB4 
(Green) co-labeling confirmed the absence of Klotho from the choroid vasculature of male mice (g). (←) g indicate the expression of klotho 
in the ependymal ventricular lining, and the expression was significantly reduced in the aged mice. Pectin (green) was used to mark the epithelial 
cells, and the basolateral sides of the choroid epithelial cells are rich in Klotho protein (h). The mean gray value (f). of IHC images confirmed 
the protein level reduction of Klotho in aged male CP. Scalebar-100 µm. *P < 0.05, **P < 0.01

(See figure on next page.)
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showed a consistent copy number of CLDN1 transcripts 
in the adult and aged male CP (Fig. 5a). Copy number in 
females was significantly (P < 0.01) reduced in aged mice 
(Fig.  5b). CLDN2 and CLDN5 were significantly down-
regulated in the aged CP of both males and females, and 
reduction is evident from 11–12  months of age (Addi-
tional file  2: Fig.  S2c, d). QIAcuity ddPCR further con-
firmed the same pattern of reduction in CLDN2 (P < 0.01) 
and CLDN5 (P < 0.001) gene expression (Fig. 5a, b).

The mRNA expression of JAM2 is significantly down-
regulated in the aged CP of both males (P < 0.001) and 
females (P < 0.0001) (Fig. 5a, b; Additional file 2: Fig. S2c, 
d). DdPCR (Fig.  5a, b) confirms the JAM2 mRNA gene 
expression reduction in males (P < 0.0001) and females 
(P < 0.01). To examine whether the altered tight junc-
tion transcription affects the BCSF barrier integrity, we 
injected FITC-Dextran (MW 40000) intravenously. Fluo-
rescent imaging showed that barrier permeability was 
intact in adult CP, and fluorescence was restricted within 
the basolateral side (Fig.  5c). However, dextran leakage 
can be observed from the apical membrane in the aged 
CP, indicating that BCSF integrity is compromised.

Aging altered transport protein transthyretin gene 
expression
Transthyretin (TTR) is the major protein synthesized by 
the choroid epithelial cells and is expressed at remark-
ably high levels. Functionally, TTR binds and distributes 
thyroid hormones (THs) in the blood and cerebrospi-
nal fluid [62]. Here, we examined the age and gender-
specific changes in TTR  gene transcription. Relative 
gene expression showed that aging significantly accel-
erated the downregulation of TTR  mRNA (Additional 
file  1: Fig.  S1e, f ) in the CP of males (P < 0.001) and 
females (P < 0.001). The ddPCR further confirmed the 
reduced TTR expression in males (P < 0.001) and females 
(P < 0.0001) (Fig. 6a, b) in aged mice.

Discussion
The CP is known for producing CSF but it is compara-
tively understudied beyond that role. CSF contains key 
proteins and growth factors involved in CNS develop-
ment that could be brain-derived or produced by the 
CP. In the present study, we analyzed the age and sex-
dependent transcriptional changes in trophic factors, 

tight junctional proteins, water channel protein AQP1, 
and the antiaging protein klotho. The choroid plexus 
plays an indispensable role in supporting neuronal func-
tion by producing CSF and is also involved in the regula-
tion of various neurotrophic factors. CP secretes trophic 
factors directly to the CSF, which circulate to different 
parts of the brain [63]. Here, we analyzed the impact of 
aging on neurotrophic factor transcription in the CP of 
both males and females. VEGF showed a gender-specific 
gene transcription in the CP. VEGF gene expression was 
unchanged in the aged male CP, while in female CP, gene 
expression was significantly reduced. The reduction in 
the female CP was evident from middle age onwards. 
Interestingly, unlike the pattern of gene transcription, 
VEGF protein levels increased in the aged CP of males 
and females. Typically, VEGF is in the vasculature, but 
in the CP, expression is observed in endothelial and epi-
thelial cells. Aging increases the translocation of VEGF 
protein from the vasculature to the surrounding tissues, 
possibly stroma or the basal membrane of epithelial 
cells. VEGF is involved in the maintenance of fenestrated 
vasculature of the choroid plexus and has known roles 
in vascular permeability [25]. It would, therefore, be 
worthwhile to investigate the role of VEGF in epithe-
lial permeability. BDNF, an important trophic factor 
involved in the neuroplastic changes related to learning 
and memory, exhibited reduced transcription in the aged 
CP. The reduction is evident from middle age onwards 
in both males and females. The hippocampal BDNF pro-
tein expression is not known to decline with age, while 
the age-related reduction is evident in the cerebral cor-
tex and CSF [64, 65]. Reduced CSF BDNF has been sug-
gested as a potential mechanism in the cognitive decline 
observed in older individuals [55]. This reduction in CSF 
BDNF could be due to reduced transcription of BDNF 
mRNA in older CP.

In addition to the above trophic factors, both IGF-I 
and IGF2 are produced in the choroid plexus. The pro-
duction of IGF1 reaches its peak in the postnatal brain 
to support oligodendrocyte differentiation and myeli-
nation, and it decreases thereafter [66]. An age-related 
reduction in hepatic IGF1 production leads to a decline 
in circulating IGF1, resulting in impaired neurovascular 
coupling responses in older adults [67]. IGF1 and IGF2 
can cross the BBB, so the reduction in the circulating 

(See figure on next page.)
Fig. 4 Altered water channel protein expression in the aged choroid plexus: Aqp-1 is the primary water channel present in the CP. Aging 
significantly reduces the water channel protein AQP-1 gene expression in the CP of males (n = 5) (a) and females (b). Aqp-1(Red) -Isolectin B4 
(Green) co-labeling confirmed the absence of Aqp-1 protein expression in the adult and old male CP vasculature (d). Aqp1 (Red)- Plectin (Green) 
co-labeling study indicates Aqp1 localization in the apical part of the choroid epithelial cells (e). c The mean gray value (c) of IHC images showed 
a reduction in Aqp-1 Protein expression in the aged CP of male mice. Scalebar-100 µm. *P < 0.05, **P < 0.01
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levels can influence the concentration of IGFs in the CSF 
and CNS. Females showed an age-dependent reduction 
in IGF1 transcription from middle age onwards, but in 
males, expression was unchanged in the middle-aged CP 
and significantly reduced thereafter. Even though IGF2 is 
abundantly expressed in the CNS, only CP, leptomenin-
ges, and parenchymal microvasculature produce IGF2 
[68]. In a healthy brain, CP secretes IGF2 directly to CSF, 
and CSF distributes this IGF2 to different brain regions. 
IGF2 is critical for preserving neural stem cells (NSCs) 
in the adult hippocampus [69] and also plays a vital role 
in adult neurogenesis, memory formation, neuronal 
growth, and neuroprotection [70]. A previous study con-
ducted in sheep by Chen [71] and co-workers reported 
that IGF2 mRNA expression in CP did not change with 
age. Our results in mice are at variance with these find-
ings. We observed a significant reduction in IGF2 mRNA 
transcription in the CP of aged males and females. The 
protein level analysis using IHC also confirmed the 

age-related reduction in the choroid epithelial cells. CP 
vasculature lacks IGF2 localization, indicating IGF2 bio-
activity is observed only in epithelial cells. Numerous 
reports suggest that reduced IGF2 protein in aged mice 
can lead to memory deficit and cognitive impairment 
[72–74]. One possibility is that reduced protein expres-
sion in the hippocampus could stem from age-related 
transcriptional changes in the CP. IGF1 and IGF2 act 
through their corresponding receptors, IGF1 R and 
IGF2R [75]. The reduced IGF1R transcription in aged 
CP could be due to the age-related reduction in IGF1 
protein. IGF signaling is regulated by a family of specific 
IGF-binding proteins (IGFBPs). We observed a gender-
specific expression of IGFBP 4 and IGFBP 7 (IGFBP-rp1) 
genes in aged CP; IGFBP4 and IGFBP 7 mRNA transcrip-
tion remained unchanged in male CP, whereas in female 
CP, reduction in the IGFBP4 and IGFBP 7 gene transcrip-
tion was observed. This reduction in IGFBP could be due 
to the reduced availability of IGF proteins in the aged CP.

a b

CLDN1 CLDN2 CLDN5 OCLDN JAM-2
1

10

100

1000

10000

Co
nc

en
tr

at
io

n 
(c

op
ie

s/
ng

 R
NA

)

Mature Adult Old

✱✱ ✱✱

✱✱✱

✱✱

✱✱✱

Absolute gene expression of tight junction protein in the male  choroid plexus Absolute gene expression of tight junction protein in the female choroid plexus 

