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Abstract
Purpose Hydrocephalus is a common disorder of defective
cerebrospinal fluid (CSF) turnover. The identification of the
aquaporin water channels (AQPs) led to the study of their
role in the composition of biological fluids including CSF.
The purpose of this study is to review the potential role of
aquaporins in the pathogenesis, compensation, and possibly
treatment of hydrocephalus.
Methods We performed a MEDLINE search using the
terms “aquaporin AND hydrocephalus.” The search
returned a total of 20 titles. Eleven studies fulfilled the
criteria for this review.
Results Most studies were performed in animal models.
The expression of AQPs in hydrocephalus is significantly
altered. Aquaporin-1 levels at the choroid plexus are
decreased in most models of hydrocephalus while CSF
production and intracranial pressure are reduced in AQP1
knockout mice. In contrast, the expression of AQP4 in
hydrocephalus is increased at its sites of expression.
Aquaporin-4 knockout mice show a decreased clearance
of brain edema via blood–CSF and blood–brain barrier
(BBB) pathways and decreased survival in hydrocephalus
models.
Conclusions Aquaporin-1 is highly expressed at the cho-
roid plexus and is related to CSF production. Aquaporin-4
is expressed at the ependyma, glia limitans, and at the
perivascular end feet processes of astrocytes of the BBB,
facilitating the water movement across these tissue inter-
faces. The observations obtained from animal studies and

few cases in humans indicate an adaptive and protective
role of AQPs in hydrocephalus by decreasing CSF
production and increasing edema clearance. Aquaporins
are attractive targets for the pharmaceutical treatment of
hydrocephalus.
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Introduction

Water homeostasis is a crucial step in the physiology of the
central nervous system and pathophysiology of hydroceph-
alus [1]. Cerebrospinal fluid (CSF) not only provides a
protective fluid layer for the brain, but it delivers nutrients
and growth factors important for pruning and maintenance
of neural networks and removes waste products secreted by
the brain parenchyma [2–4].

The identification of the elusive water channel or aqua-
porins (AQPs) in the early 1990s allowed the scientific
community to study the biology of CSF and blood production.
Aquaporins are members of a family of transmembrane
proteins that allow for the movement of water and small
solutes through the fatty membranes of cells and by doing so
contribute to the bulk of water homeostasis [5–9]. To date, 13
mammalian aquaporins have been cloned and identified in
every tissue in the body. In the central nervous system, there
are five members of the AQP family, AQP1, AQP4, AQP7,
AQP9, and AQP11 [9–12]. Of the five expressed AQPs,
only AQP1 and AQP4 are expressed in abundance, with
AQP4 showing the highest expression pattern of any other
member [9]. The presence of AQPs in the central nervous
system has stimulated much interest among the scientific
community in order to study the role of these proteins in
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normal CSF turnover as well as pathological conditions
linked to CSF production and absorption such as brain
edema and hydrocephalus [7, 9, 13].

The aim of this study is to review the pertinent literature
concerning the role of aquaporins in cerebrospinal fluid
turnover and pathophysiology of hydrocephalus. The
information obtained from this process will be used in
order to clarify any potential association between AQPs and
hydrocephalus, define further experimental approaches, and
focus on key pathophysiological steps as candidates for
pharmacological treatment.

Why study the role of aquaporins in the pathophysiology
of hydrocephalus?

A fundamental understanding of the mechanisms leading to
hydrocephalus is crucial for its more effective treatment and
classification. Early reports from Dandy classified hydro-
cephalus as “communicating” and “noncommunicating”
based on the state-of-the-art understanding of the patho-
physiology. In Dandy’s vernacular, communicating hydro-
cephalus was that form of the disease in which injection of
a dye into the ventricles could be recovered from the spinal
subarachnoid space. In noncommunicating hydrocephalus,
injection of a dye into the ventricles could not complete the
pathway of flow, suggesting an obstruction [14].

