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ABSTRACT 
AQP4, present in ependymal cells, in glia limitans and abundantly in 

pericapillary astrocyte foot processes, and AQP1, expressed in choroid plexus 

epithelial cells, are believed to play an important role in cerebrospinal fluid 

(CSF) production and may be involved in the pathophysiology of age-

dependent hydrocephalus. The finding that brain AQP expression is regulated 

by low oxygen tension led us to investigate how hypoxia and elevated levels of 

cerebral AQPs may result in an increase in CSF production that could be 

associated with a hydrocephalic condition. Here we have explored, in young 

and aged mice exposed to hypoxia, whether AQP4 and AQP1 participate in the 

development of age-related hydrocephalus. Choroid plexus, striatum, cortex 

and ependymal tissue were analyzed separately both for mRNA and protein 

levels of AQPs. In addition, parameters such as total ventricular volume, 

intraventricular pressure, CSF outflow rate, ventricular compliance and cognitive 

function were studied in wt, AQP1-/- and AQP4-/- live animals subjected to 

hypoxia or normoxia. Our data demonstrate that hypoxia is involved in the 

development of age-related hydrocephalus by a process that depends on AQP4 

channels as a main route for CSF movement. Significant increases in AQP4 

expression that occur over the course of animal aging, together with a reduced 

CSF outflow rate and ventricular compliance, contribute to produce more severe 

hydrocephalus related to hypoxic events in aged mice, with a notable 

impairment in cognitive function. These results indicate that physiological 

events and/or pathological conditions presenting with cerebral hypoxia/ischemia 

contribute to the development of chronic adult hydrocephalus.  

 
 
  



1. INTRODUCTION 

Cerebrospinal fluid (CSF) is the main component of the extracellular fluid in the 

central nervous system (CNS) [1-6]. Apart from its important protective function 

cushioning the brain and spinal cord against mechanical injury, this fluid 

represents an important pathway for clearance of  waste from neural tissue, and 

to some extent the delivery of nutrients, hormones and gases [7]. CSF directly 

communicates with brain interstitial fluid (IF), and in doing so, plays an 

important role in maintaining the homeostasis of the external fluid bathing glia 

and neurons. Regulation of brain fluid content (ions and all other solutes) and 

volume is critical for the normal functioning of the CNS, which is highly sensitive 

to changes in the osmolarity and hydrostatic pressures of CSF and IF. In a 

normal stationary state, there must be an equilibrium between the rates of CSF 

production and absorption in order to avoid conditions that may trigger 

hydrocephalus and even parenchymal edema.    

It has been suggested that brain aquaporins (AQPs), particularly AQP4 and 

AQP1, play an important role in CSF homeostasis, and a simplistic view of their 

functions associates AQP1 with CSF secretion and AQP4 with its absorption [8-

11]. Their distribution, with AQP1 expressed in epithelial cells of the choroid 

plexus [12-15] and AQP4 present in ependymal cells bordering the 

intraventricular compartments and glia limitans and particularly abundant in 

pericapillary astrocyte foot processes [8, 10, 16], provides arguments to 

propose that both proteins take part in the homeostasis of CSF.  

Nevertheless, AQP water permeability is associated with general fluid 

movement among the different brain compartments, namely, blood, CSF and 

IF, but can also be expected to participate in the pathophysiology of brain fluid 

disorders. Alterations in the expression of these proteins are associated with 

the development of brain edema and hydrocephalus. In AQP1-null mice, the 

lack of AQP1 was associated with a potential beneficial effect on edema 

produced by a cerebral lesion [14], and kaolin-induced hydrocephalus [17]. 

Likewise, other studies have suggested an important role for AQP4 in animal 

models of edema and hydrocephalus [8, 18-23]. Specifically, for instance, 

AQP4 participates in the clearance of extracellular brain fluid toward the 

paravascular space in interstitial edema [24, 25]. Further, higher AQP4 



expression was observed at the blood-brain barrier (BBB) and blood-CSF 

interfaces in pharmacologically-induced models of hydrocephalus [24, 26]. 

Moreover, AQP4-/- mice, developed greater ventriculomegaly and higher 

intracranial pressure (ICP) after kaolin injection, suggesting an adaptive role of 

AQP4 to resolve the hydrocephalic situation [27]. 

Idiopathic normal pressure hydrocephalus (iNPH), also commonly called 

chronic adult hydrocephalus, is a neurological disorder associated with ageing 

characterized by ventriculomegaly and cognitive deficits [28]. Although 

alterations in CSF production, movement or drainage have been linked with this 

disorder, the pathophysiological mechanisms underlying this disease are 

unknown. Apart from the body of evidence that suggests an involvement of 

cerebral AQPs in CSF homeostasis and hydrocephalus, hypoxia has also been 

associated with the pathophysiology of iNPH [29, 30]. In this context, the 

findings that cerebral AQP expression is altered by hypoxic or ischemic 

conditions [31-34] and by aging [35], allow us to study how possible 

modifications of cerebral AQP expression produced by these conditions could 

alter CSF homeostasis causing or aggravating hydrocephalus.  

In the present study, we analyzed changes in the expression of brain AQPs in 

young and aged animals upon hypoxic treatment. We relate such changes to 

parameters such as total ventricular volume measured by magnetic resonance 

imaging (MRI), and intraventricular pressure (IVP), CSF outflow rate and 

ventricular compliance measured by intraventricular recordings in live animals. 

Here, we demonstrate that hypoxia produces a hydrocephalic condition that 

could even develop into a considerably more severe hydrocephalus in aged 

animals, in which upregulation of AQP4 expression is critically involved. An 

interesting translational finding of our work is that aged mice exposed to chronic 

hypoxia reproduce the main symptoms of iNPH [36, 37], namely, larger 

ventricles, a slightly elevated intracranial pressure, decreased CSF outflow and 

ventricular compliance, as well as cognitive deficits. Therefore, chronic hypoxic 

aged mice appear to be an excellent animal model for studying the 

pathophysiology, potential diagnostic biomarkers and new treatments for 

chronic hydrocephalus in adults.  