BCSF barrier permeability increases with age 

AGED CPAdult CP

c

CLDN1 CLDN2 CLDN5 OCLDN JAM-2
1

10

100

1000

10000

C
on

ce
nt

ra
tio

n 
(c

op
ie

s/
 n

g 
RN

A)

Mature Adult Aged

✱✱

✱✱✱

✱

✱✱

Fig. 5 Tight junctional protein gene expression showed a differential expression in the aged male CP (a) CLDN-1 mRNA transcription 
was unchanged along with reduced CLDN-2, CLDN-5, OCLDN, and JAM2 expression. In females (b), CLDN-1, CLDN-2, CLDN-5, OCLDN, and JAM2 
transcription was significantly reduced. BCSF barrier permeability was assessed by injecting dextran average mol wt 40,000 intracardially. In adult 
CP, fluorescence is mainly observed in the choroid vasculature and basolateral side of the epithelium, indicating that the tight junction prevents 
the diffusion of FITC dextran to the ventricles (c). In aged mice, fluorescence can be observed in and out of the apical side of endothelial cells, 
indicating that dextran 40,000 was able to cross the tight junction. *P < 0.05, **P < 0.01, ***P < 0.001
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Klotho is known to regulate several pathways involved 
in aging, including Wnt signaling, insulin signaling, and 
intracellular pathways, including p53/p21, cAMP, Pro-
tein kinase C, and TGF β [76–79]. In mice, the overex-
pression of the Klotho gene extends life span, whereas 
mutations reduce life span [80–82]. In humans, serum 
levels of Klotho, produced from kidneys, decrease after 
40  years of age [83–85]. Previous studies from our lab, 
using in  situ hybridization, showed that KL mRNA and 
protein are abundantly localized in the CP [86]. We 
observed a reduction in the transcription of KL mRNA 
in the aged CP of males and females. The reduced tran-
scription is reflected at the translation level as well. WB 
and IHC analyses point towards reduced transmem-
brane klotho protein secretion and localization in the 
epithelial cell’s basal membrane. We did not observe a 
band at 68 kDa, indicating the absence of soluble klotho 
in CP epithelium. A previous study reported that selec-
tive knockout of klotho in the CP using a Flox/Cre mouse 
model revealed a novel regulatory role of klotho in the 
expression of inflammation-related genes [87]. Klotho 
knockout in the CP resulted in the increased expres-
sion of cytokine response factors, intracellular adhesion 
molecule 1 (ICAM1), and interferon regulatory factor 
7 (IRF7) [87]. The same study also points out that the 
deceased production of klotho in the choroid plexus led 
to enhanced macrophage infiltration into the CNS, which 
further promoted the activation of microglia. The imbal-
ance between different immune signals can perpetuate 
brain inflammation and cognitive decline in aging and 

neurodegeneration [88]. Neuroinflammation is consid-
ered a universal characteristic of brain aging and neuro-
logical disorders, and age-dependent Klotho reduction 
could potentiate this neuroinflammation. Abraham and 
co-workers [89] in 2018 reported that normal brain aging 
in rhesus monkeys was associated with a downregula-
tion of Klotho expression, and the reduction in Klotho 
could accelerate age-related cognitive deficits. As klotho 
does not cross the BBB [90], the CP is likely the primary 
source of klotho for the brain. The reduction in CSF and 
CNS klotho levels with advanced age is likely due to the 
altered klotho mRNA transcription and translation in the 
CP.

Next, we turned our attention to the expression of 
water channel protein AQP1. CSF is composed of 99% 
water, and the remaining 1% is accounted for by proteins, 
ions, neurotransmitters, and glucose [91]. A high-water 
permeability of the BCSF barrier is essential for the opti-
mal production of the CSF [92, 93], and this is met by the 
abundant expression of water channels AQP4 and AQP1. 
CSF enters from the perivascular spaces surrounding 
arteries into the brain parenchyma through the AQP4 
water channels in the astrocytic end-feet [94]. AQP1 
is a cGMP-gated cation channel [95, 96] that serves as 
a water channel and a gated ion channel in the choroid 
plexus, contributing to the regulation of CSF production 
[97–99]. We observed an age-related reduction in the 
transcription of AQP1 mRNA in the CP of both males 
and females. Transcriptional level alterations in the AQP1 
gene were evident from middle-aged CP and continued 
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till later stages of life. Both males and females showed 
a similar pattern of gene expression. The reduction in 
AQP1 gene transcription was reflected at the protein 
level, showing reduced AQP1 protein expression in the 
aged CP. The majority of AQP1 localization was observed 
in the apical region of cuboid epithelial cells, which is in 
accordance with previous studies [100–103]. A previous 
study in humans reported that a few adult choroid epi-
thelial cells showed low basolateral expression of AQP1. 
We also found low-level expression of AQP-1 in the 
basolateral membrane of adult epithelial cells, and the 
expression diminished as age progressed and was almost 
completely absent in the aged CP. In situ hybridization in 
rats also reported a reduced expression of AQP1 mRNA 
levels in CP of old rats [104]. AQP1 allows water to follow 
the osmotic gradient and is also involved in maintaining 
the osmotic permeability of the apical membrane. The 
secretory role of AQP1 is well established, and AQP1-
null mice possess 56% lower CSF pressure and a 20% 
reduction in CSF production [90]. The age-related reduc-
tion in water channel AQP1 in the CP could be responsi-
ble for the reduced production of CSF in natural aging. 
Another highly expressed protein in the CP is TTR, a 
carrier protein for thyroxine and retinol in plasma and 
CSF [105]. CP synthesizes 90% of TTR in CSF [106], and 
its level in CP and CSF reflects the health of BCSFB. Our 
results show a reduction in TTR mRNA transcription in 
both sexes. TTR has been reported to bind with Aβ pep-
tide, preventing its deposition in the brain and related 
toxicity [107, 108]. These age-related decreases in trans-
port protein and water channels in CP can cause the aged 
brain to be more vulnerable to Alzheimer’s disease.

he regulation of BCSF barrier permeability and integ-
rity is a key role of choroid epithelial tight junctions. 
These apical tight junctions regulate the paracellular dif-
fusion of water-soluble molecules through this barrier. 
Unlike the BBB, CP vasculature is fenestrated and lacks 
tight junctions to connect the endothelial cells [109–112]. 
Hence, the expression of the tight junctional proteins in 
CP is primarily from the apical tight junctions of the cho-
roid epithelium. Like BBB, the blood–CSF barrier is also 
highly restricted to soluble tracers and has higher electri-
cal resistance [113]. The tight junction proteins, claudins 
occludin and zonula occludens are integral to maintain-
ing epithelial integrity, as they greatly limit paracellular 
permeability and preserve electrical resistance of the epi-
thelial layer in the choroid plexus. Zonula occludens are 
sub-membrane proteins attaching occludin and claudins 
to actin filaments [114, 115], while occludin and claudins 
are transmembrane proteins facilitating contact between 
epithelial cells [11]. We found that aging impacts the tran-
scription of the epithelial tight junction proteins, with 
most of the tight junctional proteins showing a reduction 

in transcription, potentially resulting in increased perme-
ability in both males and females. Interestingly, this tight 
junctional protein expression reduction was evident from 
middle age onwards. The reduced transcription of the tight 
junction protein in the aged CP can compromise epithelial 
tight junction integrity and alter the electrical resistance of 
the BCSF membrane. The changes in the BCSFB perme-
ability potentially result in the entry of inflammatory and 
toxic molecules into the brain. We cannot rule out the pos-
sibility of age-related inflammation in the choroid plexus 
as a cause behind the reduced expression of TJPs. The 
altered water channel and reduced CSF can in turn lead to 
the accumulation of toxic molecules in the aged brain. Fur-
thermore, it can lead to age-related cognitive impairment.

Our results highlight gene and protein level changes 
in the CP during aging. The age-related gene expression 
changes are comparable in the CP of males and females. 
Altered transcription of the water channel protein AQP1 
and TJ proteins could be contributing factors that lower 
CSF production in natural aging. Importantly, aging 
decreases the expression of neurotrophic factors, and the 
longevity factor Klotho can play a role in regulating the 
aging of the brain. In the later stages of life, the CP-CSF 
axis shows a decline in all aspects of its function, includ-
ing CSF secretion [38, 116, 117], barrier, and secretory 
functions. This decline in function could increase the risk 
of developing late-life diseases and cognitive deficits.
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Additional file 1. Figure S1. Real-time PCR analysis showed an altered 
neurotrophic factors expression in the CP of male mice. Gene expression 
of MDK BDNF and FGF17. VEGF A, EPO, and EPOR significantly reduced 
aged CP along with unchanged Klotho and VGF expression. Real-time 
PCR analysis showed a differential expression in neurotrophic factor n 
in the CP of female mice. Neurotrophic factors MDK, BDNF VEGF, and 
FGF17 transcription were downregulated in the female mice, while VGF 
and EPO remained unchanged. Longevity factor Klotho gene expression 
was also reduced in the females.IGF transcription in male mice showed 
an unchanged expression of IGF1, IGF1R, IGFBP4, and IGFBP7, while 
IGF2 expression was significantly downregulated.IGF transcription was 
significantly downregulated in the female CP along with the IGF-binding 
protein and receptor. Thyroid hormone transporter TTR gene expression 
was downregulated in the CP of € males andFemales. *P<0.05, **P<0.01, 
*** P<0.001, *** P<0.0001.