With the advent of new imaging modalities and
experimental tools, it is now possible to dissect the various
points of obstruction and further classify hydrocephalus
into distinct pathologies. Recently, Rekate et al. proposed a
contemporary classification of hydrocephalus based on a
flow circuit model. The Rekate model, much like Dandy’s,
rests on two simple assumptions: CSF is either over-
produced (e.g., choroid plexus papillomas) or underre-
cycled via flow obstruction at the level of the foramen of
Monro, aqueduct of Sylvius, outlets of fourth ventricle,
basal cisterns, arachnoid granulations, or other points of
absorption [15, 16]. Simplifying hydrocephalus into a
disease of overproduction or impaired CSF absorption, it
becomes an intuitive extension to assume that water
channels are key players in the pathophysiology of this
disease. Aquaporins are highly expressed at known points
of CSF production and absorption such as the choroid
plexus and extrachoroidal sites and ependymal cells, glia
limitans interna, and CSF circulation at the cortical
subarachnoid space like glia limitans externa, subpial zone,
and meninges. In addition, aquaporin-4 is highly expressed
at the end feet of the astrocyte processes that are part of the
blood–brain barrier (BBB) [3, 7–9, 17–22].

A less noted but closely related pathophysiological
process to hydrocephalus is the observation of interstitial
brain edema subsequent to impaired CSF turnover and
increased intracranial pressure (ICP). This type of edema,

observed as transependymal CSF flow in neuroimaging
studies, has been categorized as “hydrocephalic edema”
[8, 23]. The reduction of intracranial pressure and the
resolution of “hydrocephalic” brain edema are the main-
stays of therapy for hydrocephalus. Again, given the role of
water in the pathophysiology of this disease, it is not
surprising to note that aquaporins demonstrate a distinct
role in the resolution of this and other types of brain edema
[8, 9, 24, 25]. Aquaporin-4 deficiency in the AQP4
knockout mice, studying vasogenic edema models like
tumors and abscess formation, is associated with higher
ICP, more brain water content, and unfavorable outcomes
compared with controls. The AQP4 water channel presence
in wild-type mice at the blood–CSF (ependyma, glia
limitans interna, subpial zone, or glia limitans externa)
and blood–brain barrier (astrocyte feet processes at BBB)
interfaces, which serve as edema clearance pathways,
indicated an active role for AQP4 in this setting. The
interpretation of these results by the authors suggested that
AQP4 acts adaptively and protectively in the resolution of
vasogenic edema via pathways from brain parenchyma to
CSF and blood. In contrast, aquaporin-4 deficiency in
AQP4 knockout mice is associated with favorable outcome
in models of cytotoxic brain edema (water intoxication,
meningitis, and ischemia). In this model, AQP4 knockout
mice and wild-type controls were injected with water into
the peritoneum. The water injection lowered the osmolarity
of plasma and resulted in profuse astrocyte end feet
swelling, increased brain water content, and worse out-
comes concerning survival and neurological impairment in
wild-type controls expressing AQP4. The authors indicate
that the presence of AQP4 has a different significance in
cytotoxic versus vasogenic edema resolution. It has been
suggested that AQP4 mediates osmotically driven water
movement in cytotoxic edema models and drives water in
the brain (due to the presence of osmotic gradients), leading
to cerebral edema [8, 9, 24, 25]. Aquaporin-9 expression is
increased in astrocytes in the peri-infract area in mice
models of ischemia, indicating a role in the regulation of
postischemic edema [26]. The role of AQPs in relation to
the resolution of the third type of brain edema, the
“hydrocephalic edema,” could be significant and could
shed more light to the pathophysiology and treatment of
hydrocephalus.