 

 



2. MATERIAL AND METHODS 

2.1. Animal care and hypoxic treatments 
C57BL/6 mice (Charles River), AQP1-/-,, AQP4-/- (kindly provided by Dr. A. 

Verkman, UCSF, CA) and wildtype (wt) littermates were housed at a controlled 

temperature (22±1ºC) in a 12 h light/dark cycle, with ad libitum access to food 

and water. AQP1-/- and AQP4-/- mice were outcrossed for at least eight 

generations to obtain a C57BL/6 genetic background. For all experiments, mice 

were considered young at 2-4 months old, and aged at >14 months old. The 

AQP1-/- and AQP4-/- mice were genotyped as indicated previously for AQP1 [38] 

and for AQP4 [38]. Mice were maintained either in normal conditions (normoxia) 

or exposed to hypoxia (48 hours or 5 days at 10% O2) using an hermetically 

sealed chamber (Coy Laboratory Products, Inc., Grass Lake, MI) with 

continuous monitoring and control of gas concentrations, temperature and 

humidity as previously described [39]. 

The mice were sacrificed under anesthesia with a combination of 100 mg/kg 

ketamine (Pfizer) and 10 mg/kg xylazine (Bayer). All experiments were 

performed in accordance with the European Directive 2010/63/EU and the 

Spanish RD/53/2013 on the protection of animals used for scientific purposes. 

The study was approved by the Animal Research Committee of Virgen del 

Rocío University Hospital (26/01/2017/017; University of Seville). 
 
2.2. RNA extraction and quantitative reverse transcription PCR analysis  
Cortex and striatum total RNA were isolated using TRIzol reagent (Invitrogen) 

following the manufacturer’s protocol. For tissues with small amounts of sample 

(choroid plexus and ependymal tissue bordering the lateral and third ventricle), 

pools of three animals were used, and the total RNA was isolated using the 

RNeasy Micro Kit (Qiagen). RNA was only pre-amplified, with an Ambion® WT 

Expression Kit (Invitrogen), in experiments where too little starting tissue was 

available, such as those performed with total RNA from old animals, and in the 

young animals used as their controls. Quantity and purity of RNA were 

assessed with a NanoDrop ND-1000 UV–vis spectrophotometer (Thermo 

Fisher), and cDNA synthesis was performed using SuperScript II RNase H- 

reverse transcriptase kits (Invitrogen). Relative mRNA expression levels of the 

genes studied were quantified using quantitative real-time polymerase chain 



reaction (PCR) analysis with the ABI PRISM 7500 Sequence Detection System 

(Applied-Biosystems), SYBR Green PCR Master mix (Applied-Biosystems) and 

the thermocycler conditions recommended by the manufacturer. Amplification of 

18S ribosomal RNA was determined and used to normalize expression levels to 

compensate for variation in RNA input amounts. Primers were designed using 

the Primer Express software v2.0 (Applied Biosystems) and its sequences are 

indicated in the supplementary material (Supplementary Material-1). All 

samples were analyzed in triplicate.  

 
2.3. Histological analyses 
Following normoxia or hypoxia treatments, animals were intracardially perfused 

with 50 ml of 4% paraformaldehyde dissolved in PBS (Sigma). Brains were 

immediately extracted and processed for cryostat cutting as previously 

described [39, 40]. Coronal sections (30-µm thick) were cut in a cryostat 

(Leica). Glial fibrillary acid protein (GFAP), AQP1 or AQP4 immunofluorescence 

was performed as previously described [41] using respectively monoclonal anti-

GFAP (1:300; Sigma), polyclonal AQP1 (1:500; Abcam) and polyclonal AQP4 

(1:100; α-Diagnostic). Anti-mouse IgG conjugated with Alexa Fluor488 or anti-

rabbit IgG conjugated with Alexa Fluor568 (1:400; Invitrogen) were used as 

secondary antibodies. Nuclei were stained with DAPI (1:1000; Sigma). Tissue 

sections were mounted with Dako fluorescence mounting medium (Dako). 

Confocal images were acquired using a Nikon A1R+ confocal microscope. 

Optical density (OD) analysis was performed, for a total of five sections from 

each animal, covering the parietal cortex. The OD was measured from digitized 

images using the NIH Image software (ImageJ; NIH) as previously described 

[42, 43]. 

 

2.4. Western blot analysis 
Tissues were dissected from animals and frozen in liquid N2 for protein 

extraction. Samples were homogenized in lysis buffer containing 50 mM 

HEPES, pH 7.3, 250 mM NaCl, 5 mM EDTA, 0.2% (v/v) NP-40, 5 mM 

dithiothreitol and 1% (v/v) of a cocktail of protease inhibitors (Sigma) and were 

left on ice for 5 min. After centrifugation at 16000 g for 15 min at 4ºC, the 

supernatants were recovered. Lysates were loaded and resolved on 10% SDS-



polyacrylamide gel electrophoresis followed by transfer to a polyvinylidene 

fluoride membrane (Hybond-P; GE Healthcare, Piscataway, NJ). Membranes 

were probed with 1:1000 anti-AQP1 (Abcam), 1:250 anti-AQP4 (α-Diagnostic) 

or 1:10000 anti-beta Actin (Abcam) antibodies, developed with the ECL Plus 

Western Blotting Detection System (GE Healthcare) and visualized using a 

Typhoon 9400 imager (Amersham Biosciences). 

 
2.5. Magnetic resonance imaging  
Magnetic resonance images were taken to assess ventricle sizes as an indirect 

indicator of CSF production. Mice were anesthetized using 0.5-2.5% 

sevoflurane with spontaneous breathing. The studies were performed using an 

ICON 1 Tesla system (Bruker), with a mouse body radiofrequency coil, at the 

animal facilities of the institute (IBiS). Ventricular volumes were estimated from 

T2-weighted 3D rapid acquisition with relaxation enhancement sequences of 

coronal brain sections (repetition time, 95 ms; echo time, 3250 ms; plane 

resolution, 0.188 x 0.188 x 0.563 mm; thickness, 0.5 mm; rare factor, 8; and 32 

slices). All the images were analyzed with VIRTUE software (Diagnosoft) and 

ImageJ 1.45 software (Wayne Rasband, National Institute of Health).   
 
