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Abstract: Aquaporin-4 (AQP4) is the principal water channel in the brain being expressed in astro-
cytes and ependymal cells. AQP4 plays an important role in cerebrospinal fluid (CSF) homeostasis,
and alterations in its expression have been associated with hydrocephalus. AQP4 contributes to the
development of hydrocephalus by hypoxia in aged mice, reproducing such principal characteristics
of the disease. Here, we explore whether these alterations associated with the hydrocephalic state
are permanent or can be reverted by reexposure to normoxia. Alterations such as ventriculomegaly,
elevated intracranial pressure, and cognitive deficits were reversed, whereas deficits in CSF out-
flow and ventricular distensibility were not recovered, remaining impaired even one month after
reestablishment of normoxia. Interestingly, in AQP4−/− mice, the impairment in CSF drainage
and ventricular distensibility was completely reverted by re-normoxia, indicating that AQP4 has a
structural role in the chronification of those alterations. Finally, we show that aged mice subjected
to two hypoxic episodes experience permanent ventriculomegaly. These data reveal that repetitive
hypoxic events in aged cerebral tissue promote the permanent alterations involved in hydrocephalic
pathophysiology, which are dependent on AQP4 expression.
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1. Introduction

Aquaporin 4 (AQP4) is the most abundant and studied aquaporin in the brain; it
is expressed preferentially in the endfeet of the perivascular astrocytes that are part of
the blood-brain barrier and is abundantly located in the ependymal cells that line the
ventricular system [1–3]. In recent years, various studies have revealed a prominent role for
AQP4 in cerebrospinal fluid production and circulation [4–6], describing it as a principal
component of the so-called glymphatic system, which facilitates the flow of cerebrospinal
fluid (CSF) through the brain parenchyma [6]. Apart from this function as a “strict” water
channel, AQP4 is an integral protein of the astrocytes’ cell membrane endfeet, participating
in the structural assembly between astrocytes-extracellular matrix and endothelial cells [7].
In particular, AQP4 anchors to the cell membrane in the astrocytes’ endfeet by coexpression
with dystroglycan, and it binds intracellularly with alpha-syntrophin, alpha-dystrophin,
and dystrobrevin, and with laminin and agrin toward the extracellular side [8,9], forming
part of a protein scaffold collectively called the dystroglycan complex [9,10]. All elements
of this complex are structurally compromised in the physiological configuration of the
blood brain barrier and likely contribute to its permeability or some biophysical properties
of the brain tissue like the tissular distensibility [5].

The relevance of AQP4 in response to brain insults such those produced by cerebral
ischemia or stroke, in which cytotoxic or vasogenic edema can develop, have been exten-
sively demonstrated [11,12]. Additionally, altered expression or distribution of AQP4 has
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been associated with hydrocephalus [13]. Hydrocephalus is a neuropathological condition,
main characteristic of which is the excessive accumulation of CSF in the brain and often
enlargement of the ventricles, which normally leads to an increase in intracranial pressure,
which is harmful to brain tissues and is significantly associated with high neurological
morbidity and mortality [14]. An increment in the amount of CSF, either due to excessive
production or reduced reabsorption, can be associated with altered expression or dysfunc-
tion of the AQP4 present at the glia limitans separating the CSF and brain parenchyma.
Various animal models, including hydrocephalus with hop gait mice with congenital hydro-
cephalus [15,16] or hydrocephalus produced by kaolin injection into the cisterna magna of
rats [17], have demonstrated an association between hydrocephalus and AQP4 expression.
Moreover, an altered distribution of AQP4 in the endfeet of perivascular astrocytes has
been reported in patients with idiopathic normal pressure hydrocephalus (iNPH) [18].

In a previous study [19], we showed that hypoxia (Hx) and aging act synergistically
to produce hydrocephalus in mice, and three elements decisively contribute to this ef-
fect: (i) increased, although disorganized, expression of AQP4 in the brain astrocytes and
ependymal cells; (ii) an overload of CSF in the brain ventricles during the hypoxic event;
and (iii) a reduction in the CSF evacuation rate and cerebral distensibility. The hydro-
cephalic situation induced in aged animals exposed to Hx resembles some of the principal
physiopathological features observed in patients with iNPH, and led us to suspect that this
Hx-aged mouse model would represent an excellent animal model to investigate various as-
pects related to iNPH pathophysiology. Currently, CSF diversion with ventriculoperitoneal
or lumboperitoneal shunt is the principal treatment for iNPH, and although it produces
clear symptomatology relief, it is partial and transitory [20,21]. Thus, the aim of the present
study was to examine whether the pathophysiological alterations observed during the
hypoxic event (ventriculomegaly, slight elevation of intracranial pressure, cognitive impair-
ment, reduced CSF drainage, and decreased ventricular distensibility) persist over time
or are recovered after returning the animals to normoxia (Nx). By means of parameters
strictly related to CSF homeostasis and cognitive testing, we found that ventriculomegaly,
elevated intracranial pressure, and cognitive deficits were reversed by re-normoxia (ReNx).
However, although the changes produced in the CSF outflow and ventricular distensibil-
ity were permanent in wild type (wt) mice, they were completely reverted by ReNx in
AQP4−/− mice, suggesting that AQP4 has a structural role in the chronification of those
alterations. Lastly, we investigated how successive hypoxic events could produce a chronic
hydrocephalic state, showing that aged mice subjected to two hypoxic episodes experience
permanent and irreversible ventriculomegaly. These data reveal, for the first time, that
repetitive hypoxic events in aged cerebral tissue promote permanent alterations involved
in iNPH pathophysiology, and these anomalies are dependent on AQP4 expression.