Distribution of aquaporins in the brain

The knowledge of distribution and localization of aqua-
porins in tissues is the first step in understanding their
location-specific function. Aquaporin-1 (AQP1) is highly
expressed at the apical surface (surface facing the ven-
tricles) of the choroid plexus epithelium in mice, rats,
sheep, opossum, and humans [7, 19, 21, 27–29]. A lower
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gradient of AQP1 expression has been reported at the
basolateral (blood side) of the choroid plexus epithelium in
rodents and humans [19, 28]. The higher apical expression
of AQP1 has been used to rationalize its contribution to the
transcellular transport of water molecules for the production
of CSF [7, 19, 21, 27–29]. Current models of CSF
production underline the role of the apical presentation
of sodium–potassium ATPase and AQP1 at the choroid
plexus as the most significant molecular mechanisms
concerning water transport to the ventricles and CSF
production [2, 4]. The weak basolateral expression of
AQP1 at the choroid plexus could explain how water
molecules enter the choroid plexus cells and are subse-
quently filtered into the ventricle to produce CSF [2, 4, 21,
27, 29, 30]. The polarized expression of AQP1 at the
choroid plexus has been confirmed in humans [19, 21,
27]. Others have described a putative role for AQP4 in
CSF production at the choroid plexus, but AQP1 predom-
inates in this region [19, 21, 29]. Aquaporin-1 expression
has also been described at the craniofacial lymphatics that
accompany perineural sheaths in rodents, implying a role
in water movement in these tissues [31, 32]. The
contribution of perineural craniofacial lymphatics in CSF
turnover has been widely recognized, but currently there
are no studies about the expression of AQP1 at the
lymphatics in hydrocephalus models [33, 34].

Aquaporin-4 is the most abundant water channel in the
brain [7, 8, 20, 35]. Main areas of high distribution include
the glia cells at the junction of fluid and brain parenchyma,
at BBB and blood–CSF barriers like ependymal cells, glia
limitans interna (astrocyte processes and ependyma border-
ing brain and subarachnoid CSF at the subpial zone), and
glia limitans externa (astrocyte processes bordering brain
and ventricular CSF) [7]. The location-specific distribution
of AQP4 around tissue interfaces that are close to CSF and
thus water (ventricles, subarachnoid space) indicates that
these channels are significant for the regulation of water
physiology in these areas. Specifically, aquaporin-4 is
located at the perivascular end feet processes of astrocytes
that form the blood–brain barrier (Fig. 1). Other areas of
AQP-4 in brain are the cerebellum, the supraoptic and
suprachiasmatic nucleus of the hypothalamus, hippocampal
dentate gyrus and areas CA-1 and CA-3, neocortex, nucleus
of stria terminalis, and medial habenular nucleus [7].
Mobasheri et al., using a tissue microarray approach,
showed that AQP4 is expressed in meningeal tissues in
humans [20]. This observation, in conjunction with the
documented presence of AQP4 at the glia limitans externa,
the glial area at the brain surface under the pia mater, in
many species could possibly indicate an active role of
AQP4 water channel at the cortical subarachnoid space or
at the surface brain parenchyma in regulating the concen-
tration of water and ions in the CSF.

Aquaporin-9 belongs to a specific subfamily of aqua-
porins named “neutral solute channels” [7]. Aquaporin-9 is
permeable to water, glycerol, lactate, urea, purines, pyr-
imidines, and monocarboxylates. In the brain, AQP9 is
present in astrocytes, hypothalamic tanycytes, cerebellar
neurons, glia limitans, endothelial cells of pial vessels, and
hippocampal area (CA2) [7, 10]. The existence of a water
channel, like AQP9, in tissue areas that are close to CSF
circulation like hypothalamic tanycytes, glia limitans, and
pial endothelial cells suggests that they have a central role
in water flux between cerebrospinal fluid and brain
parenchyma [10].

Much less is known about functions of AQP7 and
AQP11 in the brain, described in few reports. Although
both proteins have been identified in the brain of rodents,
AQP11 does not seem to possess the ability to transfer
water [11, 12].

