
Journal of the Endocrine Society, 2023, 7, 1–7 
https://doi.org/10.1210/jendso/bvad022
Advance access publication 6 February 2023                                                                                                                                                     
Research Article

Altered Expression of Several Molecular Mediators 
of Cerebrospinal Fluid Production in Hyp Mice
Jared Kaplan,1 Steven Tommasini,2 Gang-Qing Yao,1 Meiling Zhu,1 Sayoko Nishimura,3

Sevanne Ghazarian,1 Angeliki Louvi,3,* and Karl Insogna1,*
1Department of Internal Medicine, Yale School of Medicine, New Haven, CT 06520-8020, USA
2Department of Orthopaedic Surgery, Yale School of Medicine, New Haven, CT 06520-8020, USA
3Departments of Neurosurgery and Neuroscience, Yale School of Medicine, New Haven, CT 06520-8020, USA
Correspondence: Karl Insogna, MD, Department of Internal Medicine, Yale School of Medicine, 300 Cedar St, S-141, P.O. Box 208020, New Haven,
CT 06520-8020, USA. Email: 

  
karl.insogna@yale.edu. 

*These authors contributed equally to this work.

Abstract 
Context: X-linked hypophosphatemia (XLH) is a genetic disease, causing life-long hypophosphatemia due to overproduction of fibroblast growth 
factor 23 (FGF23). XLH is associated with Chiari malformations, cranial synostosis, and syringomyelia. FGF23 signals through FGFR1c and 
requires a coreceptor, α-Klotho, which is expressed in the renal distal convoluted tubules and the choroid plexus (ChP). In the ChP, α-Klotho 
participates in regulating cerebrospinal fluid (CSF) production by shuttling the sodium/potassium adenosine triphosphatase (Na+/K+-ATPase) 
to the luminal membrane. The sodium/potassium/chloride cotransporter 1 (NKCC1) also makes a substantial contribution to CSF production.
Objective: Since CSF production has not been studied in XLH, we sought to determine if there are changes in the expression of these molecules 
in the ChP of Hyp mice, the murine model of XLH, as a first step toward testing the hypothesis that altered CSF production contributes to the 
cranial and spinal malformations seen this disease.
Methods: Semi-quantitative real-time PCR was used to analyze the level of expression of transcripts for Fgfr1c, and thee key regulators of CSF 
production, Klotho, Atp1a1 and Slc12a2. In situ hybridization was used to provide anatomical localization for the encoded proteins.
Results: Real-time polymerase chain reaction (RT-PCR) demonstrated significant upregulation of Klotho transcripts in the fourth ventricle of Hyp 
mice compared to controls. Transcript levels for Fgfr1c were unchanged in Hyp mice. Atp1a1 transcripts encoding the alpha-1 subunit of Na+/K+- 
ATPase were significantly downregulated in the third and lateral ventricles (LV). Expression levels of the Slc12a2 transcript (which encodes 
NKCC1) were unchanged in Hyp mice compared to controls. In situ hybridization (ISH) confirmed the presence of all 4 transcripts in the LV 
ChP both of WT and Hyp mice.
Conclusion: This is the first study to document a significant change in the level of expression of the molecular machinery required for CSF 
production in Hyp mice. Whether similar changes occur in patients with XLH, potentially contributing to the cranial and spinal cord 
abnormalities frequently seen in XLH, remains to be determined.
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X-linked hypophosphatemia. 
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X-linked hypophosphatemia (XLH; OMIM No. 307800) is 
a hereditary form of renal phosphate wasting caused by 
loss-of-function mutations in the phosphate-regulating 
endopeptidase homolog X-linked (PHEX) gene, resulting 
in elevated levels of fibroblast growth factor 23 (FGF23). 
FGF23 binds to the alpha-klotho (α-Klotho)-FGF receptor 
R1c complex in the renal tubular cell to suppress renal 
phosphate reabsorption. This results in lifelong hypophos-
phatemia, causing skeletal and dental disease. Chiari mal-
formations and cranial synostosis have been reported to 
occur with high frequency in XLH [1–3], in addition to an-
terior and posterior longitudinal ligament calcification and 
syringomyelia [4, 5].