2. Results
2.1. Re-Normoxia Restores CSF Production to Baseline and Reverses Cognitive Decline in Aged wt
Mice That Develop Hypoxia-Induced Hydrocephalus

The results obtained in our previous study [19] demonstrate that the disorganized
overexpression of AQP4 associated with aging decisively contributes to the initial devel-
opment of a hydrocephalic condition, which is exacerbated by Hx. To analyze how this
hydrocephalus is permanent or could be reverted by returning to Nx, wt and AQP4−/−

mice at various ages (young, 2–4 months old; and aged >14 months old) were treated under
a variety of oxygenation conditions: Nx, 21% O2; Hx, 10% O2 for 5 days; and ReNx, 21%
O2 for 30 days after the hypoxic stimulus. Changes in physiological parameters related to
CSF homeostasis (ventricular volume, intraventricular pressure [IVP], CSF outflow, and
distensibility of the ventricular system) and associated cognitive function were evaluated
under the previously described oxygenation conditions (see diagram in Figure 1A).
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Figure 1. Severe ventriculomegaly in aged wt hypoxic mice is reverted by re-normoxia. (A) Diagram showing the experi-
mental protocol followed for each experimental group: wt or AQP4-/- young and aged mice were subjected to normoxia 
(Nx: 21% O2); hypoxia (Hx: 5 days at 10% O2); or re-normoxia (ReNx: 30 days at 21% O2 after Hx); and a physiological 
analysis and behavioral test were performed (MRI, IVP, CSF outflow, ventricular compliance, and novel object recogni-
tion). The time-point of these experimental analyses is indicated by arrows. (B) MRI of brain coronal sections from aged 
wt mice in Nx, Hx, and ReNx. The gradient scale of T2-weighted MRI indicates the liquid present in the tissue, ranging 
from bright (high water content) to dark (absence of water). (C) Quantification of ventricular volume of each experimental 
group under the conditions described in (A). (D) Analysis of IVP measurements recorded in the four study groups, under 

Figure 1. Severe ventriculomegaly in aged wt hypoxic mice is reverted by re-normoxia. (A) Diagram showing the
experimental protocol followed for each experimental group: wt or AQP4−/− young and aged mice were subjected to
normoxia (Nx: 21% O2); hypoxia (Hx: 5 days at 10% O2); or re-normoxia (ReNx: 30 days at 21% O2 after Hx); and a
physiological analysis and behavioral test were performed (MRI, IVP, CSF outflow, ventricular compliance, and novel object
recognition). The time-point of these experimental analyses is indicated by arrows. (B) MRI of brain coronal sections from
aged wt mice in Nx, Hx, and ReNx. The gradient scale of T2-weighted MRI indicates the liquid present in the tissue, ranging
from bright (high water content) to dark (absence of water). (C) Quantification of ventricular volume of each experimental
group under the conditions described in (A). (D) Analysis of IVP measurements recorded in the four study groups, under
the conditions mentioned above. Data are presented as mean ± SEM. Number of animals analyzed for each experimental
condition: Young-wt, Nx (n = 12); Hx (n = 11); ReNx (n = 6). Aged-wt, Nx (n = 5); Hx (n = 6); ReNx (n = 6). Young-AQP4−/−,
Nx (n = 7); Hx (n = 6); ReNx (n = 6). Aged-AQP4−/−, Nx (n = 5); Hx (n = 5); ReNx (n = 5). * p < 0.05; ** p < 0.01.

Volumetric measurements of the ventricular cavity were analyzed by magnetic reso-
nance imaging (MRI; Figure 1B,C). Hx induced a slight increase in the ventricular volume
of young wt mice, which evolved into significant ventriculomegaly when aged wt mice
were analyzed. However, when the mice were returned to normoxia (ReNx), the ventric-
ular volume of the young mice was completely recovered, showing values similar to the
Nx controls (Figure 1C). In the case of aged wt mice, ReNx treatment produced a partial
recovery from severe ventriculomegaly, displaying in these animals a trend toward higher
ventricular volume than that of the Nx controls (Figure 1B,C). No changes were observed
in the ventricular volume of the AQP4−/− mice, either after Hx or after ReNx, remaining
unchanged in both young and aged animals. Consistent with the analysis of the ventricular
volume, IVP measurements in young animals showed no variations in any of the three
experimental conditions (Nx, Hx, or ReNx) examined. Meanwhile, aged wt mice recovered
their IVP value after ReNx, given no statistical differences with the Nx situation were
observed at the end of the ReNx period (Figure 1D). In the case of AQP4−/−, for both
young and aged mice, no changes were observed in IVP after hypoxic treatment; IVP
values remained consistently unaltered after ReNx (Figure 1D).
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We also explored whether reversion of the ventriculomegaly observed in the mice
subjected to ReNx led them to recover their cognitive function. Using the novel object
recognition behavioral test as previously described (Figure 2A), we observed that hypoxic
treatment produced significant cognitive impairment only in the aged wt mice (Figure 2B).
In these aged wt animals, cognitive function was restored after the re-normoxic period
(Figure 2B), a finding that likely indicates that reversion of the severe ventriculomegaly
developed by hypoxia allows the recovery of cognitive function. In consonance with
the absence of ventriculomegaly, the rest of the experimental animals (young wt, young
AQP4−/− and aged AQP4−/−) did not present significant cognitive alterations after hypoxic
treatment. In these animals the ability to recognize new objects was never affected and
remained invariable either after hypoxic treatment or after the re-normoxic period.
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Figure 2. Re-normoxic treatment recovers the cognitive deficit induced by hypoxia in aged wt mice.
(A) Illustration showing the experimental protocol performed to evaluate cognitive function, by novel
object recognition (NOR) test. (B)The NOR assessment was performed in wt or AQP4−/−, young and
aged, mice subjected to normoxia (Nx), hypoxia (Hx), or re-normoxia (ReNx). The analysis represents
the interaction time (in percentage, %) the mice spent with the new object compared with the old
one, for each experimental group. Dashed lines at 50% of the object interaction time indicates the
expected time of interaction for both identical objects during the sample trial. Data are represented as
mean ± SEM. Number of animals analyzed for each experimental condition: Young-wt, Nx (n = 12);
Hx (n = 9); ReNx (n = 8). Aged-wt, Nx (n = 9); Hx (n = 10); ReNx (n = 9). Young-AQP4−/−, Nx (n = 9);
Hx (n = 9); ReNx (n = 5). Aged-AQP4−/−, Nx (n = 6); Hx (n = 8); ReNx (n = 8). * p < 0.05; ** p < 0.01.