2.6. Intraventricular pressure measurements  
The IVP was measured using a fluid-filled 34-gauge micropipette (Hamilton) 

inserted into the lateral ventricle through the cerebral cortex as previously 

described [14]. The micropipette was connected using noncompliant tubing to a 

pressure transducer (TSD104A; Biopac Systems) interfaced to a recording 

system (model MP150; Biopac Systems). The circuit also permits artificial CSF 

(aCSF) infusion by a syringe pump (KD Scientific). Briefly, mice were 

anesthetized with 100 mg/kg ketamine (Pfizer) and 10 mg/kg xylazine (Bayer) 

and immobilized, in prone position, in a stereotaxic device (Stoelting). A 

micropipette, with an aCSF infusion rate of 0.3 µl/min, was placed in the parietal 

cortex above the lateral ventricle (from bregma in mm: anteroposterior, -0.2; 

lateral, +1.0; and ventral, -1.0). Once the pipette enters the brain parenchyma, 

the pressure gradually increases and when the pressure was >40 cm H2O, the 

infusion was stopped and the pipette was slowly advanced. The pressure 

dropped promptly when the pipette tip reached the lateral ventricle (see Fig. 



2C). Then, IVP was continuously monitored and recorded.  

 
2.7. Systemic blood pressures measurements  
The mean arterial blood pressure, systolic and diastolic blood pressures were 

monitored by using a blood pressure analysis system for mouse (BP-2000 

Series II; Visitech Systems – Physiological Research Instruments).  

 
2.8. Cerebrospinal fluid outflow dynamics and ventricular compliance 
measurements 
CSF outflow dynamics were measured by the constant-rate infusion method 

reported by Oshio et al. [14]. Briefly, a micropipette was located in the lateral 

ventricle as described before, and IVP was recorded during continuous infusion 

of a CSF into the lateral ventricle at rates of 0.5, 1.5, 3, 7 and 14 µl/min. Each 

infusion rate was maintained until a steady-state IVP was recorded, resulting in 

a step-wise increase in IVP (see Fig. 4A). The CSF outflow resistance was 

obtained by linear regression from the infusion rate and IVP. Ventricular 

compliance was measured by calculating the increase in IVP produced by the 

infusion of 1.75 µl of aCSF (into the lateral ventricle at rate of 14 µl/min).  

 

2.9. Novel object recognition testing 
Novel object recognition tests were performed in accordance with previously 

described methods [44]. As indicated in Figure 3D, a novel object recognition 

test was performed after the hypoxic treatment (5 days at 10% O2). Before start 

the behavioral test, mice were left for 10 minutes exploring the box (50 x 50 x 

40 cm). Then, during the sample trial, mice were placed into the arena with two 

identical objects and the behavior of the animal was video recorded from a 

suspended camera. After 10 minutes, the animal was removed from the arena 

and placed back into the home cage and the arena was cleaned. After 3 hours, 

the novel object trial was performed. Mice were tested again in the same arena, 

but with one of the two familiar items randomly replaced with a novel object 

(with similar discrimination index), and video recorded again for 10 minutes. The 

object interactions were analyzed using the Novel Object Recognition 

Biobserve software (Biobserve GmbH).  

 



2.10. Statistical analysis 
Each experimental group consisted of 3-12 mice; the specific numbers (n) are 

shown in each figure. Data are presented as mean±standard error of the mean 

(SEM), and the statistical test used is indicated in each figure legend. In all 

cases, the data were tested for normality (Kolmogorov-Smirnov test) and equal 

variance. When these properties were confirmed, analysis of variance was 

carried out with Bonferroni post hoc analysis for multiple group comparisons, or 

Student's t-test (for two-group comparisons); otherwise, the non-parametric 

Kruskal–Wallis H test (for multiple comparisons) or Mann–Whitney U test (for-

two group comparisons) were used. All statistical analyses were conducted 

using IBM SPSS Statistics for Windows, Version 20. 

 

	

 

  



3. RESULTS 
3.1. Cerebral AQP expression changes in the brain of young mice exposed 
to hypoxia.  
Levels of AQP expression in choroid plexus, striatum, cortex and ventricular 

lining tissue from young wt mice were analyzed after 48 hours of hypoxia (10% 

O2) and after chronic hypoxic treatment (5 days at 10% O2) and compared to 

levels observed under normoxic conditions. Expression of AQP1 was only 

detected in the choroid plexus of young wt animals as previously indicated [10, 

12]. Although AQP1 mRNA and protein levels were slightly higher after 48 

hours of hypoxia no significant differences with respect to normoxia were found 

after any of the hypoxia treatments analyzed (Fig. 1A, B and Supp. Mat. 2). 

Levels of AQP1 detected in all other brain tissues studies were negligible, as 

indicated previously elsewhere [9]. In contrast, AQP4 was widely expressed in 

tissues including the cortex, striatum and ependymal tissue bordering the lateral 

and third ventricles (Fig 1 and Supp. Mat. 2).  

Quantification of AQP4 mRNA levels in the choroid plexus (Fig 1A) indicated a 

significant increase in expression after 48 hours of hypoxia that correlates with 

the appearance of AQP4 protein in the choroid plexus after the hypoxic 

treatments (Fig. 1B). In the cortex, a transient induction of AQP4 protein was 

detected after 48 hours of hypoxia (Fig. 1C,D and Supp. Mat. 2A) and this can 

be attributed to the previously described overexpression of AQP4 mRNA in 

cortical astrocytes after 8 hours of hypoxia [45].  

On the other hand, after chronic hypoxia (5 days), cortical AQP4 protein levels 

were lower again (Fig. 1C,D). Such a reduction in AQP4 protein levels could be 

related to the decrease in the AQP4 mRNA observed after 48 hours of hypoxia 

(Fig. 1A). A detailed analysis of AQP4 expression in the cortex showed, as 

previously found by single-cell RNA sequencing [46], that cortical AQP4 

expression is mainly associated with astrocytes in the outer layers that have 

high expression of glial fibrillary acid protein (GFAPhigh).  