AQP1 and hydrocephalus

Since AQP1 distribution is dominant in choroid plexus and
it demonstrates a specific localization at the apical
(ventricular) side facing CSF, its role in the production of
CSF is highly suspected. Oshio and colleagues compared
cerebrospinal fluid production and intracranial pressure
between normal mice (wild-type mice) and mice lacking
AQP1 expression (AQP1 knockouts) [36, 37]. The osmotic
water permeability of choroid epithelium cells was fivefold
reduced in knockouts. The CSF production was reduced by
20–25% in AQP1 knockouts. Also, AQP1 knockouts
demonstrated a 56% reduction in ICP in comparison with
wild-type mice. However, the majority of this effect was

Fig. 1 Schematic representation of a brain capillary at the blood–
brain barrier. Aquaporin-4 is expressed at the end feet processes of the
perivascular astrocytes, providing a pathway for brain edema
clearance at the level of blood–brain barrier
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attributed to the lower central venous pressure in AQP1
knockouts due to systemic effects in kidneys [36, 37].

Longatti and colleagues, Mobasheri et al., and also
Praetorius et al. confirmed the presence of AQP1 at the
apical side of the choroid plexus in humans [19, 21, 27].
Interestingly, some reports indicate that AQP1 expression
is downregulated in hydrocephalus. Smith et al. report a
case of 15-month-old girl with choroid plexus hyperplasia,
a rare case of nonobstructive hydrocephalus related to
CSF hyperproduction by choroid plexuses [38]. The
choroid plexus was excised, and immunohistochemistry
revealed a dramatic decrease in immunoreactivity of
AQP1 of the specimen compared with controls, suggesting
an adaptive process that downregulated AQP1 in order to
lower the CSF production. Longatti et al. reported a series
of nine patients with choroid plexus tumors. The observed
expression levels of AQP1 were not homogenous in cases
with a choroid plexus tumor and hydrocephalus.
Aquaporin-1 showed a strong expression in four cases
of choroid plexus papillomas with hydrocephalus (ob-
structive in three and communicating in one) while weak
expression was observed in one case of choroid plexus
carcinoma complicated by obstructive hydrocephalus.
The small number of human cases reported, the hetero-
geneous expression of AQP1 in these cases, and the use
of immunohistochemistry (a qualitative method) not
accompanied by quantitative methods like immunofluo-
rescence, Western blot, or RT-PCR protocols cannot
reveal the real patterns of expression of AQP1 in humans
with hydrocephalus at present [38, 39]. Paul and
colleagues studied the expression of AQP1 and AQP4 in
congenital hydrocephalic H-Tx rats with RT-PCR, Western
blot, immunohistochemistry, and ELISA [40]. They also
found that AQP1 expression was significantly decreased
in choroid plexus of H-Tx rats while AQP4 expression
was increased in the whole brain and cortex and slightly
decreased in choroid plexus.

Although further research should be conducted, these
preliminary data indicate that possibly a feedback
mechanism exists which associates the expression of
AQP1 in choroid plexus and the presence of hydroceph-
alus. Adaptive feedback mechanisms exist and regulate
the expression of AQP1 in choroid plexus under specific
circumstances, e.g., low gravity reduces the amount of
AQP1 in choroid plexus [41]. In addition, AQP1
expression is downregulated in cases of compromised
cerebral perfusion [41–43], while Silverberg et al. dem-
onstrated that CSF production is reduced in patients with
chronic hydrocephalus [44]. Hydrocephalus seems to be
associated with AQP1 downregulation in choroid plexus,
which could be an adaptive protective mechanism in order
to lower the production of CSF and reduce the increased
intracranial pressure.

