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ABSTRACT
Aquaporins are a vast family of channel proteins whose main role is the bidirectional transport, depending on the 
osmotic gradient, of water across the lipid membranes, which have low permeability for this solvent. The aquaporins 
are also involved in the lipid metabolism, the cell proliferation and migration processes, the transport of glycerol, 
neuroexcitation and epithelial fl uids secretion, having numerous roles such as ensuring the water transport in the 
central nervous system, the production of CSF, aqueous humor and saliva, epithelial hydration, urine concentration 
and nervous impulse transmission. 
Up to now, in mammals there have been identifi ed 13 types of aquaporins, each of them annotated from 0 to 12 (Aqp 
0 – Aqp 12). Of these, aquaporin-4 (AQP-4) – located in the astroglia - is the most abundant aquaporin in the brain. 
Although this type of aquaporin is also present inside the brain parenchyma, especially in the astroglial processes 
lining the neuronal synapses, AQP-4 is mainly located in the astroglial end-feet adjacent to the ependymocyes or 
endothelial cells, where its main role is to ensure the bidirectional transport of water between the astroglia and the 
cerebrospinal fl uid (CSF) or blood vessels. The presence of AQP-4 on the surface of astroglial processes promotes, 
in the initial stages of ischemia, the formation of the cytotoxic oedema, but has a protective role against vasogenic 
oedema. This review aims to describe the roles of AQP-4, and especially the role that this protein has in maintaining 
the hydric balance in the brain.
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REVIEW

The aquaporins are a numerous channel protein 
family expressed in organisms from all kingdoms, 
up to the present time having been discovered, in 
plants, microorganisms, animals and humans, ap-
proximately 450 aquaporins (1,2). Up to now, in 
mammals have been discovered 13 aquaporins (3), 
annotated, in the order of their discovery, from 0 to 
12, and classifi ed, according to the transported sub-
stance, as aquaporins: AQP 0, AQP 1, AQP 2, AQP 
4 and AQP 5 – transporting exclusively water, 
aquaglyceroporins: AQP 3, AQP 7, AQP 9 and AQP 
10 – transporting water as well as glycerol, and 
“unorthodox’’ aquaporins: AQP 6, AQP 8, AQP 11 
and AQP 12, the substance transported by these 
aquaporins not having been fully characterized so 
far (4). The aquaporins are small proteins, with a 
molecular weight of @ 30 kDa (23481483) and 300 

aminoacids in lenght (6), and have a common struc-
ture with 6 a-helical transmembrane domains (7) 
and 2 a-helical domains that don’t fully pass 
through the cell membrane (5), domains which 
contain a consensus sequence composed of aspar-
agine-proline-alanine (NPA) which enters the 
structure of a pore of @ 28 A (1A = 0,1 nm) (8,9), 
the amino- and carboxiterminal ends of these pro-
teins being intracellular. (7)

Although most of the studies on this subject 
from the international literature attest that the fi rst 
aquaporin (now known as AQP-1) was discovered 
in 1992 by Agre and his collaborators in the eryth-
rocyte cell membrane (10), there is indisputable 
proof that its discovery took place much earlier, in 
1988, by the Romanian scientist Gheorghe Benga 
(11).
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AQP-4 is a channel protein whose main role is 
the bidirectional transport, according to the osmot-
ic gradient, of water across the lipid bistrate, which 
has low permeability for water and electrolytes. 

(10) AQP-4’s selectivity for water is given by 3
specializations present along the monomeric AQP-
4 channel: the narrowing of the pore to @ 28 A – to
prevent the entrance of molecules smaller than wa-
ter, the presence of an arginine residue – which
serves to block the entrance of protonated water
and other cations, and the presence of positively
charged dipoles in the middle portion on the chan-
nel – which are involved in preventing the fl ux of
protons and in reorientating the water molecules 

(10).
Located mainly at the brain-blood and brain-

CSF barrier but also, to a lesser extent, inside the 
brain parenchyma, especially in the perisynaptic 
astroglial membrane portions, this channel-protein 
is one of the most abundant molecules in the brain. 

(10) It can also be localized – to a lesser extent,
compared to its distribution in the brain – in other
tissues, like the skeletal muscle, the renal collecting
tubules, the gastric parietal cells, the respiratory ep-
ithelium and different glandular epithelia (12,
13,16).

Various studies using immunohistochemistry 
have shown that, in the CNS, AQP-4 is predomi-
nantly located in the brain astrocytes, with the big-
gest density in the astrocitary membranes which 
limit the cerebral microvessels or the pial layer (pia 
mater) on the surface of the brain, but its presence 
– albeit in smaller quantities – in the perisynaptic
astrocyte processes reinforces the polarized distri-
bution of this channel-protein in astrocytes (10).

Also in the CNS, but to a smaller extent com-
pared to the astrocitary localization, the AQP-4 can 
also be found in the basolateral membranes of the 
ependymal cells, in the granular layer of the cere-
bellum and in the retina (15).

The extensions of the astrocyte membranes 
which contain the largest quantities of AQP-4 and 
are in contact with the endothelia of the cerebral 
capillaries are called end-feet (the density of AQP-
4 being, at this level, about @10 times higher com-
pared to the rest of the astrocyte membrane (16) 
and are involved, besides ensuring the traffi c of wa-
ter through the lipid membranes of the astroglia, in 
different processes essential for maintaining the 

homeostasis in the CNS, such as nutrient exchange, 
water fl ow and possibly glucose and lactate metab-
olism (17).