2.2. CSF Drainage Capacity Remains Impaired after Re-Normoxia in Aged Mice That Develop
Hypoxia-Induced Hydrocephalus

Using a pressure-dependent CSF outflow analysis originally described by Oshio
et al. [22], we studied whether the CSF evacuation routes remained permanently reduced
after the hypoxic stimulus or returned to a normal state with the reexposure to normoxia.
The results shown in Figure 3 again confirm that after Hx treatment the CSF drainage
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capacity in aged animals, either wt or AQP4−/−, was reduced (Figure 3B,D); however, this
alteration did not occur in the young mice (Figure 3A,C). After ReNx, the drainage capacity
in aged wt mice remains permanently reduced (Figure 3B); meanwhile, in aged AQP4−/−

mice, the animals revert to values similar to the ones measured in Nx (Figure 3D). Thus,
these results indicate that CSF evacuation capacity is permanently deteriorated in aged
wt mice subjected to Hx, which is the unique experimental group that experienced severe
ventriculomegaly, and the presence of AQP4 is essential to this process.
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Figure 3. Hypoxia induces a permanent deterioration of CSF drainage capacity in aged wt mice. The
figures represent the linear regression obtained for the relationship between the infused artificial
CSF rate and the IVP reached in a stationary state, for each experimental group: (A,B) young wt,
(C,D) aged wt, (E,F) young AQP4−/−, (G,H) aged AQP4−/−, under the experimental conditions
indicated (Nx: normoxia; Hx: hypoxia; ReNx: re-normoxia). The normalized IVP was calculated by
the subtraction of the basal IVP value (obtained without aCSF infusion) from the IVP values obtained
after aCSF infusion at each rate. The bar graphs show the comparative analysis of the IVPs achieved
for an infusion rate of 14 µL/min for the different experimental groups. Data are represented as the
mean ± SEM. Number of animals analyzed for each experimental condition: Young-wt, Nx (n = 12);
Hx (n = 7); ReNx (n = 6). Aged-wt, Nx (n = 8); Hx (n = 7); ReNx (n = 5). Young-AQP4−/−, Nx (n = 10);
Hx (n = 8); ReNx (n = 8). Aged-AQP4−/−, Nx (n = 8); Hx (n = 6); ReNx (n = 8). * p < 0.05.
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2.3. Diminished Ventricular Distensibility Is Not Recovered after Re-Normoxia in the Aged
wt Mice

As for the observed CSF drainage capacity, young wt and AQP4−/− mice did not show
any alteration of the ventricular distensibility capacity under the various experimental
conditions analyzed (Figure 4A,C). As we previously reported [19], however, Hx reduces
the distensibility of the ventricular system in aged animals, both in wt mice and AQP4−/−

mice (Figure 4B,D). Interestingly, in the aged wt mice, which developed ventriculomegaly
after Hx, the ventricular compliance remained diminished after the re-normoxic period
(Figure 4B). Nevertheless, in the aged AQP4−/− mice, which were protected from Hx-
induced ventriculomegaly, the ventricular compliance was totally recovered after the
ReNx period.
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Figure 4. Alterations in the compliance of the cerebral ventricular system after re-normoxia. Quantita-
tive analysis of the increment of IVP (∆P) reached in 15 s after the infusion of 1.75 µL of artificial CSF
for each experimental group. (A) Young wt, (B) aged wt, (C) young AQP4−/−, (D) aged AQP4−/−.
Note that ventricular compliance is inversely proportional to ∆P, so the compliance of the ventricular
system remains diminished in aged wt mice after the ReNx period but is recovered in aged AQP4−/−

animals. Data are represented as mean ± SEM. Number of animals analyzed for each experimental
condition: Young-wt, Nx (n = 12); Hx (n = 7); ReNx (n = 6). Aged-wt, Nx (n = 8); Hx (n = 7); ReNx
(n = 5). Young-AQP4−/−, Nx (n = 10); Hx (n = 8); ReNx (n = 8). Aged-AQP4−/−, Nx (n = 8); Hx
(n = 6); ReNx (n = 8). * p < 0.05; ** p < 0.01; *** p < 0.001.

To explore whether the different recovery response (ReNx) of the ventricular dis-
tensibility observed between aged wt and AQP4−/− mice could be related to different
levels of astrogliosis in these experimental groups, we analyzed the glial fibrillary acid
protein (GFAP) expression level, as a standardized marker of astrogliosis, in aged wt and
AQP4−/− mice under our three oxygenation conditions: Nx, Hx, and ReNx (Figure 5).
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The first and most outstanding observation is that GFAP expression levels in the control-
normoxic situation were considerably higher in the brain parenchyma of aged wt than in
aged AQP4−/− mice (Figure 5A,B). We analyzed the changes in GFAP expression induced
by the Hx and ReNx treatments in both aged wt and AQP4−/− mice, with respect to their
own normoxic controls. In the case of aged wt mice, Hx induced a slight, but not signifi-
cant, increase in GFAP expression, which returned to levels similar to those observed in
normoxic controls after the ReNx period (Figure 5A,C). Conversely, in the aged AQP4−/−

mice, the hypoxic treatment produced a significant increment in GFAP expression levels
that remained elevated after ReNx (Figure 5A,C) treatment. These data suggest a different
astroglial response to Hx and ReNx in aged AQP4−/− mice with respect to aged wt mice.
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2.4. Repetitive Hypoxic Events Lead to Permanent and Irreversible Ventriculomegaly