 
3.2. Chronic hypoxia induces slight enlargement of ventricles depending 
on the presence of AQP4. 
In order to study how hypoxia might participate in the onset of hydrocephalus, 

brain ventricle size was compared in wt, AQP1-/- and AQP4-/- young mice 



maintained in normoxia or chronic hypoxia (10% O2 for 5 days). Ventricle size 

was estimated from MRI images of coronal brain sections (Fig. 2A). As shown 

in Figure 2B, chronic hypoxia was associated with a slight increase in the total 

ventricular volume of both wt and AQP1-/- mice. In the case of AQP1-/- mice, 

which had slightly lower ventricular volumes in normoxia, the increase in 

volume upon hypoxia treatment led to ventricular volumes similar to those 

observed in the wt hypoxic animals. In contrast, no differences were observed 

in the total ventricular volume of AQP4-/- mice exposed to hypoxia compared to 

those maintained in normoxia, indicating a key role for AQP4 in the loading of 

ventricles with CSF that occurs due to hypoxia exposure. 

We then measured the effect of chronic hypoxia on the IVP of wt, AQP1-/- and 

AQP4-/- young mice (Figure 2C,D). As previously described [14], a significant 

lower IVP was detected in the AQP1-/- mice with respect to the wt mice 

(4.92±0.7 and 4.39±0.8 cm H2O for the AQP1-/- mice in normoxia and hypoxia; 

vs 7.90±0.5 and 7.71±1.1 cm H2O for wt mice in normoxia and hypoxia, 

respectively; p<0.05; Figure 2D). Intermediate IVP values were obtained in the 

AQP4-/- mice (6.21±1.0 and 6.03±0.8 cm H2O in normoxia and hypoxia, 

respectively), indicating a slight reduction (∼20%) with respect to the wt mice. 

Interestingly, as shown in Figure 2D, hypoxic treatment was not associated with 

changes in IVP in any of the groups (wt, AQP1-/- or AQP4-/- mice), indicating 

that the slight increases in ventricular volume produced by hypoxia in the wt 

and AQP1-/- mice were not accompanied by variations in IVP. In addition, 

because CSF is produced by modification of blood plasma, and in order to 

analyze if the changes observed in the ventricular volume or IVP might be due 

to alterations in systemic arterial blood pressure caused by the hypoxia and/or 

the absence of AQPs, arterial blood pressure was monitored in all of the 

experimental conditions and no differences were found between groups 

(Supplementary Material 3A). 

 
3.3. Chronic hypoxia produces hydrocephalus in aged mice depending on 
the presence of AQP4. 

We studied how chronic hypoxia affects ventricular volume in aged mice (≥14 

months old). As shown in Figure 3A,B, MRI of coronal brain sections revealed a 

large increase in the ventricular volume in aged wt and AQP1-/- mice subjected 



to chronic hypoxia (5 days, 10% O2). The quantitative analysis of ventricular 

volume confirmed the larger ventricle size in hypoxic aged wt and AQP1-/- 

animals (>44% larger than in normoxic controls in both cases), and this was 

markedly larger than the volume observed in young wt animals exposed to 

hypoxia (∼15% larger than in normoxic controls). Notably, the absence of AQP4 

completely abolished the hypoxic ventricle enlargement in aged mice (Fig. 3B). 

Unlike what occurred in young animals, in aged wt and AQP1-/- mice, exposure 

to hypoxia produced a moderate but statistically significant increase in IVP (Fig. 

3C). In accordance with the MRI data, the lack of AQP4 also blocked the 

increase in IVP observed in aged wt and AQP1-/- mice (Fig. 3C). Again, the 

changes observed both in the ventricular volume and IVP in the different 

experimental groups of aged mice cannot be attributed to modifications in the 

systemic arterial blood pressure (Supplementary Material 3B).  

Given the similar response shown by the wt and AQP1-/- mice in all 

measurements performed up to this point and since the analysis of the ventricle 

volume and IVP clearly indicate that the ventricle CSF overload produced by 

hypoxia is mediated by AQP4, in the subsequent experiments we only analyzed 

wt vs AQP4-/- mice.  

Next, we studied, in wt and AQP4-/- mice, whether the ventriculomegaly induced 

by hypoxia could affect cognitive function. A novel object recognition test was 

performed in animals subjected to chronic hypoxia and normoxic controls, as 

outlined in Figure 3D. In the case of wt young mice, both hypoxic animals and 

normoxic controls showed a clear preference for the novel object, indicating that 

the slight increase in the ventricular volume associated with chronic hypoxia did 

not alter the ability to remember the sample object and identify the new one. In 

contrast, when the same experimental procedure was applied to aged wt mice, 

normoxic controls still showed a clear preference for the novel object, but 

hypoxic animals failed to exhibit any predilection for the new object. This 

suggests that cognitive deterioration is induced by hypoxia in aged animals, 

attributable to the increase observed in both total ventricular volume and IVP. 

Interestingly, and in agreement with the protection against hypoxia-induced 

hydrocephalus observed in aged AQP4-/- mice, the lack of AQP4 also protects 

the aged animals from cognitive impairment induced by chronic hypoxia (Fig. 

3D, bars graph). Taken together, these data clearly indicate that chronic 



hypoxia induces hydrocephalus in aged animals through AQP4, with a 

moderate increase in IVP, leading to cognitive deterioration. 

 
3.4. CSF outflow rate is affected by aging and hypoxia. 
Given the key participation of AQP4 in the ventricular CSF overload under 

hypoxia, we also studied, in wt and AQP4-/- mice, whether hypoxia and aging 

were able to modify CSF outflow and ventricular compliance. To that end, 

pressure-dependent CSF outflow was measured as described elsewhere [14]. 

As indicated in Figure 4A, artificial CSF was infused into the lateral ventricles 

and steady state IVP values were recorded as a function of the CSF perfusion 

rate. Using this experimental procedure, measurements of CSF outflow were 

performed in wt and AQP4-/- mice (young and aged) exposed to normoxia or 

hypoxia (Fig. 4B-E and Supp. Mat. 4). Comparison of slopes indicated no 

significant differences between the pressure-dependent CSF outflow in wt and 

AQP4-/- young mice in normoxia (Figure 4B); and neither were changes 

observed in the outflow rates in these animals after the hypoxic treatment 

(Supp. Mat. 4). Conversely, a clear reduction in slope was found in both wt and 

AQP4-/- aged animals compared to young ones, that was even more marked 

after hypoxia treatment (Fig. 4C-E); this indicates that a significant reduction in 

pressure-dependent CSF outflow is produced over the course of aging, and that 

this is exacerbated by chronic hypoxia. 