Additional file 2. Figure S2. The expression of the water channel protein 
AQP1 gene was significantly downregulated in the maleand femaleCP. 
This decrease is evident from middle age onwards. The Tight junctional 
protein showed a differential transcriptional pattern in the male CP. 
OCLDN and CLDN 1 gene expression was unchanged, while JAM2, 
CLDN2, and CLDN5 gene expression was significantly downregulated. 
Tight junctional protein expression was significantly altered in female CP. 
Tight junctional proteins OCLDN JAM2, CLDN2, and CLDN5 showed a 
reduced expression, while CLDN1 expression was unchanged. *P<0.05, 
**P<0.01, *** P<0.001, **** P<0.0001.

Additional file 3. Figure S3.Immunohistochemical analysis showed an age-
related decrease in the CP of female mice. IGF2- IB4co-labelingindicates 
IGF2 localization outside the choroid vasculature. The co-labeling study 
using plectinshowed that IGF2is expressed in female mice’s basolateral 
side of choroidal epithelial cells. The reduction of IGF2 Protein expression 
is obvious from the mean gray valueof IHC images. *P<0.05.

Additional file 4. Figure S4.Klotho—IB4co-labelingshows that the female 
choroid vasculature did not express the Klotho protein. Most of the Klotho 
localization was observed outside the vasculature. Klotho expression in 
epithelial cells was examined using klotho- Plectinco-labeling. Klotho 
was highly expressed in the basolateral membrane of epithelial cells. The 
reduction in the mean gray value of aged CP points towards the reduced 
klotho protein localization in the epithelial cells of aged CP. * P<0.05.

Additional file 5. Figure S5.AQP1-IB4co-labelingstudy indicates that AQP-1 
expression is almost absent in the choroid epithelium. AQP1-Plectinco-
labelingindicates that most AQP1 was localized on the apical part of the 
epithelial cells. Very few cells showed basolateral expression of AQP1 in 
adult choroid plexus. Mean gray valueanalysis of IHC images showed that 
AQP1 protein localization is reduced in aged CP ** P<0.01.

Additional file 6. Table S1. Primer details.

Additional file 7. Table S2. Antibody details

Acknowledgements
Not applicable.

Author contributions
JS—Performed experiments, collected and analyzed data, and prepared the 
manuscript MS—Collected samples, prepared protocols and intellectual input; 
SSN—study design, intellectual input, and manuscript preparation. All authors 
reviewed the manuscript.

Funding
This work was supported by U.S. Public Health Service (National Institutes of 
Health) grants, MH106640, 3P20GM103443-22S1 (SSN), and the University of 
South Dakota Center for Brain and Behavioral Research. The funding agencies 
had no role in the writing of the manuscript.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All procedures were carried out in accordance with the National Institutes of 
Health Guide for the care and use of laboratory animals and approved by the 
USD Institutional animal care and use committee (01-01-23-26D, 12-02-2023).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Division of Basic Biomedical Sciences, Sanford School of Medicine, University 
of South Dakota, Vermillion, SD 57069, USA. 

Received: 18 March 2024   Accepted: 4 September 2024

References
 1. Del Bigio MR. The ependyma: a protective barrier between brain and 

cerebrospinal fluid. Glia. 1995;14(1):1–13. https:// doi. org/ 10. 1002/ glia. 
44014 0102.

 2. Redzic ZB, Preston JE, Duncan JA, Chodobski A, Szmydynger-Chodob-
ska J. The choroid plexus-cerebrospinal fluid system: from development 
to aging. Curr Top Dev Biol. 2005;71:1–52. https:// doi. org/ 10. 1016/ 
S0070- 2153(05) 71001-2.

 3. Gee P, Rhodes CH, Fricker LD, Angeletti RH. Expression of neuropeptide 
processing enzymes and neurosecretory proteins in ependyma and 
choroid plexus epithelium. Brain Res. 1993;617(2):238–48. https:// doi. 
org/ 10. 1016/ 0006- 8993(93) 91091-6.

 4. Stopa EG, Berzin TM, Kim S, Song P, Kuo-LeBlanc V, Rodriguez-Wolf M, 
Baird A, Johanson CE. Human choroid plexus growth factors: what are 
the implications for CSF dynamics in Alzheimer’s disease? Exp Neurol. 
2001;167(1):40–7. https:// doi. org/ 10. 1006/ exnr. 2000. 7545.

 5. Spector R. Nature and consequences of mammalian brain and 
CSF efflux transporters: four decades of progress. J Neurochem. 
2010;112(1):13–23. https:// doi. org/ 10. 1111/j. 1471- 4159. 2009. 06451.x.

 6. Spector R, Johanson CE. The mammalian choroid plexus. Sci Am. 
1989;261(5):68–74. https:// doi. org/ 10. 1038/ scien tific ameri can11 89- 68.

 7. Lippoldt A, Liebner S, Andbjer B, Kalbacher H, Wolburg H, Haller H, Fuxe 
K. Organization of choroid plexus epithelial and endothelial cell tight 
junctions and regulation of claudin-1, -2 and -5 expression by protein 
kinase C. Neuroreport. 2000;11(7):1427–31. https:// doi. org/ 10. 1097/ 
00001 756- 20000 5150- 00015.

 8. Wolburg H, Wolburg-Buchholz K, Liebner S, Engelhardt B. Claudin-1, 
claudin-2 and claudin-11 are present in tight junctions of choroid 
plexus epithelium of the mouse. Neurosci Lett. 2001;307(2):77–80. 
https:// doi. org/ 10. 1016/ s0304- 3940(01) 01927-9.

 9. Kratzer I, Vasiljevic A, Rey C, Fevre-Montange M, Saunders N, Strazielle N, 
Ghersi-Egea JF. Complexity and developmental changes in the expres-
sion pattern of claudins at the blood-CSF barrier. Histochem Cell Biol. 
2012;138(6):861–79. https:// doi. org/ 10. 1007/ s00418- 012- 1001-9.

 10. Solár P, Zamani A, Kubíčková L, Dubový P, Joukal M. Choroid plexus and 
the blood-cerebrospinal fluid barrier in disease. Fluids Barriers CNS. 
2020;17(1):35. https:// doi. org/ 10. 1186/ s12987- 020- 00196-2.

 11. Wolburg H, Lippoldt A. Tight junctions of the blood-brain bar-
rier: development, composition and regulation. Vascul Pharmacol. 
2002;38(6):323–37. https:// doi. org/ 10. 1016/ s1537- 1891(02) 00200-8.

 12. Oh H, Lewis DA, Sibille E. The role of BDNF in age-dependent changes 
of excitatory and inhibitory synaptic markers in the human prefrontal 
cortex. Neuropsychopharmacology. 2016;41(13):3080–91. https:// doi. 
org/ 10. 1038/ npp. 2016. 126.

https://doi.org/10.1186/s12987-024-00574-0
https://doi.org/10.1186/s12987-024-00574-0
https://doi.org/10.1002/glia.440140102
https://doi.org/10.1002/glia.440140102
https://doi.org/10.1016/S0070-2153(05)71001-2
https://doi.org/10.1016/S0070-2153(05)71001-2
https://doi.org/10.1016/0006-8993(93)91091-6
https://doi.org/10.1016/0006-8993(93)91091-6
https://doi.org/10.1006/exnr.2000.7545
https://doi.org/10.1111/j.1471-4159.2009.06451.x
https://doi.org/10.1038/scientificamerican1189-68
https://doi.org/10.1097/00001756-200005150-00015
https://doi.org/10.1097/00001756-200005150-00015
https://doi.org/10.1016/s0304-3940(01)01927-9
https://doi.org/10.1007/s00418-012-1001-9
https://doi.org/10.1186/s12987-020-00196-2
https://doi.org/10.1016/s1537-1891(02)00200-8
https://doi.org/10.1038/npp.2016.126
https://doi.org/10.1038/npp.2016.126


Page 17 of 19Sadanandan et al. Fluids and Barriers of the CNS           (2024) 21:77  

 13. Frater J, Lie D, Bartlett P, McGrath JJ. Insulin-like Growth Factor 1 (IGF-1) 
as a marker of cognitive decline in normal ageing: a review. Ageing Res 
Rev. 2018;42:14–27. https:// doi. org/ 10. 1016/j. arr. 2017. 12. 002.