Given that in aged wt mice ReNx treatment only produces a partial recovery of the
severe ventriculomegaly induced by Hx, and CSF drainage and ventricular distensibility
are permanently diminished, we investigated whether a second cycle of Hx-ReNx would
lead to a poorer hydrocephalic state in the aged wt animals. We subjected aged wt mice to
two cycles of Hx-ReNx (see scheme in Figure 6A). Given the difficulties of this experiment,
we evaluated the animal’s ventricle size by MRI previous to initiating the Hx-ReNx cycles,
in Nx, and at the end of the second ReNx period. As shown in Figure 6B,C, the ventricu-
lomegaly situation obtained after the second hypoxic stimulus persisted, despite having
returned to the ReNx situation. The ventricular volume after the second 30 days in ReNx
was significantly different from the initial value in Nx (Figure 6C). The permanent deteriora-
tion in CSF drainage and ventricular compliance in the aged wt animals already established
after the first hypoxic stimulus, together with the ventricular CSF overload produced in
the second hypoxic event, probably triggered a severe and irreversible ventriculomegaly.
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3. Discussion

The participation of the principal cerebral AQPs, choroidal-AQP1, and astroependimal-
AQP4, in fundamental aspects of CSF homeostasis constitute a currently accepted body of
knowledge [6,11]. Both proteins play an important role in the formation and drainage of
the CSF, hence contributing to intraventricular pressure. They also appear to participate
in determining structural functions related to the distensibility capacity of the ventricular
system [5,19]. A previous study using aged animals exposed to Hx showed the devel-
opment of a hydrocephalic condition that reproduced fundamental pathophysiological
features of patients with iNPH, such as ventriculomegaly, elevation of intracranial pressure,
cognitive impairment, and reduced CSF drainage and ventricular distensibility, with clear
participation of AQP4 in the CSF ventricular overload during the hypoxic event [19]. In
the present study, we explored in the same experimental model whether these alterations
associated with the hydrocephalic state are permanent or could be reverted by ReNx.

As previously reported [19], Hx produced a significant increment in the total ventricle
volume, either in young (~15% larger) or aged (~40% larger) wt mice. We also showed
that reexposing the animals to Nx for 30 days (ReNx) led to ventricle volumes returning
to values similar to those measured in the normoxic control situation. Similarly, the IVP
records showed a parallel trend, reestablishing values similar to those measured prior to
the hypoxic stimulus. Thus, when returning to a normal state of oxygenation, cerebral
blood perfusion will be reduced, and CSF and IVP diminishes as well, as evidenced by our
data. In the AQP4−/− mice, both young and aged, the hypoxic treatment did not produce
ventriculomegaly or alterations in the IVP values. Accordingly, in these AQP4 mutants, the
ReNx treatment did not alter either the ventricle size or the IVP values. Furthermore, the
results from the behavioral test revealed that even in the aged wt mice, normal cognitive
function was reestablished after the ReNx period, which could indicate that once the
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ventriculomegaly situation is removed, the cognitive impairment also disappears. However,
the CSF drainage capacity and the ventricular compliance deteriorated similarly in both
wt and AQP4−/− aged animals when they were subjected to Hx. Thus, the alteration of
these two parameters during a hypoxic stimulus appears to be associated with the aging
process, rather than with the presence of AQP4. However, after ReNx, the reversion of
these parameters to initial values only took place in the aged AQP4−/− mice, whereas they
remained altered in the aged wt animals. In the aged wt animals, in which Hx produces
ventriculomegaly, the alterations in CSF drainage and ventricular compliance were not
recovered after ReNx. In contrast, in the aged AQP4−/− mice, which did not develop
ventriculomegaly in Hx, both parameters returned to normoxic control values in ReNx.
Therefore, definitive damage to the CSF evacuation system occurs in the aged wt animal
and is dependent on AQP4 expression. These results suggest that the recovery of these
parameters could be conditioned by the occurrence, or not in the case of AQP4−/− aged
mice, of a severe ventriculomegaly.

Apart from the fact that irreversible deterioration of the CSF outflow and ventricular
distensibility only occur when a severe ventriculomegaly is developed, as occurred in
the aged wt animals, alternative explanations for these chronic alterations could include
cellular changes in astrocytes linked to AQP4 expression, such as astrogliosis [19,23–26]. To
explore this hypothesis, we studied GFAP expression, as a standard marker of astrogliosis,
in aged wt and AQP4−/− mice subjected to Hx or ReNx. Importantly, the aged AQP4−/−

mice showed lower levels of astrogliosis than the wt controls in normoxic conditions. In
addition, the Hx/ReNx treatment produced a different astroglial response between the
aged wt and AQP4−/− mice. In the aged wt mice, the Hx/ReNx treatment induced a
slight and transient astrogliosis. Conversely, the same treatment produced a significant and
permanent astrogliosis in the aged AQP4−/− mice. Although our data about astrogliosis
cannot completely explain the difference in ventricular distensibility observed between
the aged wt and AQP4−/− mice in ReNx, they highlight the relevance of AQP4 in the
process of astrogliosis linked to aging and hypoxia. It would be interesting to more deeply
explore the specific role of AQP4 and other structural partners of the astrocyte-extracellular
matrix-endothelial complex (i.e., dystroglycan, alpha-syntrophin, dystrobrevin, etc) in the
astroglial response and their potential relationship with ventricular compliance.

Employing different cellular markers, Hannock et al. [23] described molecularly
distinct compartments surrounding different vessel types and provided a comprehensive
characterization of the arachnoid and pial compartments and their connection to CNS
vessels and perivascular pathways. Staining for AQP4, GFAP, and plectin permitted these
authors to identify various populations of astrocytes and observe how they differentially
connect to distinct laminin proteins depending on the basal membrane with which they
connect [23]. We hypothesize that a lack of AQP4 expression would potentially alter the
protein expression profile of astrocytes and hence their extracellular contacts, altering at
the end the properties of the basal membrane surrounding the CSF compartments.