In addition to the analysis of the CSF outflow, ventricular compliance (Cv) after 

the influx of a constant volume (1.75 µl) was evaluated in the experimental 

groups described before (Cv = 1.75 µl/ ΔP). The induced increase in pressure 

(ΔP) was clearly larger in aged animals, and it was significantly amplified under 

chronic hypoxia (Fig. 4F,G), implying therefore a reduction on Cv. Similar to the 

observations concerning CSF outflow, no significant differences were detected 

in the ventricular compliance between young wt or AQP4-/- mice exposed to 

normoxia or hypoxia (Fig. 4G). In brief, these experiments indicate that aging of 

animals produces a reduction in CSF outflow and ventricular compliance, which 

is greater under chronic hypoxia. Interestingly, the analysis performed on wt or 

AQP4-/- mice suggests that the effects of aging and hypoxia on outflow rate and 

cerebral distensibility are independent of the presence of AQP4 (Fig. 4E,G). 

 



3.5. AQPs expression and their regulation by hypoxia in the brain of aged 
mice  
The expression of brain AQPs was analyzed from two perspectives, examining 

first the effect of hypoxia in young animals (previously shown in Fig.1) and then 

the regulation associated with aging and hypoxia (Fig. 5 and Supp. Mat. 5). 

Consistent with our own results presented above, in aged animals, AQP1 

expression was only detected in the choroid plexus, and hypoxia did not affect 

the expression of this protein in this tissue (Fig. 5A,B). By contrast, the analysis 

of AQP4 expression in the choroid plexus showed that both mRNA (Fig. 5A) 

and protein (Fig. 5B) levels were higher in aged mice, with an undetectable 

signal in young animals and pronounced signal in aged mice, that was even 

higher after the hypoxic treatment. Further, the levels of AQP4 mRNA (Fig. 5A) 

and protein (Fig. 5C,D) in brain cortex were higher in aged animals. Curiously, 

in aged mice the hypoxic treatment (5 days, 10% O2) induced a slight reduction 

in the expression of both mRNA (Fig. 5A) and protein (Fig. 5D), although their 

levels remained 2-fold higher than those observed in young animals. Detailed 

immunofluorescence analysis was performed of GFAP and AQP4 distribution in 

the brain cortex (Figure 5C,D). GFAP expression in astrocytes from inner layers 

was higher in normoxic aged mice than young controls, but the chronic hypoxia 

treatment slightly increased the GFAP expression in both inner and outer 

cortical layers. Regarding AQP4, the expression was significantly higher in the 

aged mice, both in normoxia and hypoxia, across the complete cortical area 

than in the young animals.  

Taken together, the histological and MRI analysis suggest that under chronic 

hypoxia, the higher levels of AQP4 found in aged brains in the choroid plexus 

and cortex, both areas associated with CSF generation [35, 47], facilitate the 

overloading of ventricles with CSF. In addition, measurements of CSF outflow 

and ventricular compliance indicate that both aging and chronic hypoxia 

diminish CSF drainage and brain distensibility, contributing to the development 

of hydrocephalus and significant cognitive deficits. 

 
4. DISCUSSION 
Given their function and strategic location in tissues limiting the CSF-brain 

interface, AQPs have been extensively associated with the production and 



absorption of CSF. Numerous studies in various different animal models have 

indicated that AQP1 and AQP4 contribute to hydrocephalus, a disorder 

characterized by CSF accumulation in the ventricular system and subarachnoid 

space [17] [10, 16, 48]. Further, regulation of the expression of cerebral AQPs 

has been extensively demonstrated by using experimental approaches to 

produce hypoxia or ischemia including traumatic brain injury and cerebral artery 

occlusion [49, 50], or just exposure of animals to low oxygen tension [33, 39, 45, 

51] and by comparing young and aging animals [35]. In the present work, we 

performed experiments to explore whether there is a link between hypoxia, 

AQPs and aged-related hydrocephalus, and the evidence supporting this link 

are discussed.   

We analyzed how AQPs modify their expression in response to chronic hypoxia 

and whether increases in ventricular volume, as an indicator of greater 

production of CSF, were occurring in parallel. In line with the “classical” idea 

that AQP1 in the choroid plexus plays a major role in the production of CSF 

[52], we expected that hypoxia would preferentially affect expression of AQP1. 

But on the contrary, although hypoxia was followed by a slight increase in both 

AQPs in young animals, the only significant increase observed was in AQP4. In 

normoxia, AQP1 was the AQP most abundantly expressed in the choroid 

plexus; however, under chronic hypoxia, while AQP1 levels remained almost 

unchanged, AQP4 passed from being hardly detectable in the choroid plexus to 

being a moderately expressed protein. In the other brain tissues analyzed, only 

a transient modification of AQP4 expression was observed in the cortex after 48 

hours of hypoxia (Figure 1B-C, Supplementary Fig 1).  

The analysis of whether changes in the expression of AQPs in the choroid 

plexus and other limiting tissues (cells adjacent to brain vasculature, the blood-

brain or blood-CSF barriers and ependymal cells bordering the ventricular 

system) could be involved in a larger hypoxic-dependent production of CSF led 

to two important findings: first, that hypoxia induces an increase in ventricular 

volume (likely due to greater production of CSF); and second, that AQP4 

channels, and not AQP1 channels, are mainly responsible for the increase in 

CSF formation. The classic model to explain CSF formation and circulation is 

currently challenged by a new concept proposing that CSF is produced and 

absorbed throughout the entire CSF system, and the contribution of the fluid in 



the pericapillary space (Virchow-Robin space) to the filtration and reabsorption 

of CSF is proportionally much larger than that of the choroid plexus alone [52, 

53].  The results we present here are fully compatible with this hypothesis of 

Oreskovic and Klarica and are in agreement with results of Igarashi et al. [54], 

who found that, following intravenous injection of H2
17O, water entry into the 

brain is conducted by AQP4 and not AQP1.  