 14. Hohman TJ, Bell SP, Jefferson AL; Alzheimer’s Disease Neuroimaging 
Initiative. The role of vascular endothelial growth factor in neurodegen-
eration and cognitive decline: exploring interactions with biomarkers of 
Alzheimer disease. JAMA Neurol. 2015;72(5):520–9. https:// doi. org/ 10. 
1001/ jaman eurol. 2014. 4761.

 15. Thouvenot E, Lafon-Cazal M, Demettre E, Jouin P, Bockaert J, Marin P. 
The proteomic analysis of mouse choroid plexus secretome reveals a 
high protein secretion capacity of choroidal epithelial cells. Proteomics. 
2006;6(22):5941–52. https:// doi. org/ 10. 1002/ pmic. 20060 0096.

 16. Skinner SJ, Geaney MS, Lin H, Muzina M, Anal AK, Elliott RB, Tan PL. 
Encapsulated living choroid plexus cells: potential long-term treat-
ments for central nervous system disease and trauma. J Neural Eng. 
2009;6(6): 065001. https:// doi. org/ 10. 1088/ 1741- 2560/6/ 6/ 065001.

 17. Bondy C, Werner H, Roberts CT Jr, LeRoith D. Cellular pattern of type-I 
insulin-like growth factor receptor gene expression during matura-
tion of the rat brain: comparison with insulin-like growth factors I and 
II. Neuroscience. 1992;46(4):909–23. https:// doi. org/ 10. 1016/ 0306- 
4522(92) 90193-6.

 18. Yang J, Dombrowski SM, Deshpande A, Krajcir N, Luciano MG. VEGF/
VEGFR-2 changes in frontal cortex, choroid plexus, and CSF after 
chronic obstructive hydrocephalus. J Neurol Sci. 2010;296(1–2):39–46. 
https:// doi. org/ 10. 1016/j. jns. 2010. 06. 012.

 19. Marques F, Sousa JC, Coppola G, Gao F, Puga R, Brentani H, Geschwind 
DH, Sousa N, Correia-Neves M, Palha JA. Transcriptome signature of the 
adult mouse choroid plexus. Fluids Barriers CNS. 2011;8(1):10. https:// 
doi. org/ 10. 1186/ 2045- 8118-8- 10.

 20. Lehtinen MK, Zappaterra MW, Chen X, Yang YJ, Hill AD, Lun M, Maynard 
T, Gonzalez D, Kim S, Ye P, D’Ercole AJ, Wong ET, LaMantia AS, Walsh CA. 
The cerebrospinal fluid provides a proliferative niche for neural progeni-
tor cells. Neuron. 2011;69(5):893–905. https:// doi. org/ 10. 1016/j. neuron. 
2011. 01. 023.

 21. Huang SL, Wang J, He XJ, Li ZF, Pu JN, Shi W. Secretion of BDNF and 
GDNF from free and encapsulated choroid plexus epithelial cells. Neu-
rosci Lett. 2014;566:42–5. https:// doi. org/ 10. 1016/j. neulet. 2014. 02. 017.

 22. Falcão AM, Marques F, Novais A, Sousa N, Palha JA, Sousa JC. The path 
from the choroid plexus to the subventricular zone: go with the flow! 
Front Cell Neurosci. 2012;6:34. https:// doi. org/ 10. 3389/ fncel. 2012. 00034.

 23. Stolp HB. Neuropoietic cytokines in normal brain development and 
neurodevelopmental disorders. Mol Cell Neurosci. 2013;53:63–8. 
https:// doi. org/ 10. 1016/j. mcn. 2012. 08. 009.

 24. Stolp HB, Molnár Z. Neurogenic niches in the brain: help and hindrance 
of the barrier systems. Front Neurosci. 2015;9:20. https:// doi. org/ 10. 
3389/ fnins. 2015. 00020.

 25. Maharaj AS, Walshe TE, Saint-Geniez M, Venkatesha S, Maldonado AE, 
Himes NC, Matharu KS, Karumanchi SA, D’Amore PA. VEGF and TGF-beta 
are required for the maintenance of the choroid plexus and ependyma. 
J Exp Med. 2008;205(2):491–501. https:// doi. org/ 10. 1084/ jem. 20072 041.

 26. Ziegler AN, Feng Q, Chidambaram S, Testai JM, Kumari E, Rothbard DE, 
Constancia M, Sandovici I, Cominski T, Pang K, Gao N, Wood TL, Levison 
SW. Insulin-like growth factor II: an essential adult stem cell niche 
constituent in brain and intestine. Stem Cell Reports. 2019;12(4):816–30. 
https:// doi. org/ 10. 1016/j. stemcr. 2019. 02. 011.

 27. Bartke A, Chandrashekar V, Dominici F, Turyn D, Kinney B, Steger R, 
Kopchick JJ. Insulin-like growth factor 1 (IGF-1) and aging: controversies 
and new insights. Biogerontology. 2003;4(1):1–8. https:// doi. org/ 10. 
1023/a: 10224 48532 248.

 28. Alberini CM. IGF2 in memory, neurodevelopmental disorders, and neu-
rodegenerative diseases. Trends Neurosci. 2023;46(6):488–502. https:// 
doi. org/ 10. 1016/j. tins. 2023. 03. 007.

 29. Biondi G. Ein neuer histologischer Befund am Epithel des Plexus 
chorioideus. Zeitschrift für die gesamte Neurologie und Psychiatrie. 
1933;144(1):161–5.

 30. Oksche A, Kirschstein H. Formation and ultrastructure of Biondi bodies 
in the human choroid plexus (biopsy material). Z Zellforsch Mikrosk 
Anat. 1972;124:320–41. https:// doi. org/ 10. 1007/ BF003 55034.

 31. Ferrante F, Amenta F. Enzyme histochemistry of the choroid plexus 
in old rats. Mech Ageing Dev. 1987;41(1–2):65–72. https:// doi. org/ 10. 
1016/ 0047- 6374(87) 90054-6.

 32. Van Cauwenberghe C, Gorlé N, Vandenbroucke RE. Roles of the choroid 
plexus in aging. In: Praetorius J, Blazer-Yost B, Damkier H, editors. Role 
of the choroid plexus in health and disease. New York, NY: Springer US; 
2020. p. 209–32.

 33. Matsumae M, Kikinis R, Mórocz IA, Lorenzo AV, Sándor T, Albert MS, 
Black PM, Jolesz FA. Age-related changes in intracranial compartment 
volumes in normal adults assessed by magnetic resonance imaging. J 
Neurosurg. 1996;84(6):982–91. https:// doi. org/ 10. 3171/ jns. 1996. 84.6. 
0982.

 34. Foundas AL, Zipin D, Browning CA. Age-related changes of the insular 
cortex and lateral ventricles: conventional MRI volumetric measures. J 
Neuroimaging. 1998;8(4):216–21. https:// doi. org/ 10. 1111/ jon19 98842 
16.

 35. Preston JE. Ageing choroid plexus-cerebrospinal fluid system. Microsc 
Res Tech. 2001;52(1):31–7. https:// doi. org/ 10. 1002/ 1097- 0029(20010 
101) 52:1% 3c31:: AID- JEMT5% 3e3.0. CO;2-T.

 36. Johanson CE, Duncan JA 3rd, Klinge PM, Brinker T, Stopa EG, Silverberg 
GD. Multiplicity of cerebrospinal fluid functions: new challenges in 
health and disease. Cerebrospinal Fluid Res. 2008;5:10. https:// doi. org/ 
10. 1186/ 1743- 8454-5- 10.

 37. Chiu C, Miller MC, Caralopoulos IN, Worden MS, Brinker T, Gordon ZN, 
Johanson CE, Silverberg GD. Temporal course of cerebrospinal fluid 
dynamics and amyloid accumulation in the aging rat brain from three 
to thirty months. Fluids Barriers CNS. 2012;9(1):3. https:// doi. org/ 10. 
1186/ 2045- 8118-9-3.