Another important result presented here is that two repetitive hypoxic episodes
produce a permanent and irreversible ventriculomegaly and likely permanent cognitive
deterioration. In terms of the etiology and development of iNPH, repetitive Hx events
throughout life might lead to a poorer prognosis in the course of the disease. Despite being
defined as a pathology of unknown etiology, multiple factors are frequently associated with
the establishment of iNPH. Population studies have shown that almost 25% of patients
diagnosed with iNPH have one or more cardiovascular risk factors, including high blood
pressure, hyperlipidemia, diabetes, obesity, sedentary lifestyle, and peripheral and cerebral
vascular diseases, as well as psychosocial factors [27,28]. At the same time, it has been stated
that up to 50% of the population older than 65 years of age has been exposed to, or had
at least one of, the following respiratory risk factors: obstructive sleep apnea/hypopnea
syndrome, chronic obstructive pulmonary disease, chronic smoking, and exposure to
fumes, dust, and environmental pollutants [29,30]. Sleep-disorder breathing as observed in
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obstructive sleep apnea has been indicated to affect the proper circulation of interstitial
CSF into the glymphatic circulation contributing to iNPH [29].

Our data show, for the first time, that hypoxic events promote irreversible damage
of the CSF drainage capacity and ventricular distensibility in aged cerebral tissue, these
anomalies being dependent on the AQP4 expression. These data, together with a recent
report linking AQP4 to the severity of traumatic brain edema [31], make this protein a
potential drug target in neurological disorders associated with water homeostasis. Addi-
tionally, the permanent alterations in CSF drainage and ventricular compliance together
with an increase in CSF formation during subsequent hypoxic events would explain the
development of chronic ventriculomegaly as occurs in patients with iNPH. Additionally,
exposure throughout life to any of the aforementioned conditions is likely to generate
recurrent episodes of Hx that produce an even greater deterioration of these parameters,
thus leading to a hydrocephalic status with a major and irreversible ventriculomegaly.

4. Materials and Methods
4.1. Animal Care and Hypoxic Treatments

AQP4−/− mice and wt littermates were genotyped as previously indicated [32]. The
mice were housed under a controlled temperature (22 ± 1 ◦C) in a 12 h light/dark cycle,
with ad libitum access to food and water. Young mice were considered as 2–4 months
old, and aged as >14 months old. The animals were maintained either in normoxic
conditions (21% O2; Nx), exposed to hypoxia (5 days at 9% O2, Hx), or reexposed to
normoxia after hypoxic treatment for 30 days (ReNx), using a hermetically sealed chamber
(Coy Laboratory Products, Inc., Grass Lake, MI, USA) as previously described [33], with
continuous monitoring and control of gas concentrations, temperature, and humidity. For
euthanasia, the mice were anesthetized 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).

4.2. Magnetic Resonance Imaging

An MRI of the mouse brain was taken to assess ventricle size as an indicator of CSF
production. For this, the mice were anesthetized using 0.5–2.5% sevoflurane with spon-
taneous breathing. MRI studies were performed using an ICON 1 Tesla system (Bruker,
Billerica, MA, USA), provided with a mouse body radiofrequency coil, available at the ani-
mal 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 × 0.188 × 0.563 mm;
thickness, 0.5 mm; rare factor, 8; and 32 slices). The images were then analyzed in a
computer loaded with VIRTUE software (Diagnosoft, Palo Alto, CA, USA) and ImageJ 1.45
software (Wayne Rasband, National Institutes of Health).

4.3. Intraventricular Pressure Measurements

IVP measurements were performed as previously described [5,19]. Briefly, mice
were anesthetized with 100 mg/kg ketamine (Pfizer, New York, NY, USA) and 10 mg/kg
xylazine (Bayer, Leverkusen, Germany) and immobilized, in prone position, in a stereotaxic
device (Stoelting, St. Louis, MO, USA). A 34-gauge micropipette (Hamilton, Reno, NV,
USA) filled with artificial CSF (aCSF) was placed in the parietal cortex above the lateral
ventricle (from bregma in mm: anteroposterior, −0.2; lateral, +1.0; and ventral, −1.0). Then,
the micropipette was inserted into the lateral ventricle through the cerebral cortex and
a syringe pump (KD Scientific, Holliston, MI, USA) was used to perfuse the aCSF into
the ventricles at an infusion rate of 0.3 µL/min. The micropipette was connected to a
pressure transducer (TSD104A; Biopac Systems, Goleta, CA, USA) using noncompliant
tubing interfaced to a recording system (model MP150; Biopac Systems, Goleta, CA, USA).
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Once the pipette entered the brain parenchyma, the pressure gradually increased; 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. Then,
IVP was continuously monitored and recorded.

4.4. Novel Object Recognition Testing

Novel object recognition tests were performed as previously described [19]. Be-
fore starting the behavioral test, the mice were left for 10 min to explore the arena box
(50 × 50 × 40 cm). Then, during the sample trial, the mice were placed into the arena with
two identical objects and the behavior of the animal was video recorded from a suspended
camera for 10 min. After this, the mouse was removed from the box and placed back into
its home cage and the arena was cleaned. After 3 h, the 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 min. The interactions of the
animal with the object were analyzed with Novel Object Recognition Biobserve software
(Biobserve GmbH, Bonn, Germany).

4.5. CSF Outflow Dynamics and Ventricular Compliance Measurements

Measurements of CSF outflow and ventricular compliance were performed as pre-
viously reported [5,19], employing the constant-rate infusion method reported originally
by Oshio et al. [22]. Briefly, a micropipette was placed in the lateral ventricle as described
above, and IVP was recorded during continuous infusion of aCSF into the lateral ventricle
at rates of 0.5, 1.5, 3, 7, and 14 µL/min. At each rate of infusion, the aCSF input was
maintained until a steady-state IVP was recorded, resulting in a step-wise increase in IVP
according to increments in the perfusion rate. The CSF outflow resistance was obtained by
the slope of the linear regression achieved by plotting the different infusion rate used vs
the attained IVP for each. To normalize the IVP values, basal IVP value (obtained without
aCSF infusion) were subtracted from the IVP values obtained after aCSF infusion at each
rate. For the various experimental animals and treatments, the ventricular distensibility
was calculated by measuring the increase in IVP produced by the infusion of 1.75 µL of
aCSF at a rate of 14 µL/min.