Although FGF23 is predominantly secreted by osteoblasts 
and osteocytes in bone, it is also expressed by other cell types 
in tissues, such as brain and teeth [6, 7]. α-Klotho is a type-1 
transmembrane protein that is expressed in the distal convoluted 
tubule of the kidney, the parathyroid gland, and the choroid 
plexus (ChP) [8]. In the ChP, α-Klotho plays a central role in 
regulating cerebrospinal fluid (CSF) production [9]. In the kid-
ney, parathyroid gland, and ChP, α-Klotho has been shown to 
participate in the cellular trafficking of the sodium/potassium ad-
enosine triphosphatase (Na+/K+-ATPase) pump [9]. Notably, 
α-Klotho participates in a complex with the Na+/K+-ATPase sub-
units alpha-1 (to which it binds) and beta to facilitate shuttling of 
the pump to the plasma membrane [9]. It has also been suggested 
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that a fraction of cellular Na+/K+-ATPase is trafficked from the 
endoplasmic reticulum to the cell surface, chaperoned by 
α-Klotho in recycling endosomes.

Although the exact mechanisms of CSF production have 
yet to be fully elucidated, it is thought that a wide range of 
transporters expressed in the ChP participate. In the ChP epi-
thelium, Na+/K+-ATPase and sodium/potassium/chloride co-
transporter 1 (NKCC1) function in a coordinated fashion by 
establishing an osmotic gradient and facilitating active water 
transport, respectively [10]. Consistent with its important 
role in CSF production, inhibiting the Na+/K+-ATPase with 
ouabain reduces CSF production by 50% [11]. The exact 
mechanism by which NKCC1 participates in CSF production 
is complex and appears to be influenced by the concentration 
of potassium in the CSF [10, 12, 13, 14].

The Hyp mouse bears a loss-of-function mutation in Phex 
and has elevated serum levels of FGF23 [15]. It exhibits all 
the key biochemical, histologic, and skeletal manifestations of 
XLH, including craniofacial abnormalities [16–18]. α-Klotho 
expression is reduced in the kidneys of Hyp mice [19]. We won-
dered whether similar changes occurred in the ChP of these an-
imals and whether other components of the CSF production 
machinery were also altered by genetic absence of Phex.

Materials and Methods
Materials
Paraformaldehyde, sucrose, phosphate buffer, EDTA, and 
proteinase K were from Sigma-Aldrich. Superfrost/Plus slides 
were from Thermo Fisher Scientific. Slide mailers were from 
Baxter Scientific. Primers and probes for real-time polymerase 
chain reaction (RT-PCR) used to quantitate expression levels 
of Klotho, Fgfr1c, Atp1a1, and Slc12a2 were from Applied 
Biosystems. Supplementary Table S1 lists the ABS assays 
used [20]. The probes for in situ hybridization were prepared 
using the Ambion MEGAscript kit, and digoxigenin-11-UTP 
from Boehringer Mannheim, following the manufacturer’s 
instructions.

Probes for In Situ Hybridization
Murine complementary DNAs (cDNAs) were amplified by re-
verse transcription -PCR using a kit from Bio-Rad. PCR pri-
mer sequences and expected product sizes for the probes 
amplified from Fgfr1c, Klotho, Atp1a1, and Slc12a2, are 
listed in Table 1. PCR products were cloned into the pCR 
II-TOPO vector (Invitrogen). The cloned plasmid DNAs 
were linearized with appropriate restriction enzymes, purified, 
and transcribed to synthesize sense or antisense complemen-
tary RNA probes using T7 or SP6 RNA polymerase.

Animals
Hyp (PhexHyp, Mouse Genome Informatics) mice and wild-type 
(WT) littermates were maintained in C57BL/6J background as a 
breeding colony. All studies were approved by the Institutional 
Animal Care and Use Committee at Yale University.

Methods

In situ hybridization
Adult Hyp and WT littermate control mice were deeply anes-
thetized with ketamine-xylazine. Brains were then fixed by in-
tracardiac perfusion with 4% paraformaldehyde (PFA, Sigma 