 38. Rubenstein E. Relationship of senescence of cerebrospinal fluid circula-
tory system to dementias of the aged. Lancet. 1998;351(9098):283–5. 
https:// doi. org/ 10. 1016/ S0140- 6736(97) 09234-9.

 39. Weller RO, Massey A, Kuo YM, Roher AE. Cerebral amyloid angiopathy: 
accumulation of A beta in interstitial fluid drainage pathways in Alz-
heimer’s disease. Ann N Y Acad Sci. 2000;903:110–7. https:// doi. org/ 10. 
1111/j. 1749- 6632. 2000. tb063 56.x.

 40. Launer LJ. Demonstrating the case that AD is a vascular disease: epide-
miologic evidence. Ageing Res Rev. 2002;1:61–77. https:// doi. org/ 10. 
1016/ s0047- 6374(01) 00364-5.

 41. Silverberg GD, Mayo M, Saul T, Rubenstein E, McGuire D. Alzheimer’s 
disease, normal-pressure hydrocephalus, and senescent changes in CSF 
circulatory physiology: a hypothesis. Lancet Neurol. 2003;2(8):506–11. 
https:// doi. org/ 10. 1016/ s1474- 4422(03) 00487-3.

 42. Chakravarty A. Unifying concept for Alzheimer’s disease, vascular 
dementia and normal pressure hydrocephalus—a hypothesis. Med 
Hypotheses. 2004;63(5):827–33. https:// doi. org/ 10. 1016/j. mehy. 2004. 03. 
029.

 43. Santos CR, Duarte AC, Quintela T, Tomás J, Albuquerque T, Marques F, 
Palha JA, Gonçalves I. The choroid plexus as a sex hormone target: func-
tional implications. Front Neuroendocrinol. 2017;44:103–21. https:// doi. 
org/ 10. 1016/j. yfrne. 2016. 12. 002.

 44. Hong-Goka BC, Chang FL. Estrogen receptors alpha and beta in 
choroid plexus epithelial cells in Alzheimer’s disease. Neurosci Lett. 
2004;360(3):113–6. https:// doi. org/ 10. 1016/j. neulet. 2004. 01. 075.

 45. Quadros PS, Pfau JL, Wagner CK. Distribution of progesterone receptor 
immunoreactivity in the fetal and neonatal rat forebrain. J Comp Neu-
rol. 2007;504(1):42–56. https:// doi. org/ 10. 1002/ cne. 21427.

 46. Alves CH, Gonçalves I, Socorro S, Baltazar G, Quintela T, Santos CR. 
Androgen receptor is expressed in murine choroid plexus and 
downregulated by 5alpha-dihydrotestosterone in male and female 
mice. J Mol Neurosci. 2009;38(1):41–9. https:// doi. org/ 10. 1007/ 
s12031- 008- 9157-4.

 47. Quintela T, Marcelino H, Deery MJ, Feret R, Howard J, Lilley KS, et al. 
Sexrelated diferences in rat choroid plexus and cerebrospinal fuid: a 
cDNA microarray and proteomic analysis. J Neuroendocrinol. 2016. 
https:// doi. org/ 10. 1111/ jne. 12340

 48. Andreassen SN, Toft-Bertelsen TL, Wardman JH, Villadsen R, MacAulay N. 
Transcriptional profiling of transport mechanisms and regulatory path-
ways in rat choroid plexus. Fluids Barriers CNS. 2022;19(1):44. https:// 
doi. org/ 10. 1186/ s12987- 022- 00335-x.

 49. Chen CP, Chen RL, Preston JE. The influence of ageing in the cerebrospi-
nal fluid concentrations of proteins that are derived from the choroid 
plexus, brain, and plasma. Exp Gerontol. 2012;47(4):323–8. https:// doi. 
org/ 10. 1016/j. exger. 2012. 01. 008.

https://doi.org/10.1016/j.arr.2017.12.002
https://doi.org/10.1001/jamaneurol.2014.4761
https://doi.org/10.1001/jamaneurol.2014.4761
https://doi.org/10.1002/pmic.200600096
https://doi.org/10.1088/1741-2560/6/6/065001
https://doi.org/10.1016/0306-4522(92)90193-6
https://doi.org/10.1016/0306-4522(92)90193-6
https://doi.org/10.1016/j.jns.2010.06.012
https://doi.org/10.1186/2045-8118-8-10
https://doi.org/10.1186/2045-8118-8-10
https://doi.org/10.1016/j.neuron.2011.01.023
https://doi.org/10.1016/j.neuron.2011.01.023
https://doi.org/10.1016/j.neulet.2014.02.017
https://doi.org/10.3389/fncel.2012.00034
https://doi.org/10.1016/j.mcn.2012.08.009
https://doi.org/10.3389/fnins.2015.00020
https://doi.org/10.3389/fnins.2015.00020
https://doi.org/10.1084/jem.20072041
https://doi.org/10.1016/j.stemcr.2019.02.011
https://doi.org/10.1023/a:1022448532248
https://doi.org/10.1023/a:1022448532248
https://doi.org/10.1016/j.tins.2023.03.007
https://doi.org/10.1016/j.tins.2023.03.007
https://doi.org/10.1007/BF00355034
https://doi.org/10.1016/0047-6374(87)90054-6
https://doi.org/10.1016/0047-6374(87)90054-6
https://doi.org/10.3171/jns.1996.84.6.0982
https://doi.org/10.3171/jns.1996.84.6.0982
https://doi.org/10.1111/jon199884216
https://doi.org/10.1111/jon199884216
https://doi.org/10.1002/1097-0029(20010101)52:1%3c31::AID-JEMT5%3e3.0.CO;2-T
https://doi.org/10.1002/1097-0029(20010101)52:1%3c31::AID-JEMT5%3e3.0.CO;2-T
https://doi.org/10.1186/1743-8454-5-10
https://doi.org/10.1186/1743-8454-5-10
https://doi.org/10.1186/2045-8118-9-3
https://doi.org/10.1186/2045-8118-9-3
https://doi.org/10.1016/S0140-6736(97)09234-9
https://doi.org/10.1111/j.1749-6632.2000.tb06356.x
https://doi.org/10.1111/j.1749-6632.2000.tb06356.x
https://doi.org/10.1016/s0047-6374(01)00364-5
https://doi.org/10.1016/s0047-6374(01)00364-5
https://doi.org/10.1016/s1474-4422(03)00487-3
https://doi.org/10.1016/j.mehy.2004.03.029
https://doi.org/10.1016/j.mehy.2004.03.029
https://doi.org/10.1016/j.yfrne.2016.12.002
https://doi.org/10.1016/j.yfrne.2016.12.002
https://doi.org/10.1016/j.neulet.2004.01.075
https://doi.org/10.1002/cne.21427
https://doi.org/10.1007/s12031-008-9157-4
https://doi.org/10.1007/s12031-008-9157-4
https://doi.org/10.1111/jne.12340
https://doi.org/10.1186/s12987-022-00335-x
https://doi.org/10.1186/s12987-022-00335-x
https://doi.org/10.1016/j.exger.2012.01.008
https://doi.org/10.1016/j.exger.2012.01.008


Page 18 of 19Sadanandan et al. Fluids and Barriers of the CNS           (2024) 21:77 

 50. Saul J, Hutchins E, Reiman R, Saul M, Ostrow LW, Harris BT, Van Keuren-
Jensen K, Bowser R, Bakkar N. Global alterations to the choroid plexus 
blood-CSF barrier in amyotrophic lateral sclerosis. Acta Neuropathol 
Commun. 2020;8(1):92. https:// doi. org/ 10. 1186/ s40478- 020- 00968-9.

 51. Winkler C, Yao S. The midkine family of growth factors: diverse roles 
in nervous system formation and maintenance. Br J Pharmacol. 
2014;171(4):905–12. https:// doi. org/ 10. 1111/ bph. 12462.

 52. Acheson A, Conover JC, Fandl JP, DeChiara TM, Russell M, Thadani A, 
Squinto SP, Yancopoulos GD, Lindsay RM. A BDNF autocrine loop in 
adult sensory neurons prevents cell death. Nature. 1995;374(6521):450–
3. https:// doi. org/ 10. 1038/ 37445 0a0.

 53. Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development 
and function. Annu Rev Neurosci. 2001;24:677–736. https:// doi. org/ 10. 
1146/ annur ev. neuro. 24.1. 677.

 54. Lu B, Nagappan G, Lu Y. BDNF and synaptic plasticity, cognitive func-
tion, and dysfunction. Handb Exp Pharmacol. 2014;220:223–50. https:// 
doi. org/ 10. 1007/ 978-3- 642- 45106-5_9.