4.6. Histological Analyses and Densitometry

The mice were subjected to transcardial perfusion with 50 mL of phosphate-buffered
saline (PBS, Sigma, Kawasaki, Japan) and 50 mL of 4% paraformaldehyde (Sigma, Kawasaki,
Japan) in PBS. After that, the brains were immediately removed and fixed with 4%
paraformaldehyde in PBS overnight at 4 ◦C. After fixation, the brains were cryoprotected
in 30% sucrose (Sigma, Kawasaki, Japan) in PBS and included in Optimum Cutting Temper-
ature compound (Tissue-Tek, Torrance, CA, USA). Coronal sections (30-µm thickness) were
cut on a cryostat (Leica, Wetzlar, Germany). GFAP immunohistochemistry was performed
as previously described [34], using polyclonal anti-GFAP (1:500; Dako, Beijing, China)
and a secondary peroxidase-conjugated antibody kit (Dako, Beijing, China). Images were
taken with a light-transmitted microscope and a digital camera (Olympus, BX61-UCMAD3,
Shinjuku, Japan) using New CASTTM system (Visiopharm, Hørsholm, Denmark) software.

To estimate astrogliosis, the optical density of GFAP+ staining was measured from dig-
itized pictures using NIH Image software (ImageJ) as previously described [33], analyzing
10 slices per animal, covering the periventricular brain system, including lateral ventricles,
dorsal and ventral sides of third ventricles, from +1.94 mm to −2.70 mm rostro-caudal
relative to Bregma according to the Franklin and Paxinos mouse brain stereotaxic atlas [35].

4.7. Statistical Analysis

The data are presented as mean ± standard error of the mean (SEM). Each experi-
mental group included 3–12 mice; the specific numbers (n) are shown in each figure. In
all cases, the data were tested for normality (Kolmogorov–Smirnov test) and equal vari-
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ance test. When these properties were confirmed, an analysis of variance was performed
with Bonferroni post hoc analysis (for multiple group comparisons) or Student’s t-test
(for two-group comparisons); otherwise, the nonparametric 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
or Prism8.

Author Contributions: Conceptualization, M.E. and J.V.; methodology, J.L.T.-C.; formal analysis,
J.L.T.-C. and J.V.; investigation, M.E., J.V., and J.L.T.-C.; resources, M.E. and J.J.T.-A.; data curation,
J.J.T.-A.; writing—original draft preparation, M.E. and J.V.; writing—review and editing, M.E.;
visualization, M.E.; supervision, J.V.; project administration, M.E.; funding acquisition, M.E. and
J.J.T.-A. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants FIS: PI16/00493 and PI19/01096 from the Spanish
Ministry of Economy and Competitiveness, co-financed by the Carlos III Health Institute (ISCIII) and
European Regional Development Fund (FEDER).

Institutional Review Board Statement: All experiments were carried out in accordance with the
European Directive 2010/63/EU and the Spanish RD/53/2013 for the protection of animals used
for scientific purposes; and all animal procedures were conducted with the approval of the Animal
Research Committee of the Virgen del Rocío University Hospital (26/01/2017/017; University
of Seville).

Informed Consent Statement: Not applicable.

Data Availability Statement: All important data is included in the manuscript.

Acknowledgments: J.L.T.-C. was partially supported by the Regional Government of Andalusia and
FEDER funds through a program for recruitment of young researchers. We gratefully acknowledge
the technical assistance of Nela Suárez, especially regarding general maintenance of the laboratory.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Amiry-Moghaddam, M.; Ottersen, O.P. The molecular basis of water transport in the brain. Nat. Rev. Neurosci. 2003, 4, 991–1001.

[CrossRef]
2. Zelenina, M. Regulation of brain aquaporins. Neurochem. Int. 2010, 57, 468–488. [CrossRef] [PubMed]
3. Venero, J.L.; Vizuete, M.L.; Ilundáin, A.A.; Machado, A.; Echevarria, M.; Cano, J. Detailed localization of aquaporin-4 messenger

RNA in the CNS: Preferential expression in periventricular organs. Neuroscience 1999, 94, 239–250. [CrossRef]
4. Igarashi, H.; Tsujita, M.; Kwee, I.L.; Nakada, T. Water influx into cerebrospinal fluid is primarily controlled by aquaporin-4, not

by aquaporin-1: 17O JJVCPE MRI study in knockout mice. Neuroreport 2014, 25, 39–43. [CrossRef]
5. Trillo-Contreras, J.L.; Toledo-Aral, J.J.; Echevarria, M.; Villadiego, J. AQP1 and AQP4 Contribution to Cerebrospinal Fluid

Homeostasis. Cells 2019, 8, 197. [CrossRef]
6. Rasmussen, M.K.; Mestre, H.; Nedergaard, M. Fluid Transport in the Brain. Physiol. Rev. 2021. [CrossRef] [PubMed]
7. Jorgacevski, J.; Zorec, R.; Potokar, M. Insights into Cell Surface Expression, Supramolecular Organization, and Functions of

Aquaporin 4 Isoforms in Astrocytes. Cells 2020, 9, 2622. [CrossRef] [PubMed]
8. Nagelhus, E.A.; Ottersen, O.P. Physiological roles of aquaporin-4 in brain. Physiol. Rev. 2013, 93, 1543–1562. [CrossRef]
9. Amiry-Moghaddam, M.; Otsuka, T.; Hurn, P.D.; Traystman, R.J.; Haug, F.M.; Froehner, S.C.; Adams, M.E.; Neely, J.D.; Agre,

P.; Ottersen, O.P.; et al. An alpha-syntrophin-dependent pool of AQP4 in astroglial end-feet confers bidirectional water flow
between blood and brain. Proc. Natl. Acad. Sci. USA 2003, 100, 2106–2111. [CrossRef]

10. Tham, D.K.; Joshi, B.; Moukhles, H. Aquaporin-4 Cell-Surface Expression and Turnover Are Regulated by Dystroglycan, Dynamin,
and the Extracellular Matrix in Astrocytes. PLoS ONE 2016, 11, e0165439. [CrossRef]

11. Papadopoulos, M.C.; Verkman, A.S. Aquaporin water channels in the nervous system. Nat. Rev. Neurosci. 2013, 14, 265–277.
[CrossRef]