Aldrich, P6148), extracted, cryoprotected by immersion in 
30% sucrose in 4% PFA, and sectioned (36 μm) using a cryomi-
crotome (Leica Microsystems). Sections were mounted on 
Superfrost/Plus slides in 0.5 × phosphate buffer (Sigma- 
Aldrich), dried overnight at room temperature (RT) and proc-
essed immediately. All subsequent treatments, including 
hybridization, were carried out in slide mailers. Sections were 
fixed again in freshly prepared 4% PFA for 20 minutes at RT, 
followed by 3 washes in DEPC-PBS at RT. Sections were then 
incubated for 30 minutes in detergent solution (1% IGEPAL 
CA-630, 1% SDS, 0.5% deoxycholate, 50.0 mM Tris-HCl 
pH 8.0, 1.0 mM EDTA pH 8.0, 150 mM NaCl) twice at RT, 
followed by a 10-minute wash in DEPC-PBS. Sections were 
then treated with 1 μg/mL proteinase K in buffer containing 
100 mM Tris-HCL, pH 8.0, and 50 mM EDTA for 30 minutes 
at 37 °C. This was followed by fixation in 4% PFA for 15 mi-
nutes at RT, followed by a DEPC-PBS rinse. Sections were hy-
bridized with digoxigenin-11-UTP-labeled-antisense RNA 
probes for mouse Klotho, Fgfr1c, Atp1a1, and Slc12a2. To 
confirm specificity, digoxigenin-11-UTP-labeled-sense RNA 
probes were also hybridized for Klotho and Fgfr1c. Sections 
were analyzed using a Stemi 2000-C stereomicroscope or 
AxioImager (Zeiss) fitted with an AxioCam MRc5 digital cam-
era. Images were captured using AxioVision software (Zeiss) 
and assembled in Adobe Photoshop. Data using sense probe 
controls are provided in Supplementary Fig. S1 [20].

Isolation of choroid plexus
Mice were anesthetized with ketamine-xylazine and euthan-
ized by cervical dislocation in accordance with institutional 
animal care and use committee guidelines. ChP tissue was ex-
cised from individual ventricles (lateral [LV], third, and 
fourth) and placed into 2-mL Safelock Eppendorf tubes con-
taining 1 mL TRIzol and one 5-mm stainless steel bead. 
Excised samples were then immediately snap-frozen in liquid 
nitrogen and stored at −80 °C until RNA isolation. For this 
study, 15 Hyp animals (7 females, 8 males) and 10 littermate 
controls (7 females, 3 males) were used to isolate ChP tissue.

RNA isolation and real-time polymerase chain reaction
Excised ChP tissue was homogenized for 30 seconds using a 
Qiagen TissueLyser II (Qiagen) in the 2-mL Safelock 
Eppendorf tubes just described to which had been added a 
5-mm stainless steel bead (Qiagen). RNA was then extracted 
using TRIzol (Invitrogen) according to the manufacturer’s proto-
col and purified with a Qiagen RNeasy minikit. Reverse 
transcriptase-polymerase chain reaction  was used to generate 
cDNAs according to standard techniques. RT-PCR was per-
formed using these cDNAs amplified with Taq polymerase 
(Roche Diagnostic Corp) and the TaqMan assays listed in 
Supplementary Table S1 [20].

Statistical Analyses
All statistical analyses were performed using GraphPad Prism 
v7.0 software. Unpaired 2-tailed t test was used to calculate sig-
nificance. Data are presented as mean ± SEM. The error bars in 
figures reflect SEM. A value of at least P less than .05 was con-
sidered to indicate a statistically significant difference.
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Results
Changes in Expression Profiles of Atp1a1, Slc12a2, 
Klotho, and Fgfr1c in the Choroid Plexus of Hyp Mice
RT-PCR demonstrated a statistically significant increase in ex-
pression of Klotho in the fourth ventricle of Hyp mice com-
pared to controls (Fig. 1B). Expression of Klotho was not 
significantly different between controls and Hyp mice in the 
third and LV (Fig. 1A and 1C). In the LV the apparent reduc-
tion in Kloto expression in the Hyp mice compared to controls 
just missed statistical significance (Fig. 1C; P = .059). 
Expression of Fgfr1c was not significantly different between 
Hyp mice and controls (Fig. 1D-1F). Expression of Atp1a1 
in ChP was significantly suppressed in the third and LV of 
Hyp mice compared to controls (Fig. 2A and 2C). 
Expression levels of Slc12a2 were unchanged in all 3 ventricles 
of Hyp mice compared to control animals (Fig. 2D-2F).