 55. Libina N, Berman JR, Kenyon C. Tissue-specific activities of C. elegans 
DAF-16 in the regulation of lifespan. Cell. 2003;115(4):489–502. https:// 
doi. org/ 10. 1016/ s0092- 8674(03) 00889-4

 56. Broughton S, Partridge L. Insulin/IGF-like signalling, the central nervous 
system and aging. Biochem J. 2009;418(1):1–12. https:// doi. org/ 10. 
1042/ BJ200 82102.

 57. Stylianopoulou F, Herbert J, Soares MB, Efstratiadis A. Expression of 
the insulin-like growth factor II gene in the choroid plexus and the 
leptomeninges of the adult rat central nervous system. Proc Natl Acad 
Sci U S A. 1988;85(1):141–5. https:// doi. org/ 10. 1073/ pnas. 85.1. 141.

 58. Zhou R, Diehl D, Hoeflich A, Lahm H, Wolf E. IGF-binding protein-4: 
biochemical characteristics and functional consequences. J Endocrinol. 
2003;178(2):177–93. https:// doi. org/ 10. 1677/ joe.0. 17801 77.

 59. Rajaram S, Baylink DJ, Mohan S. Insulin-like growth factor-binding 
proteins in serum and other biological fluids: regulation and functions. 
Endocr Rev. 1997;18(6):801–31. https:// doi. org/ 10. 1210/ edrv. 18.6. 0321.

 60. Pandit R, Chen L, Götz J. The blood-brain barrier: physiology and strate-
gies for drug delivery. Adv Drug Deliv Rev. 2020;165–166:1–14. https:// 
doi. org/ 10. 1016/j. addr. 2019. 11. 009.

 61. Farquhar MG, Palade GE. Junctional complexes in various epithelia. J 
Cell Biol. 1963;17(2):375–412. https:// doi. org/ 10. 1083/ jcb. 17.2. 375.

 62. Dickson PW, Aldred AR, Marley PD, Tu GF, Howlett GJ, Schreiber G. High 
prealbumin and transferrin mRNA levels in the choroid plexus of rat 
brain. Biochem Biophys Res Commun. 1985;127(3):890–5. https:// doi. 
org/ 10. 1016/ s0006- 291x(85) 80027-9.

 63. Skinner SJ, Geaney MS, Rush R, Rogers ML, Emerich DF, Thanos CG, 
Vasconcellos AV, Tan PL, Elliott RB. Choroid plexus transplants in the 
treatment of brain diseases. Xenotransplantation. 2006;13(4):284–8. 
https:// doi. org/ 10. 1111/j. 1399- 3089. 2006. 00310.x.

 64. Katoh-Semba R, Semba R, Takeuchi IK, Kato K. Age-related changes in 
levels of a brain-derived neurotrophic factor in selected brain regions 
of rats, normal mice, and senescence-accelerated mice: a comparison 
to those of nerve growth factor and neurotrophin-3. Neurosci Res. 
1998;31(3):227–34. https:// doi. org/ 10. 1016/ s0168- 0102(98) 00040-6.

 65. Li G, Peskind ER, Millard SP, Chi P, Sokal I, Yu CE, Bekris LM, Raskind MA, 
Galasko DR, Montine TJ. Cerebrospinal fluid concentration of brain-
derived neurotrophic factor and cognitive function in non-demented 
subjects. PLoS ONE. 2009;4(5): e5424. https:// doi. org/ 10. 1371/ journ al. 
pone. 00054 24.

 66. Bunn RC, King WD, Winkler MK, Fowlkes JL. Early developmental 
changes in IGF-I, IGF-II, IGF binding protein-1, and IGF binding protein-3 
concentration in the cerebrospinal fluid of children. Pediatr Res. 
2005;58(1):89–93. https:// doi. org/ 10. 1203/ 01. PDR. 00001 56369. 62787. 
96.

 67. Toth L, Czigler A, Hegedus E, Komaromy H, Amrein K, Czeiter E, 
Yabluchanskiy A, Koller A, Orsi G, Perlaki G, Schwarcz A, Buki A, Ungvari 
Z, Toth PJ. Age-related decline in circulating IGF-1 associates with 
impaired neurovascular coupling responses in older adults. Gerosci-
ence. 2022;44(6):2771–83. https:// doi. org/ 10. 1007/ s11357- 022- 00623-2.

 68. LeRoith D, Holly JMP, Forbes BE. Insulin-like growth factors: ligands, 
binding proteins, and receptors. Mol Metab. 2021;52: 101245. https:// 
doi. org/ 10. 1016/j. molmet. 2021. 101245.

 69. Bracko O, Singer T, Aigner S, Knobloch M, Winner B, Ray J, Clemenson 
GD Jr, Suh H, Couillard-Despres S, Aigner L, Gage FH, Jessberger S. Gene 

expression profiling of neural stem cells and their neuronal progeny 
reveals IGF2 as a regulator of adult hippocampal neurogenesis. J Neuro-
sci. 2012;32(10):3376–87. https:// doi. org/ 10. 1523/ JNEUR OSCI. 4248- 11. 
2012.

 70. Fitzgerald GS, Chuchta TG, McNay EC. Insulin-like growth factor-2 is a 
promising candidate for the treatment and prevention of Alzheimer’s 
disease. CNS Neurosci Ther. 2023;29(6):1449–69. https:// doi. org/ 10. 
1111/ cns. 14160.

 71. Chen RL, Kassem NA, Sadeghi M, Preston JE. Insulin-like growth factor-II 
uptake into choroid plexus and brain of young and old sheep. J 
Gerontol A Biol Sci Med Sci. 2008;63(2):141–8. https:// doi. org/ 10. 1093/ 
gerona/ 63.2. 141.

 72. Park GH, Buetow DE. Genes for insulin-like growth factors I and II are 
expressed in senescent rat tissues. Gerontology. 1991;37(6):310–6. 
https:// doi. org/ 10. 1159/ 00021 3278.

 73. Kitraki E, Bozas E, Philippidis H, Stylianopoulou F. Aging-related changes 
in IGF-II and c-fos gene expression in the rat brain. Int J Dev Neurosci. 
1993;11(1):1–9. https:// doi. org/ 10. 1016/ 0736- 5748(93) 90029-d.

 74. Pascual-Lucas M, Viana da Silva S, Di Scala M, Garcia-Barroso C, 
González-Aseguinolaza G, Mulle C, Alberini CM, Cuadrado-Tejedor M, 
Garcia-Osta A. Insulin-like growth factor 2 reverses memory and synap-
tic deficits in APP transgenic mice. EMBO Mol Med. 2014;6(10):1246–62. 
https:// doi. org/ 10. 15252/ emmm. 20140 4228

 75. Pollak MN, Schernhammer ES, Hankinson SE. Insulin-like growth factors 
and neoplasia. Nat Rev Cancer. 2004;4(7):505–18. https:// doi. org/ 10. 
1038/ nrc13 87.

 76. Richter B, Faul C. FGF23 actions on target tissues-with and without 
klotho. Front Endocrinol (Lausanne). 2018;9:189. https:// doi. org/ 10. 
3389/ fendo. 2018. 00189.

 77. Kuro-O M. The Klotho proteins in health and disease. Nat Rev Nephrol. 
2019;15(1):27–44. https:// doi. org/ 10. 1038/ s41581- 018- 0078-3.

 78. Quarles LD. Fibroblast growth factor 23 and α-Klotho co-depend-
ent and independent functions. Curr Opin Nephrol Hypertens. 
2019;28(1):16–25. https:// doi. org/ 10. 1097/ MNH. 00000 00000 000467.

 79. Li S, Yu L, He A, Liu Q. Klotho inhibits unilateral ureteral obstruction-
induced endothelial-to-mesenchymal transition via TGF-β1/Smad2/
Snail1 signaling in mice. Front Pharmacol. 2019;10:348. https:// doi. org/ 
10. 3389/ fphar. 2019. 00348.

 80. Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi 
T, Ohyama Y, Kurabayashi M, Kaname T, Kume E, Iwasaki H, Iida A, 
Shiraki-Iida T, Nishikawa S, Nagai R, Nabeshima YI. Mutation of the 
mouse klotho gene leads to a syndrome resembling ageing. Nature. 
1997;390(6655):45–51. https:// doi. org/ 10. 1038/ 36285.

 81. Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani P, McGuin-
ness OP, Chikuda H, Yamaguchi M, Kawaguchi H, Shimomura I, Takay-
ama Y, Herz J, Kahn CR, Rosenblatt KP, Kuro-o M. Suppression of aging in 
mice by the hormone Klotho. Science. 2005;309(5742):1829–33. https:// 
doi. org/ 10. 1126/ scien ce. 11127 66.