12. Manley, G.T.; Binder, D.K.; Papadopoulos, M.C.; Verkman, A.S. New insights into water transport and edema in the central
nervous system from phenotype analysis of aquaporin-4 null mice. Neuroscience 2004, 129, 983–991. [CrossRef]

13. Reeves, B.C.; Karimy, J.K.; Kundishora, A.J.; Mestre, H.; Cerci, H.M.; Matouk, C.; Alper, S.L.; Lundgaard, I.; Nedergaard, M.;
Kahle, K.T. Glymphatic System Impairment in Alzheimer’s Disease and Idiopathic Normal Pressure Hydrocephalus. Trends Mol.
Med. 2020, 26, 285–295. [CrossRef]

14. Grande, P.O.; Asgeirsson, B.; Nordstrom, C.H. Physiologic principles for volume regulation of a tissue enclosed in a rigid shell
with application to the injured brain. J. Trauma 1997, 42, S23–S31. [CrossRef]

http://doi.org/10.1038/nrn1252
http://doi.org/10.1016/j.neuint.2010.03.022
http://www.ncbi.nlm.nih.gov/pubmed/20380861
http://doi.org/10.1016/S0306-4522(99)00182-7
http://doi.org/10.1097/WNR.0000000000000042
http://doi.org/10.3390/cells8020197
http://doi.org/10.1152/physrev.00031.2020
http://www.ncbi.nlm.nih.gov/pubmed/33949874
http://doi.org/10.3390/cells9122622
http://www.ncbi.nlm.nih.gov/pubmed/33297299
http://doi.org/10.1152/physrev.00011.2013
http://doi.org/10.1073/pnas.0437946100
http://doi.org/10.1371/journal.pone.0165439
http://doi.org/10.1038/nrn3468
http://doi.org/10.1016/j.neuroscience.2004.06.088
http://doi.org/10.1016/j.molmed.2019.11.008
http://doi.org/10.1097/00005373-199705001-00005


Int. J. Mol. Sci. 2021, 22, 9745 13 of 13

15. Roales-Bujan, R.; Paez, P.; Guerra, M.; Rodriguez, S.; Vio, K.; Ho-Plagaro, A.; Garcia-Bonilla, M.; Rodriguez-Perez, L.M.;
Dominguez-Pinos, M.D.; Rodriguez, E.M.; et al. Astrocytes acquire morphological and functional characteristics of ependymal
cells following disruption of ependyma in hydrocephalus. Acta Neuropathol. 2012, 124, 531–546. [CrossRef]

16. Del Puerto, A.; Pose-Utrilla, J.; Simon-Garcia, A.; Lopez-Menendez, C.; Jimenez, A.J.; Porlan, E.; Pajuelo, L.S.M.; Cano-Garcia, G.;
Marti-Prado, B.; Sebastian-Serrano, A.; et al. Kidins220 deficiency causes ventriculomegaly via SNX27-retromer-dependent AQP4
degradation. Mol. Psychiatry 2021, 1–16. [CrossRef]

17. Mao, X.; Enno, T.L.; Del Bigio, M.R. Aquaporin 4 changes in rat brain with severe hydrocephalus. Eur. J. Neurosci. 2006, 23,
2929–2936. [CrossRef] [PubMed]

18. Hasan-Olive, M.M.; Enger, R.; Hansson, H.A.; Nagelhus, E.A.; Eide, P.K. Loss of perivascular aquaporin-4 in idiopathic normal
pressure hydrocephalus. Glia 2019, 67, 91–100. [CrossRef] [PubMed]

19. Trillo-Contreras, J.L.; Ramirez-Lorca, R.; Hiraldo-Gonzalez, L.; Sanchez-Gomar, I.; Galan-Cobo, A.; Suarez-Luna, N.; Sanchez
de Rojas-de Pedro, E.; Toledo-Aral, J.J.; Villadiego, J.; Echevarria, M. Combined effects of aquaporin-4 and hypoxia produce
age-related hydrocephalus. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 3515–3526. [CrossRef]

20. Eide, P.K.; Sorteberg, W. Outcome of Surgery for Idiopathic Normal Pressure Hydrocephalus: Role of Preoperative Static and
Pulsatile Intracranial Pressure. World Neurosurg. 2016, 86, 186–193 e181. [CrossRef]

21. Wang, Z.; Zhang, Y.; Hu, F.; Ding, J.; Wang, X. Pathogenesis and pathophysiology of idiopathic normal pressure hydrocephalus.
CNS Neurosci. Ther. 2020, 26, 1230–1240. [CrossRef]

22. Oshio, K.; Watanabe, H.; Song, Y.; Verkman, A.S.; Manley, G.T. Reduced cerebrospinal fluid production and intracranial pressure
in mice lacking choroid plexus water channel Aquaporin-1. FASEB J. 2005, 19, 76–78. [CrossRef]

23. Hannocks, M.J.; Pizzo, M.E.; Huppert, J.; Deshpande, T.; Abbott, N.J.; Thorne, R.G.; Sorokin, L. Molecular characterization of
perivascular drainage pathways in the murine brain. J. Cereb. Blood Flow Metab. 2018, 38, 669–686. [CrossRef]

24. Eide, P.K.; Hansson, H.A. Astrogliosis and impaired aquaporin-4 and dystrophin systems in idiopathic normal pressure
hydrocephalus. Neuropathol. Appl. Neurobiol. 2018, 44, 474–490. [CrossRef] [PubMed]

25. Vajda, Z.; Pedersen, M.; Fuchtbauer, E.M.; Wertz, K.; Stodkilde-Jorgensen, H.; Sulyok, E.; Doczi, T.; Neely, J.D.; Agre, P.; Frokiaer,
J.; et al. Delayed onset of brain edema and mislocalization of aquaporin-4 in dystrophin-null transgenic mice. Proc. Natl. Acad.
Sci. USA 2002, 99, 13131–13136. [CrossRef] [PubMed]