AQP4 and hydrocephalus

Bloch and colleagues used a kaolin injection model in
cisterna magna of mice in order to reproduce obstructive
hydrocephalus in wild-type mice and AQP4-knockout mice
[45]. The kaolin injection model is a well-established model
of progressive acute obstructive hydrocephalus in rodents
[46]. The authors assessed parameters of ICP, ventriculo-
megaly, brain parenchymal water content, and 5-day
survival rate between mice groups over a specific time
frame [45]. The AQP4-knockout mice demonstrated signif-
icant ventriculomegaly; ICP was increased and brain water
content was also increased by 2–3% [45]. The increased
brain water content in AQP4-knockout mice indicated the
existence of “hydrocephalic edema.” In 5 days, 84% of the
wild-type mice survived compared to 66% of AQP4
knockouts, indicating that hydrocephalus induced by kaolin
injection was much more severe in mice that do not express
AQP4. The authors constructed a mathematical computa-
tional model of kaolin-induced hydrocephalus using the
data obtained from these experiments. The mathematical
model reconfirmed the observations obtained and predicted
that the severity of hydrocephalus would be much more
reduced when AQP4 expression increased. A protective
role of AQP4 concerning hydrocephalus was suggested in
the article based on the above observations. Since AQP4 is
expressed at brain–CSF (ependyma and glia limitans under
the subarachnoid space) and blood–brain barriers the
authors proposed a significant role for AQP4-mediated
transparenchymal CSF absorption in cerebral vasculature in
cases of hydrocephalus [45]. The significant role of
aquaporin-4 in the clearance of excess brain water and
specifically vasogenic brain edema has been documented in
multiple studies [7, 13, 24, 47–57]. Feng and colleagues
published an interesting observation in AQP4-knockout
mice [58]. In a series of 612 AQP4 knockouts, a percentage
of 9.6% demonstrated obstructive hydrocephalus. The site
of obstruction was identified and was located at the level of
cerebral aqueduct leading to aqueductal stenosis. Histolog-
ical studies at the site of stenosis revealed marked
ependymal disorganization. The authors attributed the
presence of sporadic obstructive hydrocephalus in a subset
of AQP4 knockouts to AQP4 polymorphisms that could
contribute to the development of aqueductal stenosis
[9, 58]. The kaolin injection model has also been used in
rats to study the expression of AQP4 after these animals
develop obstructive hydrocephalus [59–61].

Mao and colleagues also used a kaolin injection
hydrocephalus model in order to study AQP4 changes in
normal rat brains that finally developed severe hydroceph-
alus [62]. In this study, only rats with severe hydrocephalus
were included (ventricle to brain ratio>0.25). Aquaporin-4
expression was upregulated 3–4 weeks after kaolin injec-
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tion. Areas of intense expression were identified in
perivascular areas, parietal cerebrum and hippocampus,
ependymal lining, and glia limitans. Interestingly, AQP4
levels do not increase significantly until rats become
7 weeks old while elevated expression can be observed
for up to 9 months, indicating a time-sensitive and pressure-
or ECF-fluid-adaptive (due to transparenchymal flow of
CSF in hydrocephalus) mechanism. The white matter
demonstrated significant edema and showed evidence of
fragmentation in the youngest group of hydrocephalic rats
while it was atrophic in the older group. Hydrocephalus-
induced AQP4 expression revealed in this study indicates
that this water channel plays a distinct role in the
pathophysiological process of hydrocephalus evolution
[62]. In another study of a communicating inflammatory
lysophosphatidylcholine-induced hydrocephalus by Tour-
dias et al., AQP4 was also upregulated in hydrocephalic rat
brain in relation to controls at blood–CSF and blood–brain
barrier interfaces [63]. Magnetic resonance studies in these
rats revealed a significantly bigger apparent diffusion
coefficient (APC) and larger CSF volumes, which were
correlated with elevated expression of AQP4.

Shen et al. and Paul et al. studied the expression of
AQP4 in another animal model of hydrocephalus, the
congenitally hydrocephalic rat (H-Tx rat) [40, 64].
Aquaporin-4 was highly expressed at the ependymal lining,
the feet processes of pericapillary astrocytes, and the
subpial zone in H-Tx rats and indicated an adaptive
mechanism. Shen et al. further argued about the role of
AQP4 in the pathophysiology of a subset H-Tx rat group
with “arrested hydrocephalus” [64]. This interpretation and
the definition of “arrested hydrocephalus” were mainly
based on the higher survival of animals expressing more

AQP4 without providing any evidence about the severity of
ventriculomegaly [65].