How can hypoxia increase the ventricle CSF load, contributing to a 

hydrocephalic condition? And in what way do AQPs participate in this process? 

These were basic questions that emerged from our findings. Previous studies 

had pointed to hypoxia among the potential causes for hydrocephalus and 

edema [51, 55, 56]; and increases in brain parenchyma volume and brain 

swelling in response to acute hypoxia had also been noted [57]. Equivalent to 

the hyperemic response to ischemia seen in several organs [58, 59], an 

increment in cerebral blood flow (CBF) occurs in hypoxia as a compensatory 

mechanism to ensure oxygen supply to the brain. Thus, we postulate that the 

increase in CSF production observed in hypoxia is a direct consequence of the 

larger plasma filtration produced by the increase in hydrostatic pressure due to 

the overload of cerebral blood volume. The observed AQP4 overexpression in 

the choroid plexus induced by hypoxia will certainly contribute to the greater 

filtration that occurs during the hyperemic response. Nonetheless, considering 

that the contact surface between capillaries in the brain parenchyma is vastly 

larger than that in the choroid plexus [53], one should expect that most of the 

filtration would occur from capillaries in brain parenchyma. Then, interstitial fluid 

(ISF) would move to CSF space, driven by the low value of hydrostatic pressure 

in the CSF compartment, traversing AQP4 present in the pericapillary astrocyte 

foot processes, astrocytes of the pia mater, interstitial space, and ependymal 

cells. Consistent with this view, data reported by Ilif et al. [60] indicates that 

perivascular astroglial AQP4 facilitates the outflow of subarachnoid CSF from 

para-arterial spaces into the brain interstitial parenchyma, and the resulting ISF 

clearance, by entrance of the fluid into the para-venous space. Differences in 

pressure between the arterial and venous extremes would drive the fluid and 

would favor clearance of solutes in a similar way to a lymphatic system, that is, 

through the so-called “glymphatic system” [60, 61]. In line with this, the results 

presented here support the view that AQP4 makes an important contribution to 



CSF formation independently and additional to choroid plexus secretion, and 

allow us to propose AQP4 as a critical therapeutic target, whose inhibition 

maybe desirable in forms of hydrocephalus involving overproduction of CSF, 

such as those that result from hypoxic or ischemic conditions.    
Another important finding of our study should be highlighted, namely, that there 

is a resemblance between the hydrocephalic state induced in aged animals by 

chronic hypoxia and some of the main symptoms of iNPH. Features of adult 

chronic hydrocephalus depicted in our experimental model include increased 

ventricle size, a slight increase in intracranial pressure, cognitive deficits and 

alterations in the cerebral distensibility. This makes us believe that aged mice 

chronically treated with hypoxia represent an excellent experimental model to 

study pathophysiological features of iNPH and potential therapeutic options for 

this disease.  

From a mechanistic point of view, the ventriculomegaly observed in aged wt 

mice, but not in aged AQP4-/- mice, is probably the result of a combination of 

two factors. Firstly, a greater production of CSF is critically related to the 

increase in blood flow under chronic hypoxia [57, 62-64] and facilitated by the 

larger amount of AQP4 found in the cortex and choroid plexus of aged animals. 

Secondly, but even more importantly, a reduced evacuation of CSF and altered 

ventricular compliance is associated with aging and is exacerbated by hypoxia 

(Fig. 6). In that respect, our results, and those of other authors, firmly sustain 

the view that a dysfunctional CSF outflow system contributes to hydrocephalic 

conditions. Altered expression and delocalization of cortical perivascular AQP4 

have been observed in aged brains of both humans [35] and other animals [47] 

and are associated with the impairment of effective removal of CSF in both 

cases. Hence, the more severe astrogliosis we observed in the cortex of aged 

hypoxic brains may also be associated with a loss of perivascular AQP4 

polarization and reduced CSF outflow. The growth in CSF production after 

exposure to hypoxia was only accompanied by an increase in IVP in aged 

animals, in which a reduced CSF evacuation and reduced compliance of the 

ventricular system help to explain the high IVP values. In aged animals, defects 

in the evacuation of CSF, produced by a process similar to the age-related 

dysfunctional fibrosis of Aracnoides granulations observed in humans [65, 66], 

by reduced compliance of the ventricular system, and/or by impaired functioning 



of the glymphatic system, would contribute to the pronounced ventriculomegaly 

and high IVP values.  

Cognitive deterioration observed in aged hypoxic mice can be expected to be 

produced by mechanical compression of neuronal circuits critical for memory 

consolidation due to the edema and ventriculomegaly, although alterations in 

the glymphatic system and the reduced clearance of CSF could also be related 

to these cognitive deficits [60, 67]. Signs of reduced glymphatic clearance have 

been observed in patients with iNPH by gadobutrol-enhanced MRI and allow 

authors to propose that dementia in these patients may be associated with 

impaired glymphatic function [68]. Additionally, it has been proposed that 

altered clearance of CSF and β-amyloid proteins in aged brains contributes to 

the cognitive deterioration observed in patients with Alzheimer disease [35, 60]. 