26. Smith, A.J.; Duan, T.; Verkman, A.S. Aquaporin-4 reduces neuropathology in a mouse model of Alzheimer’s disease by remodeling
peri-plaque astrocyte structure. Acta Neuropathol. Commun. 2019, 7, 74. [CrossRef] [PubMed]

27. Jaraj, D.; Agerskov, S.; Rabiei, K.; Marlow, T.; Jensen, C.; Guo, X.; Kern, S.; Wikkelso, C.; Skoog, I. Vascular factors in suspected
normal pressure hydrocephalus: A population-based study. Neurology 2016, 86, 592–599. [CrossRef] [PubMed]

28. Israelsson, H.; Carlberg, B.; Wikkelso, C.; Laurell, K.; Kahlon, B.; Leijon, G.; Eklund, A.; Malm, J. Vascular risk factors in INPH: A
prospective case-control study (the INPH-CRasH study). Neurology 2017, 88, 577–585. [CrossRef]

29. Roman, G.C.; Jackson, R.E.; Fung, S.H.; Zhang, Y.J.; Verma, A.K. Sleep-Disordered Breathing and Idiopathic Normal-Pressure
Hydrocephalus: Recent Pathophysiological Advances. Curr. Neurol. Neurosci. Rep. 2019, 19, 39. [CrossRef]

30. Malm, J.; Graff-Radford, N.R.; Ishikawa, M.; Kristensen, B.; Leinonen, V.; Mori, E.; Owler, B.K.; Tullberg, M.; Williams, M.A.;
Relkin, N.R. Influence of comorbidities in idiopathic normal pressure hydrocephalus—Research and clinical care. A report of the
ISHCSF task force on comorbidities in INPH. Fluids Barriers CNS 2013, 10, 22. [CrossRef] [PubMed]

31. Xiong, A.; Xiong, R.; Yu, J.; Liu, Y.; Liu, K.; Jin, G.; Xu, J.; Yan, J. Aquaporin-4 is a potential drug target for traumatic brain injury
via aggravating the severity of brain edema. Burns Trauma 2021, 9, tkaa050. [CrossRef] [PubMed]

32. Ma, T.; Yang, B.; Gillespie, A.; Carlson, E.J.; Epstein, C.J.; Verkman, A.S. Generation and phenotype of a transgenic knockout
mouse lacking the mercurial-insensitive water channel aquaporin-4. J. Clin. Investig. 1997, 100, 957–962. [CrossRef] [PubMed]

33. Galan-Cobo, A.; Ramirez-Lorca, R.; Toledo-Aral, J.J.; Echevarria, M. Aquaporin-1 plays important role in proliferation by affecting
cell cycle progression. J. Cell. Physiol. 2016, 231, 243–256. [CrossRef] [PubMed]

34. Villadiego, J.; Romo-Madero, S.; Garcia-Swinburn, R.; Suarez-Luna, N.; Bermejo-Navas, A.; Echevarria, M.; Toledo-Aral, J.J. Long-
term immunosuppression for CNS mouse xenotransplantation: Effects on nigrostriatal neurodegeneration and neuroprotective
carotid body cell therapy. Xenotransplantation 2018, 25, e12410. [CrossRef] [PubMed]

35. Franklin, K.; Paxinos, G. The Mouse Brain in Stereotaxic Coordinates; Academic Press: Cambridge, MA, USA, 1997.

http://doi.org/10.1007/s00401-012-0992-6
http://doi.org/10.1038/s41380-021-01127-9
http://doi.org/10.1111/j.1460-9568.2006.04829.x
http://www.ncbi.nlm.nih.gov/pubmed/16819982
http://doi.org/10.1002/glia.23528
http://www.ncbi.nlm.nih.gov/pubmed/30306658
http://doi.org/10.1016/j.bbadis.2018.08.006
http://doi.org/10.1016/j.wneu.2015.09.067
http://doi.org/10.1111/cns.13526
http://doi.org/10.1096/fj.04-1711fje
http://doi.org/10.1177/0271678X17749689
http://doi.org/10.1111/nan.12420
http://www.ncbi.nlm.nih.gov/pubmed/28627088
http://doi.org/10.1073/pnas.192457099
http://www.ncbi.nlm.nih.gov/pubmed/12232046
http://doi.org/10.1186/s40478-019-0728-0
http://www.ncbi.nlm.nih.gov/pubmed/31068220
http://doi.org/10.1212/WNL.0000000000002369
http://www.ncbi.nlm.nih.gov/pubmed/26773072
http://doi.org/10.1212/WNL.0000000000003583
http://doi.org/10.1007/s11910-019-0952-9
http://doi.org/10.1186/2045-8118-10-22
http://www.ncbi.nlm.nih.gov/pubmed/23758953
http://doi.org/10.1093/burnst/tkaa050
http://www.ncbi.nlm.nih.gov/pubmed/33748293
http://doi.org/10.1172/JCI231
http://www.ncbi.nlm.nih.gov/pubmed/9276712
http://doi.org/10.1002/jcp.25078
http://www.ncbi.nlm.nih.gov/pubmed/26081645
http://doi.org/10.1111/xen.12410
http://www.ncbi.nlm.nih.gov/pubmed/29932254

	Introduction 
	Results 
	Re-Normoxia Restores CSF Production to Baseline and Reverses Cognitive Decline in Aged wt Mice That Develop Hypoxia-Induced Hydrocephalus 
	CSF Drainage Capacity Remains Impaired after Re-Normoxia in Aged Mice That Develop Hypoxia-Induced Hydrocephalus 
	Diminished Ventricular Distensibility Is Not Recovered after Re-Normoxia in the Aged wt Mice 
	Repetitive Hypoxic Events Lead to Permanent and Irreversible Ventriculomegaly 

	Discussion 
	Materials and Methods 
	Animal Care and Hypoxic Treatments 
	Magnetic Resonance Imaging 
	Intraventricular Pressure Measurements 
	Novel Object Recognition Testing 
	CSF Outflow Dynamics and Ventricular Compliance Measurements 
	Histological Analyses and Densitometry 
	Statistical Analysis 

	References