 82. Masuda H, Chikuda H, Suga T, Kawaguchi H, Kuro-o M. Regulation of 
multiple ageing-like phenotypes by inducible klotho gene expres-
sion in klotho mutant mice. Mech Ageing Dev. 2005;126(12):1274–83. 
https:// doi. org/ 10. 1016/j. mad. 2005. 07. 007.

 83. Yamazaki Y, Imura A, Urakawa I, Shimada T, Murakami J, Aono Y, 
Hasegawa H, Yamashita T, Nakatani K, Saito Y, Okamoto N, Kurumatani 
N, Namba N, Kitaoka T, Ozono K, Sakai T, Hataya H, Ichikawa S, Imel EA, 
Econs MJ, Nabeshima Y. Establishment of sandwich ELISA for soluble 
alpha-Klotho measurement: age-dependent change of soluble alpha-
Klotho levels in healthy subjects. Biochem Biophys Res Commun. 
2010;398(3):513–8. https:// doi. org/ 10. 1016/j. bbrc. 2010. 06. 110.

 84. Pedersen L, Pedersen SM, Brasen CL, Rasmussen LM. Soluble serum 
Klotho levels in healthy subjects. Comparison of two different immu-
noassays. Clin Biochem. 2013;46(12):1079–83. https:// doi. org/ 10. 1016/j. 
clinb iochem. 2013. 05. 046

 85. Siahanidou T, Garatzioti M, Lazaropoulou C, Kourlaba G, Papassotiriou I, 
Kino T, Imura A, Nabeshima Y, Chrousos G. Plasma soluble α-klotho pro-
tein levels in premature and term neonates: correlations with growth 
and metabolic parameters. Eur J Endocrinol. 2012;167(3):433–40. 
https:// doi. org/ 10. 1530/ EJE- 12- 0476.

 86. Sathyanesan M, Girgenti MJ, Banasr M, Stone K, Bruce C, Guilchicek E, 
Wilczak-Havill K, Nairn A, Williams K, Sass S, Duman JG, Newton SS. A 
molecular characterization of the choroid plexus and stress-induced 

https://doi.org/10.1186/s40478-020-00968-9
https://doi.org/10.1111/bph.12462
https://doi.org/10.1038/374450a0
https://doi.org/10.1146/annurev.neuro.24.1.677
https://doi.org/10.1146/annurev.neuro.24.1.677
https://doi.org/10.1007/978-3-642-45106-5_9
https://doi.org/10.1007/978-3-642-45106-5_9
https://doi.org/10.1016/s0092-8674(03)00889-4
https://doi.org/10.1016/s0092-8674(03)00889-4
https://doi.org/10.1042/BJ20082102
https://doi.org/10.1042/BJ20082102
https://doi.org/10.1073/pnas.85.1.141
https://doi.org/10.1677/joe.0.1780177
https://doi.org/10.1210/edrv.18.6.0321
https://doi.org/10.1016/j.addr.2019.11.009
https://doi.org/10.1016/j.addr.2019.11.009
https://doi.org/10.1083/jcb.17.2.375
https://doi.org/10.1016/s0006-291x(85)80027-9
https://doi.org/10.1016/s0006-291x(85)80027-9
https://doi.org/10.1111/j.1399-3089.2006.00310.x
https://doi.org/10.1016/s0168-0102(98)00040-6
https://doi.org/10.1371/journal.pone.0005424
https://doi.org/10.1371/journal.pone.0005424
https://doi.org/10.1203/01.PDR.0000156369.62787.96
https://doi.org/10.1203/01.PDR.0000156369.62787.96
https://doi.org/10.1007/s11357-022-00623-2
https://doi.org/10.1016/j.molmet.2021.101245
https://doi.org/10.1016/j.molmet.2021.101245
https://doi.org/10.1523/JNEUROSCI.4248-11.2012
https://doi.org/10.1523/JNEUROSCI.4248-11.2012
https://doi.org/10.1111/cns.14160
https://doi.org/10.1111/cns.14160
https://doi.org/10.1093/gerona/63.2.141
https://doi.org/10.1093/gerona/63.2.141
https://doi.org/10.1159/000213278
https://doi.org/10.1016/0736-5748(93)90029-d
https://doi.org/10.15252/emmm.201404228
https://doi.org/10.1038/nrc1387
https://doi.org/10.1038/nrc1387
https://doi.org/10.3389/fendo.2018.00189
https://doi.org/10.3389/fendo.2018.00189
https://doi.org/10.1038/s41581-018-0078-3
https://doi.org/10.1097/MNH.0000000000000467
https://doi.org/10.3389/fphar.2019.00348
https://doi.org/10.3389/fphar.2019.00348
https://doi.org/10.1038/36285
https://doi.org/10.1126/science.1112766
https://doi.org/10.1126/science.1112766
https://doi.org/10.1016/j.mad.2005.07.007
https://doi.org/10.1016/j.bbrc.2010.06.110
https://doi.org/10.1016/j.clinbiochem.2013.05.046
https://doi.org/10.1016/j.clinbiochem.2013.05.046
https://doi.org/10.1530/EJE-12-0476


Page 19 of 19Sadanandan et al. Fluids and Barriers of the CNS           (2024) 21:77  

gene regulation. Transl Psychiatry. 2012;2(7): e139. https:// doi. org/ 10. 
1038/ tp. 2012. 64.

 87. Zhu, L., Stein, L.R., Kim, D., Ho, K., Yu, G., Zhan, L, et al. (2018) Klotho 
controls the brain–immune system interface in the choroid plexus. Proc 
Natl.

 88. Tsitsou-Kampeli A, Suzzi S, Schwartz M. The immune and metabolic 
milieu of the choroid plexus as a potential target in brain protection. 
Trends Neurosci. 2024;47(8):573–82. https:// doi. org/ 10. 1016/j. tins. 2024. 
05. 010.

 89. Abraham CR, Mullen PC, Tucker-Zhou T, Chen CD, Zeldich E. Klotho 
is a neuroprotective and cognition-enhancing protein. Vitam Horm. 
2016;101:215–38. https:// doi. org/ 10. 1016/ bs. vh. 2016. 02. 004.

 90. Leon J, Moreno AJ, Garay BI, Chalkley RJ, Burlingame AL, Wang D, Dubal 
DB. Peripheral elevation of a klotho fragment enhances brain function 
and resilience in young, aging, and α-synuclein transgenic mice. Cell 
Rep. 2017;20(6):1360–71. https:// doi. org/ 10. 1016/j. celrep. 2017. 07. 024.

 91. Bulat M, Klarica M. Recent insights into a new hydrodynamics of the 
cerebrospinal fluid. Brain Res Rev. 2011;65(2):99–112. https:// doi. org/ 10. 
1016/j. brain resrev. 2010. 08. 002.

 92. Oshio K, Watanabe H, Song Y, Verkman AS, Manley GT. Reduced 
cerebrospinal fluid production and intracranial pressure in mice lacking 
choroid plexus water channel Aquaporin-1. FASEB J. 2005;19(1):76–8. 
https:// doi. org/ 10. 1096/ fj. 04- 1711fj e.

 93. Hladky SB, Barrand MA. Mechanisms of fluid movement into, through 
and out of the brain: evaluation of the evidence. Fluids Barriers CNS. 
2014;11(1):26. https:// doi. org/ 10. 1186/ 2045- 8118- 11- 26.

 94. Wichmann TO, Damkier HH, Pedersen M. A brief overview of the 
cerebrospinal fluid system and its implications for brain and spinal 
cord diseases. Front Hum Neurosci. 2022;15: 737217. https:// doi. org/ 10. 
3389/ fnhum. 2021. 737217.

 95. Boassa D, Yool AJ. A fascinating tail: cGMP activation of aquaporin-1 ion 
channels. Trends Pharmacol Sci. 2002;23(12):558–62. https:// doi. org/ 10. 
1016/ s0165- 6147(02) 02112-0.

 96. Boassa D, Yool AJ. Single amino acids in the carboxyl terminal domain 
of aquaporin-1 contribute to cGMP-dependent ion channel activation. 
BMC Physiol. 2003;3:12. https:// doi. org/ 10. 1186/ 1472- 6793-3- 12.

 97. Papadopoulos MC, Verkman AS. Aquaporin water channels in the nerv-
ous system. Nat Rev Neurosci. 2013;14:265–77.

 98. Boassa D, Stamer WD, Yool AJ. Ion channel function of aquaporin-1 
natively expressed in choroid plexus. J Neurosci. 2006;26:7811–9.