In conclusion, the present study demonstrates, for the first time, that hypoxia 

and aging (through a greater but disorganized presence of AQP4 channels, 

lower CSF evacuation rate and reduced cerebral compliance) act synergistically 

to produce hydrocephalus in mice. Our results suggest a need to develop 

pharmacological interventions aiming to regulate AQP4 channel transport and 

such interventions should be tested in future experiments investigating the 

onset of hydrocephalus or potential treatment strategies. In relation to this, 

acetazolamide, an inhibitor of AQP4 water flux [69] has been used in various 

different hydrocephalic conditions [70],	 including patients with iNPH, showing 

clear beneficial effects [71, 72]. Finally, from a clinical point of view our 

experimental results suggest that a hypoxic situation could have a prominent 

role in the onset of adult hydrocephalus.  
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FIGURE LEGENDS 
 
Figure 1. Brain AQP1 and AQP4 expression in mice exposed to hypoxia. 
(A) Expression of AQP mRNA in mice exposed to hypoxia (10% O2, 48 hours) 

and normoxic controls was analyzed in the choroid plexus (Plx), cortex (Ctx), 

tissue lining the lateral (EpLat.V) and 3rd ventricle (Ep3th.V), and striatum (Str). 18S 



ribosomal RNA was used as housekeeping gene for normalization. (B) AQP1 

and AQP4 immunofluorescence images of choroid plexus obtained from mice 

exposed to normoxia or hypoxia (10% O2; 48 hours and 5 days). AQP4 

expression is notably higher after the hypoxic treatment. (C) 

Immunofluorescence images of GFAP and AQP4 in brain cortex from the 

aforementioned experimental groups. (D) Quantification, by optical density, of 

the GFAP and AQP4 expression in cortex layers I-II and III-VI in the 

aforementioned groups. 

GFAP: glial fibrillary acidic protein. DAPI: 4',6-diamidino-2-phenylindole.  

In A and D data are presented as mean ± S.E.M. An unpaired t-test was 

performed for A and analysis of variance with Bonferroni post hoc test for D. 

*p<0.05, ** p<0.01 with respect to normoxic controls. †p<0.05, ††p<0.01, 
†††p<0.001 differences between cortical layers I-II and III-IV (paired t-test).    

 

Figure 2. Magnetic resonance images and intraventricular pressure of 
young mice exposed to chronic hypoxia. (A) MRI of brain coronal sections of 

young wt mice exposed to normoxia or chronic hypoxia (10% O2, 5 days). (B) 

Quantification of the ventricular volume from MRI of wt, AQP1-/- and AQP4-/- 

mice under the experimental conditions indicated in A. (C) Diagram illustrating 

the procedure to measure the IVP. (D) Values of IVP in wt, AQP1-/- and AQP4-/- 

mice exposed to hypoxia (10% O2, 5 days) or kept in normoxia.  

In B and D data are presented as mean ± S.E.M. An unpaired t-test was 

performed for B and analysis of variance with Bonferroni post hoc test for D. 

*p<0.05, with respect to normoxic control mice. 

 

Figure 3. Ventriculomegaly induced by chronic hypoxia in aged animals. 

(A) MRI of brain coronal sections of aged wt mice exposed to normoxia or 

chronic hypoxia (10% O2, 5 days). (B) Quantification of the ventricular volume of 

young wt and aged wt, AQP1-/- and AQP4-/- mice under the experimental 

conditions indicated in A. (C) Values of IVP in aged wt, AQP1-/- and AQP4-/- 

mice, under the aforementioned conditions. (D) Diagram showing the 

experimental protocol performed to evaluate cognitive function, by novel object 

recognition, and analysis of the novel object recognition test. Note that in aged 

mice the hypoxic treatment produces hydrocephalus, manifested by a large 



increase in the total ventricular volume (which is dependent on the AQP4 

expression) with an increase in the IVP and deterioration in cognitive function.  

In B, C and D data are presented as mean ± S.E.M. An unpaired t-test was 

performed. B and C, *p<0.05, **p<0.01 with respect to normoxic control mice. 
†p<0.05, ††p<0.01 with respect to wt mice. D, *p<0.05 and ***p<0.001 with 

respect to the sample object (on the sample trial). 

 

Figure 4. Measurements of CSF outflow rates and ventricular compliance. 

(A) Schematic representation of the methodology used to measure outflow rate 

of CSF. (B-E) Outflow rate measurements were performed in young wt and 

AQP4-/- in normoxia (B); young and aged mice exposed to normoxia or hypoxia 

(10% O2, 5 days; C and D for wt and AQP4-/- respectively); and comparison 

between aged wt and AQP4-/- mice exposed to normoxia or hypoxia (E). 

Comparison of slopes indicated non-significant differences between the 

pressure-dependent CSF outflow of experimental groups analyzed in B, but 

clear reduction in slope in aged mice, compared to young controls, that is even 

more pronounced in aged hypoxic mice. (F) Diagram outlining the methodology 

used to analyze the ventricular compliance. (G) Quantitative analysis of the 

ventricular compliance in wt and AQP4-/- young and aged mice exposed to 

normoxia or chronic hypoxia. 

 In B-E data are presented, for each experimental point, as mean ± S.E.M and 

the linear regression line was extrapolated for each experimental condition. 

Analysis of variance with Tukey HSD post hoc test **p<0.01 and ***p<0.001 

with respect to young wt mice. In G data are presented as mean ± S.E.M. 

*p<0.05, **p<0.01 and ***p<0.001 with respect to young wt normoxic controls.  
†p<0.05, ††p<0.01 and †††p<0.001 with respect to young AQP4-/- normoxic mice. 

 

Figure 5. Effect of aging and hypoxia on brain AQP expression. (A) 

Expression of AQP mRNA was analyzed in wt young, normoxic aged (≥14 

months) and hypoxic aged (exposed to 10% O2, 5 days). Choroid plexus (Plx), 

cortex (Ctx), ependymal tissue from lateral ventricle (EpLat.V) and 3rd ventricle 

(Ep3th.V) and striatum (Str) were analyzed separately for mRNA levels of AQP1 

and AQP4 by quantitative real-time PCR analysis. 18S ribosomal RNA was 



used as housekeeping gene for normalization.	 (B) Immunofluorescence images 

for AQP1 and AQP4 of choroid plexus obtained from mice of the 

aforementioned experimental groups. The level of AQP4 is notably higher in the 

aged mice, both in normoxia and hypoxia, than in the young controls. (C) 

Immunofluorescence images of GFAP and AQP4 in brain cortex of mice from 

the experimental groups indicated in A. (D) Quantification, by optical density, of 

the GFAP and AQP4 expression in cortex layers I-II and III-VI in the 

aforementioned groups. 

GFAP: glial fibrillary acidic protein. DAPI: 4',6-diamidino-2-phenylindole.  

In A and D data are presented as mean ± S.E.M. Analysis of variance with 

Tukey HSD post hoc test was performed. *p<0.05, ***p<0.001 with respect to 

young normoxic controls;†p<0.05, ††p<0.01, †††p<0.001 differences between 

cortical layers I-II and III-VI (paired t-test). 