Expression of Atp1a1, Slc12a2, Klotho, and Fgfr1c 
by In Situ Hybridization
To provide anatomical correlates to the changes observed 
in expression for Atp1a1, Slc12a2, Klotho, and Fgfr1c, 
we performed ISH for the respective transcripts in the LV 
of Hyp mice and WT controls. As observed in Fig. 3A, there 
was intense Klotho staining, with a regular, cobblestone ap-
pearance throughout the ChP in the LV of WT animals. 
Although Klotho was also expressed in the LV of Hyp 
mice (Fig. 3B), the cobbled appearance was less evident. 
Fgfr1c was expressed throughout the ChP in the LV of 
both Hyp controls (Fig. 3C and 3D). Staining for this recep-
tor was also observed in the hippocampal formation (pyr-
amidal layer; Fig. 3C and 3D, white arrows). Atp1a1 
expression was observed throughout the ChP of the LV of 
Hyp mice and controls (Fig. 4A and 4B). Expression of 

Table 1. Primers and probes for in situ hybridization

Gene symbol Protein Primer Probe size, bp

Fgfr1c Fibroblast growth factor receptor 1 GGAGGTACGGAGCCTTGTTA 
TGTCTGGCCCGATCTTACTC

954

Kl α-Klotho CCCACTACCGCTTCTCCATA 
CTGTAGCCCCTATGCCACTC

979

Atp1a1 Alpha1 subunit of ATPase Na+/K+ TTGGAGAACGTGTGCTAGGT 
CCGATCTGTCCATAGGCCAT

931

Slc12a2 Na-K-Cl cotransporter, also called solute carrier 12a2 TATTGGAGCCATTACAGTCGTG 
TGGTCTGAAGTTTTTCACATGG

1135

Figure 1. The mean level of expression in wild-type (WT) animals was used as a reference to estimate levels of Klotho and Fgfr1c in individual samples 
taken from the same ventricle of Hyp mice third (3rd), fourth (IVth), and lateral (LV) ventricles. A, n = 8 WT, 10 Hyp; B, n = 8 WT, 11 Hyp; C, n = 8 WT, 14 
Hyp; D, n = 9 WT, 11 Hyp; E, n = 9 WT, 12 Hyp; F, n = 6 WT, 6 Hyp. Numbers indicate the number of choroid plexus isolates analyzed. Data are expressed 
as M ± SEM; *P less than .05, calculated using an unpaired 2-tailed t test.
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this cotransporter was also observed in the hippocampal 
formation (Fig. 4A, white arrow). Staining for 
Slc12a2 (NKCC1) was observed in the LV of Hyp 

mice as well as controls (Fig. 4C and 4D). Although 
changes in staining intensity for the 4 transcripts were ob-
served by ISH, this technology is not amenable to 

Figure 2. The mean level of expression in wild-type (WT ) animals was used as a reference to estimate levels of Atp1a1 and Slc12a2 in individual samples 
taken from the same ventricle of Hyp mice: third ventricle (3rd), fourth ventricle (IVth), and lateral ventricles (LV). A, n = 6 WT, 10 Hyp; B, n = 7 WT, 10 Hyp; 
C, n = 7 WT, 12 Hyp; D through F, n = 3 WT, 3 Hyp. Numbers indicate the number of choroid plexus isolates analyzed. Data are expressed as M ± SEM; 
*P less than .05, calculated using an unpaired 2-tailed t test.

Figure 3. In situ hybridization for Klotho in the lateral ventricle ChP (red arrows) of A, wild-type (WT) and B, Hyp mice and for Fgfr1c (red arrows) in C, WT 
and D, Hyp mice. The pyramidal layer, identified by the white arrow, also expresses FGFR1c. Scale bar represents 200 μM. Higher magnifications of the 
boxed areas are shown in Supplementary Fig. S3 [20].
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precise quantification. The RT-PCR data provide a better 
estimate of the actual expression of these molecules in the 
ChP.

Discussion
This study is the first to demonstrate changes in the expression 
of key components of the cellular machinery that direct the 
production of CSF in Hyp mice. We observed a significant re-
duction in the expression of Atp1a1 in the third and LV of 
Hyp mice compared to controls. This transcript encodes the 
alpha subunit of Na+/K+-ATPase, one of the key molecular 
participants in CSF production. In the kidney, active transport 
of sodium phosphate into the cell from the lumen via sodium 
phosphate–dependent cotransporters is driven by the down-
hill sodium gradient maintained by the Na+/K+-ATPase at 
the basolateral surface of the cell, which pumps sodium out 
of the cell.

The ChP is often referred to as the “kidney of the brain” be-
cause much of the same machinery is conserved, albeit with 
membrane orientation inverted. In the kidney, the Na+/K+- 
ATPase is on the basolateral surface and the electrochemical 
gradient flows from apical to basolateral. In the ChP, however, 
the Na+/K-ATPase is on the apical surface and the electrochem-
ical gradient flows from basolateral to apical. Available evi-
dence suggests that α-Klotho is responsible for trafficking 
Na+/K+-ATPase to the cell membrane [9]. By RT-PCR, 
α-Klotho was marginally reduced in the LV (P = .059) and ex-
pression of Atp1a1 was significantly suppressed in the LV of 
Hyp mice compared to controls. As noted earlier, expression 
of α-Klotho is reduced in the Hyp kidney. On a mass basis 
the LV ChP is presumably a major site of CSF production. 
Taken together, these data suggest that ATP1a1-driven CSF 
production might be reduced in the Hyp mouse.