 99. Verkman AS, Tradtrantip L, Smith AJ, Yao X. Aquaporin water channels 
and hydrocephalus. Pediatr Neurosurg. 2017;52:409–16.

 100. Nielsen S, Smith BL, Christensen EI, Agre P. Distribution of the aquaporin 
CHIP in secretory and resorptive epithelia and capillary endothelia. Proc 
Natl Acad Sci U S A. 1993;90(15):7275–9. https:// doi. org/ 10. 1073/ pnas. 
90. 15. 7275.

 101. Praetorius J, Nielsen S. Distribution of sodium transporters and 
aquaporin-1 in the human choroid plexus. Am J Physiol Cell Physiol. 
2006;291(1):C59-67. https:// doi. org/ 10. 1152/ ajpce ll. 00433. 2005.

 102. Nakadate K, Kamata S. Severe acute hepatic dysfunction induced 
by ammonium acetate treatment results in choroid plexus swelling 
and ventricle enlargement in the brain. Int J Mol Sci. 2022;23(4):2010. 
https:// doi. org/ 10. 3390/ ijms2 30420 10.

 103. González-Marrero I, Hernández-Abad LG, González-Gómez M, Soto-
Viera M, Carmona-Calero EM, Castañeyra-Ruiz L, Castañeyra-Perdomo A. 
Altered expression of AQP1 and AQP4 in brain barriers and cerebrospi-
nal fluid may affect cerebral water balance during chronic hyperten-
sion. Int J Mol Sci. 2022;23(20):12277. https:// doi. org/ 10. 3390/ ijms2 
32012 277.

 104. Masseguin C, LePanse S, Corman B, Verbavatz JM, Gabrion J. Aging 
affects choroidal proteins involved in CSF production in Sprague-Daw-
ley rats. Neurobiol Aging. 2005;26(6):917–27. https:// doi. org/ 10. 1016/j. 
neuro biola ging. 2004. 07. 013.

 105. Blake CC, Geisow MJ, Oatley SJ, Rérat B, Rérat C. Structure of prealbu-
min: secondary, tertiary and quaternary interactions determined by 
Fourier refinement at 1.8 A. J Mol Biol. 1978;121(3):339–56. https:// doi. 
org/ 10. 1016/ 0022- 2836(78) 90368-6

 106. Serot JM, Christmann D, Dubost T, Couturier M. Cerebrospinal fluid tran-
sthyretin: aging and late onset Alzheimer’s disease. J Neurol Neurosurg 
Psychiatry. 1997;63:506–8. https:// doi. org/ 10. 1136/ jnnp. 63.4. 506.

 107. Alemi M, Gaiteiro C, Ribeiro C, et al. Transthyretin participates in beta-
amyloid transport from the brain to the liver- involvement of the low-
density lipoprotein receptor-related protein 1? Sci Rep. 2016;6:20164. 
https:// doi. org/ 10. 1038/ srep2 0164.

 108. Saponaro F, Kim JH, Chiellini G. Transthyretin stabilization: an emerg-
ing strategy for the treatment of Alzheimer’s disease? Int J Mol Sci. 
2020;21(22):8672. https:// doi. org/ 10. 3390/ ijms2 12286 72.

 109. Strazielle N, Ghersi-Egea JF. Choroid plexus in the central nervous 
system: biology and physiopathology. J Neuropathol Exp Neurol. 
2000;59:561–74.

 110. Damkier HH, Brown PD, Praetorius J. Cerebrospinal fluid secretion by 
the choroid plexus. Physiol Rev. 2013;93(4):1847–92. https:// doi. org/ 10. 
1152/ physr ev. 00004. 2013.

 111. Lun MP, Monuki ES, Lehtinen MK. Development and functions of 
the choroid plexus-cerebrospinal fluid system. Nat Rev Neurosci. 
2015;16(8):445–57. https:// doi. org/ 10. 1038/ nrn39 21.

 112. Hofman FM, Chen TC. Choroid plexus: structure and function. In: 
Neman J, Chen TC, editors. The choroid plexus and cerebrospinal fluid. 
Cambridge, MA: Academic Press; 2016. p. 29–40.

 113. Spadoni I, Fornasa G, Rescigno M. Organ-specific protection medi-
ated by cooperation between vascular and epithelial barriers. Nat Rev 
Immunol. 2017;17(12):761–73. https:// doi. org/ 10. 1038/ nri. 2017. 100.

 114. Itoh M, Furuse M, Morita K, Kubota K, Saitou M, Tsukita S. Direct binding 
of three tight junction-associated MAGUKs, ZO-1, ZO-2, and ZO-3, with 
the COOH termini of claudins. J Cell Biol. 1999;147(6):1351–63. https:// 
doi. org/ 10. 1083/ jcb. 147.6. 1351.

 115. González-Mariscal L, Betanzos A, Avila-Flores A. MAGUK proteins: struc-
ture and role in the tight junction. Semin Cell Dev Biol. 2000;11(4):315–
24. https:// doi. org/ 10. 1006/ scdb. 2000. 0178.

 116. May C, Kaye JA, Atack JR, Schapiro MB, Friedland RP, Rapoport SI. 
Cerebrospinal fluid production is reduced in healthy aging. Neurology. 
1990;40(3 Pt 1):500–3. https:// doi. org/ 10. 1212/ wnl. 40.3_ part_1. 500.

 117. Johanson C, McMillan P, Tavares R, Spangenberger A, Duncan J, 
Silverberg G, Stopa E. Homeostatic capabilities of the choroid plexus 
epithelium in Alzheimer’s disease. Cerebrospinal Fluid Res. 2004;1(1):3. 
https:// doi. org/ 10. 1186/ 1743- 8454-1-3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/tp.2012.64
https://doi.org/10.1038/tp.2012.64
https://doi.org/10.1016/j.tins.2024.05.010
https://doi.org/10.1016/j.tins.2024.05.010
https://doi.org/10.1016/bs.vh.2016.02.004
https://doi.org/10.1016/j.celrep.2017.07.024
https://doi.org/10.1016/j.brainresrev.2010.08.002
https://doi.org/10.1016/j.brainresrev.2010.08.002
https://doi.org/10.1096/fj.04-1711fje
https://doi.org/10.1186/2045-8118-11-26
https://doi.org/10.3389/fnhum.2021.737217
https://doi.org/10.3389/fnhum.2021.737217
https://doi.org/10.1016/s0165-6147(02)02112-0
https://doi.org/10.1016/s0165-6147(02)02112-0
https://doi.org/10.1186/1472-6793-3-12
https://doi.org/10.1073/pnas.90.15.7275
https://doi.org/10.1073/pnas.90.15.7275
https://doi.org/10.1152/ajpcell.00433.2005
https://doi.org/10.3390/ijms23042010
https://doi.org/10.3390/ijms232012277
https://doi.org/10.3390/ijms232012277
https://doi.org/10.1016/j.neurobiolaging.2004.07.013
https://doi.org/10.1016/j.neurobiolaging.2004.07.013
https://doi.org/10.1016/0022-2836(78)90368-6
https://doi.org/10.1016/0022-2836(78)90368-6
https://doi.org/10.1136/jnnp.63.4.506
https://doi.org/10.1038/srep20164
https://doi.org/10.3390/ijms21228672
https://doi.org/10.1152/physrev.00004.2013
https://doi.org/10.1152/physrev.00004.2013
https://doi.org/10.1038/nrn3921
https://doi.org/10.1038/nri.2017.100
https://doi.org/10.1083/jcb.147.6.1351
https://doi.org/10.1083/jcb.147.6.1351
https://doi.org/10.1006/scdb.2000.0178
https://doi.org/10.1212/wnl.40.3_part_1.500
https://doi.org/10.1186/1743-8454-1-3

	Aging alters the expression of trophic factors and tight junction proteins in the mouse choroid plexus
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals
	RNA extraction and quantitative PCR analyses
	QIAcuity dPCR
	Protein isolation from choroid plexus
	Automated western blot analysis
	Immunohistochemistry
	Immunohistochemistry image analysis
	Blood-CSF barrier permeability analysis
	Data analysis

	Results
	Neurotrophic factor expression is significantly altered in the aged choroid plexus
	IGF expression decreased in the choroid plexus of aged mice
	Longevity factor Klotho is reduced in the aged choroid plexus
	Water channel protein AQP1 expression is altered in the aged choroid plexus
	Aging-altered tight junction protein expression compromises tight junction integrity
	Aging altered transport protein transthyretin gene expression

	Discussion
	Acknowledgements
	References