 

Figure 6. Model of age-related hydrocephalus associated with chronic 
hypoxia.  
(A) In young normoxic mice, AQP4 (red channels, present on glial bordering 

membranes and astrocyte foot processes) and AQP1 (blue channels, 

expressed on choroid plexus) participate in CSF formation. (B) Chronic hypoxia 

induces, in young mice, AQP4 expression in the choroid plexus and mild 

ventriculomegaly dependent on AQP4 expression. (C) In aged normoxic mice, 

AQP4 expression increased in cortical glial cells and choroid plexus, and CSF 

outflow and ventricular compliance decreased. (D) Chronic hypoxia in aged 

mice induces pronounced ventriculomegaly, with increased intraventricular 

pressure, resulting in cognitive deterioration. This hydrocephalic condition is 

produced by CSF overload on the ventricles, which is facilitated by the higher 

amounts of AQP4, the reduced capability to evacuate CSF and the altered 

ventricular compliance of the aged cerebral parenchyma.  

GFAPhigh astrocytes are represented in green and GFAPlow astrocytes in grey. 

 
 
SUPPLEMENTARY MATERIAL 
 
 



Supplementary Material-1: Primer sequences used for quantitative PCR. 
 

Supplementary Material-2: Brain AQP1 and AQP4 protein expression in 
young mice exposed to hypoxia. (A) AQP1 and AQP4 protein expression, 

measured by Western blot, in the choroid plexus (Plx), cortex (Ctx), ependymal 

tissue from lateral ventricle (EpLat.V) and striatum (Str) from normoxic controls 

and mice exposed to hypoxia (10% O2; 48 hours). β-actin protein level was 

used for normalization. (B-D). Immunofluorescence images for AQP4 and 

GFAP from ependymal tissue from lateral ventricle (B), ependymal tissue from 

3rd ventricle (C) and striatum (D) obtained from mice exposed to hypoxia (10% 

O2; 48 hours and 5 days) and normoxic controls. 

 

Supplementary Material-3: Systemic arterial pressure measurements in 
young and aged wt, AQP1-/- and AQP4-/- mice exposed to hypoxia or 
normoxia. Values (as mean ± S.E.M) of systolic, diastolic and mean blood 

pressure of young (A) and aged (B) wt, AQP1-/- and AQP4-/- mice exposed to 

normoxia or chronic hypoxia (10% O2; 5 days). 
 

Supplementary Material-4: CSF outflow rates from wt and AQP4-/- mice 
exposed to hypoxia and normoxic controls.  Outflow rate measurements in 

young wt (A) and AQP4-/- (B) in normoxia or chronic hypoxia (10% O2; 5 days). 

Comparison of slopes indicated non-significant differences between the 

pressure-dependent CSF outflow in the experimental groups analyzed.  

Data are presented, for each experimental point, as mean ± S.E.M and the 

linear regression line was extrapolated for each experimental condition.  

 

Supplementary Material-5: Effect of aging and hypoxia on brain AQP4 
expression. (A-C) Immunofluorescence images for AQP4 and GFAP of 

ependymal tissue from lateral ventricle (EpLat.V; A), 3rd ventricle (Ep3th.V; B) and 

striatum (Str; C) obtained from young normoxic, aged normoxic and aged 

hypoxic (10% O2; 5 days) mice. 
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Highlights 
 

• Hypoxia and aging act synergistically to induce hydrocephalus in mice.	
	

• AQP4, and not AQP1, is mainly responsible for the increase in CSF 
produced in hypoxia.	

	
• AQP4 disorganization, lower CSF outflow and ventricular compliance in 

aged mice contribute to produce hydrocephalus.	
	

• Chronic hypoxic aged mice	appear as a good model to study chronic 
adult hydrocephalus.	

	
	



Supplementary Material - 1

Gene Primer forward Primer reverse

AQP1

AQP4

18S

TTCACTTGGCCGCAATGA

CCGTCTTCTACATCATTGCACAGT

AACGAGACTCTGGCATGCTAA

CCAGCTGCAGAGTGCCAAT

GCGGTGAGGTTTCCATGAA

GCCACTTGTCCCTCTAAGAAGT





Supplementary Material – 3 
 
A 

 

 
B 
 

Aged mice: systemic arterial pressure 

 n 
Systolic blood pressure 

(mm Hg) 
Diastolic blood pressure 

(mm Hg) 
Mean blood pressure 

(mm Hg) 

Normoxia 

wt 7 119,57 ± 3,66 49,66 ± 2,25 72,96 ± 2,05 

AQP1
-/-

 4 109,29 ± 6,54 51,77 ± 6,66 70,94 ± 6,45 

AQP4
-/-

 7 123,21 ± 3,81 62,94 ± 4,54 83,03 ± 4,03 

Hypoxia 

wt 10 107,54 ± 6,15 47,63 ± 2,08 67,60 ± 3,36 

AQP1
-/-

 4 110,57 ± 5,60 52,48 ± 4,62 71,84 ± 4,75 

AQP4
-/-

 7 117,07 ± 3,57 50,83 ± 2,36 72,91 ± 2,48 

 

Young mice: systemic arterial pressure 

 n 
Systolic blood pressure 

(mm Hg) 
Diastolic blood pressure 

(mm Hg) 
Mean blood pressure 

(mm Hg) 

Normoxia 

wt 6 121,95 ± 3,90 52,74 ± 3,09 75,81 ± 3,29 

AQP1
-/-

 7 108,68 ± 7,41 44,75 ± 2,92 66,06 ± 4,19 

AQP4
-/-

 7 125,64 ± 2,16 47,20 ± 1,79 73,35 ± 1,78 

Hypoxia 

wt 8 119,69 ± 2,80 51,17 ± 2,53 74,01 ± 2,17 

AQP1
-/-

 7 106,83 ± 4,80 52,37 ± 6,32 70,53 ± 5,73 

AQP4
-/-

 10 113,93 ± 6,00 47,07 ± 3,71 69,35 ± 4,30 
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