NKCC1 has also been reported to play an important role in 
CSF production. In particular, Steffensen et al [10] found that 

after administration of bumetanide, a potent inhibitor of 
NKCC1, CSF production was reduced by approximately 
half. Inhibiting the Na+/K+-ATPase with ouabain also reduces 
CSF production by approximately 50% [11]. Na+/K+-ATPase 
and NKCC1 are thought to function in a coordinated fashion 
to drive production of CSF. NKCC1 functions independently 
of the overall osmotic gradient by coupling water transport to 
the movement of sodium, potassium, or chloride ions down 
their respective electrochemical gradients. In contrast to the 
findings of Steffensen et al, Gregoriades and colleagues [12] 
reported that NKCC1 mediates CSF clearance. To explain 
these divergent findings, Gregoriades et al [12] used driving 
force calculations to show that the different concentrations 
of intracellular sodium used in these 2 studies explain the dif-
ferences in the reported mode of action of NKCC1. Delpire 
and Gagnon [13] have suggested that NKCC1-mediated 
transport fluctuates between inward and outward directions 
depending on physiological conditions. A recent study by 
Xu et al [14] supports this dynamic model. These authors re-
ported increased CSF clearance during early mouse postnatal 
development due to the combined effect of a high CSF potas-
sium concentration and overexpression of NKCC1.

By RT-PCR there was no change in the expression of 
Slc12a2, which encodes the NKCC1 cotransporter, in the 
Hyp mice. In view of the findings of Steffensen et al [10] and 
Gregoriades et al [12], one could postulate that CSF produc-
tion in Hyp mice is further impaired by the actions of 
NKCC1. One possibility is that reduced ATP1a1-dependent 
CSF production, coupled with unaltered, or perhaps en-
hanced, NKCC1-mediated clearance, would markedly impair 
CSF production. Whether similar changes occur in patients 
with XLH is unknown, but leaves open the possibility that ab-
errant CSF production is intrinsic to the disease process.

Shetty and Meyer [18] reported significant craniofacial ab-
normalities in Hyp mice, with shorter skulls that had a domed 
appearance. Prominent bulges were seen in frontonasal and 

Figure 4. In situ hybridization for Atp1a1 in the lateral ventricle (red arrows) of A, wild-type (WT) and B, Hyp mice and for ATP1a1 (red arrows) in C, WT and 
D, Hyp mice and for Slc12a2 in C, WT and D, Hyp. The pyramidal layer also stains for ATP1a1 (white arrow). Scale bar represents 200 μM. Higher 
magnifications of the boxed areas are shown in Supplementary Fig. S4 [20].
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premaxillary-maxillary sutures. We are not aware of data dir-
ectly demonstrating a pathogenic role for altered CSF produc-
tion in the development of the cranial abnormalities that are 
seen both in patients with XLH and in Hyp mice. 
Nonetheless, a speculative but intriguing hypothesis is that re-
duced CSF production in the genetic absence of Phex plays a 
direct pathogenic role in the skeletal and spinal cord path-
ology not infrequently observed in XLH [1–5].

We found expression of Fgfr1c in the ChP. It has been pre-
viously reported that this receptor is expressed in the central 
nervous system [21–25] but it had not been previously identi-
fied in ChP. Membrane-bound α-Klotho has been shown to lo-
calize to the apical membrane in the ChP [26, 27]. Our 
RT-PCR data demonstrated that the expression level of 
α-Klotho transcript was increased in the fourth ventricle and 
marginally decreased in the LV of Hyp mice. These data indi-
cate that both components of the signaling complex required 
for the action of FGF23 are present in the ChP. Whether ca-
nonical FGF23 signaling occurs in this tissue, and whether sig-
naling is altered in Hyp mice by elevated circulating levels of 
FGF23 as well as changes in α-Klotho expression, are intri-
guing possibilities.

In summary, this is the first study to document changes in 
the level of expression of some of the molecular machinery re-
quired for CSF production in Hyp mice. How or if these 
changes contribute to the cranial and spinal cord malforma-
tions that frequently afflict patients with XLH warrants fur-
ther study.
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