Questions to be answered and suggestions

The association between aquaporins and hydrocephalus is
demonstrated in studies (Table 1) based mainly in animal
models like AQP4-knockout mice, kaolin, or LPS-induced
hydrocephalus in rats and congenitally hydrocephalic rats
(H-Tx rats, Table 1). Aquaporin-1 is downregulated in
hydrocephalus, and aquaporin-4 expression is upregulated
in the blood–CSF and blood–brain barriers, suggesting the
presence of an adaptive feedback mechanism that lowers
the production of ICP and increases the clearance of CSF in
cases where transparenchymal flow and “hydrocephalic
edema” are observed. The specific molecular pathway that
triggers these adaptive responses in animal models is
currently unknown and should be identified. The threshold
for a successful adaptation process via an AQP1- and
AQP4-mediated water movement regulation in hydroceph-
alus has not been currently established. This effort could
shed more light in the pathophysiology of cases of
“compensated” hydrocephalus and identify the role of
AQPs in the compensation process.

Currently, there are few reports about the expression of
AQPs in cases of hydrocephalus in humans [38, 39], which
can only indicate potential research targets and underline
the necessity for further studies in this scientific area
(Table 1). The confirmation of the results obtained in
animal models in humans could be possible only after an
extended research targeted towards the various types of
hydrocephalus in humans.

Table 1 Published studies concerning aquaporins and hydrocephalus

Studies Species Method AQPs studied Results

Shen et al. [64] Rats H-Tx AQP4 Upregulated

Mao et al. [62] Rats Kaolin inj. AQPs 1,4,9 AQP4 upregulated

Tourdias et al. [63] Rats LPS inj. inflammatory HCP AQP4 Upregulated

Paul et al. [40] Rats H-Tx, choroid plexus culture AQPs 1,4 AQP1 low/AQP4 high

Bloch et al. [45] Mice AQP4-KO, kaolin inj. AQP4 Higher ICP, CSF volume, lower survival in AQP4-KO

Oshio et al. [37] Mice AQP1-KO AQP1 Lower ICP, lower CSF production

Feng et al. [58] Mice AQP4-KO AQP4 Sporadic obstr HCP

Smith et al. [38] Human Choroid plexus hyperplasia,
case report

AQP1 Downregulated

Longatti et al. [39] Human Choroid plexus tumors series AQP1 Mostly strong expression in tumors with hydrocephalus

AQP aquaporin, HCP hydrocephalus, obstr obstructive, AQP4-KO aquaporin-4 knockouts, H-Tx congenital hydrocephalic rats, ICP intracranial
pressure
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If the results in larger human studies confirm the
experimental results obtained from animal models, then a
potential pharmacological treatment of hydrocephalus would
seem likely. Aquaporin-1 inhibitors and aquaporin-4 upre-
gulators could form a new category of drugs for the
treatment of hydrocephalus, the aquaporin regulators [66–
68]. Various candidate drugs or substances have been tested
and proposed like acetazolamide [69], AgNO3, sulfadiazine
[70], arylsulfonamide [56], antiepileptics [71], vinpocetine
[40], or thrombin [72]. One should be very cautious about
interpreting the results in studies concerning AQPs modu-
lators. Many inhibitors are toxic (e.g., AgNO3); some results
were not confirmed in other studies; the candidate drug
should demonstrate an adequate central nervous system
penetration while the design of drugs that increase the
expression of a protein is quite challenging [66–68].

One of the basic characteristics of the next critical step in
hydrocephalus treatment research would be a shunt-free
treatment for hydrocephalus. Aquaporins possess the
potential to regulate the turnover of cerebrospinal fluid at
the blood–CSF and BBB tissue interfaces. Animal studies
and few human reports indicate that a protective role of
aquaporin expression in hydrocephalus emerged via adap-
tation processes. They represent one of the most promising
scientific fields in the research of hydrocephalus and
probably would lead us to a new era of candidate drugs
targeting its pathophysiology.
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