The use of freeze-fracture electron microscopy 
techniques has revealed, on large areas of the as-
trocitary end-feet, the presence of proteic intram-
embranary aggregates. Discovered by Dermietzel 
(18), these aggregates have been named OAP (or-
thogonal arrays of particles), and their role has re-
mained unknown until the observation that, in ani-
mals with knock-out for AQP-4, these aggregates 
were completely missing from the membranes of 
the end-feet. (19) Furthermore, after the transfec-
tion of ovarian cells with AQP-4 mRNA these pro-
teic aggregates had appeared (20).

Due to the location of these proteic structures at 
the blood-brain and blood-CSF interface, the hy-
pothesis of their role in maintaining the hydric bal-
ance in the brain has been launched, and it was pre-
sumed that they were involved in the control of the 
water fl ow between blood and the brain (10). This 
hypothesis has been confi rmed by the observation 
that the extent of postischemic cerebral oedema 
was signifi cantly decreased after the knock-out of 
AQP-4 (10,21,9,22).

These orthogonal proteic structures contain 
mainly the M23 isoform of AQP-4, which is con-
sidered one of the two classic isoforms of AQP-4. 
(23) Although, on the basis of the 6 types of AQP-4
c-DNA (produced by alternative splicing) discov-
ered up to the present time at various species (and
annotated from a to f), several AQP-4 isoforms
have been described, the most frequent being AQP-
4 M1 and AQP-4 M23 (also found in humans), cor-
responding to the AQP2a, respectively AQP4c
cDNA (10).

The synthesis of these isoforms is encoded by 
the same gene, but the transcription initiation sites 
are different, leading to different structural and 
functional features. Thus, although both have the 
same water transport capacity, the isoform M23 
(301 aminoacids), 22 aminoacids shorter than the 
M1 isoform (323 aminoacids) differs from the lat-
ter by its ability to polymerize, forming tetramers, 
grouped in orthogonal arrays of particles (OAPs). 

(10) Each of these tetramers has a central pore,
which is thought to be involved in gas transport.
(10) Thus, it was found (10) that, after oocyte trans-
fection with AQP-4 mRNA, the membrane perme-
ability for CO2 and NH3 had increased.
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Because the cell membrane permeability differs 
depending on the lipid composition, and the perme-
ability level of the end-feet is still unknown, the 
degree of the involvment of OAPs in the gas trans-
port has remained, up to the present time, unknown 

(10).
Observed through freeze fracture electron mi-

croscopy techniques, the OAPs are vast structures, 
with a density of @ 500-600/mm2, that form a sig-
nifi cant part of the blood brain barrier (1). Although 
the complexity and size of these structures doesn’t 
justify their role in the transport of water in physio-
logical processes, the role of OAPs could be ex-
plained by the necessity of a decrease in the level of 
cerebral oedema which appears in varied patholog-
ical processes produced in the CNS, like cerebral 
ischemia, trauma, various tumors, infl ammatory 
processes or toxin exposure (23,10).

Although, up to now, the mechanisms responsi-
ble for the production and clearance of cerebral 
oedema haven’t been completely elucidated (10), 
in the oedema caused by ischemia (such as, for ex-
ample, the oedema following an ischemic stroke) 

(23), the level of AQP-4 is, during the fi rst days, 
constant, even diminished. (10) The presence of is-
chemia leads to the depletion of ATP and the cessa-
tion of functioning of the membrane Na/K pump, 
the buildup of sodium ions inside the cell leading, 
subsequently, to the production of cytotoxic oede-
ma through the infl ux of water in the cerebral pa-
renchyma cells. This further leads to the swelling 
of the neurons and glia and the subsequent accumu-
lation of an even larger quantity of water and elec-
trolytes in the cerebral extracellular space (23,24).

Thus, the presence of AQP-4 has an important 
role in the formation of cytotoxic oedema, as the 
water enters according to the osmotic gradient in 
the astroglia and neurons (25). Subsequently, the 
persistence of ischemia leads to the formation of 
vasogenic oedema, caused by the destruction of the 
endothelial tight junctions and the rupture of the 
blood-brain barrier, with the massive infl ux of wa-
ter in the brain (23,24), but, concurrently with this 
event, the up-reglation of AQP-4 contributes to the 
clearance of the cerebral oedema. Thus, in the 
vasogenic oedema, the presence of this channel 
protein has a protective role, decreasing the cere-
bral oedema and therefore decreasing the extension 
of neurological lesions (25). Furthermore, it was 

found that VEGF, a growth factor which is upre-
glated in ischemia, contributes to the increase of 
the AQP-4 level in this type of cerebral injury 
(26,27).

Moreover, erythropoietin (EPO) has been found 
to have a neuroprotective role following ischemic 
oedema, possibly through this hormone’s capacity 
to decrease the levels of AQP-4 (10).

Studies (22) on mice with knock-out for AQP-4 
have proven the existence, at these animals, of a 
reduced level of cytotoxic oedema and a high re-
covery rate of the neurological lesions produced by 
water poisoning, focal cerebral ischemia and bacte-
rial meningitis. In addition, in mice lacking AQP-4 
which had induced vasogenic oedema (which can 
be produced though cortical freeze, brain tumour, 
brain abscess and hydrocephalus), the level of 
oedema was more increased and the clinical out-
comes, worse (22).

The modulation of AQP-4, with its down-regu-
lation during the fi rst phase of ischemia and its up-
regulation during the late phase of this process 
could, thus, represent a therapeutic target in ishemic 
stroke (25,28).

AQP-4 is tethered to the astrocyte membrane 
through the DAPC complex (dystrophin-associated 
protein complex) (10) (Fig. 1), which has the role of 
anchoring the cytoskeleton to the extracellular ma-
trix (30). Thus, the absence of different component 
members of DAPC, such as dystrophin, a-syntro-
phin, b-dystroglycan, a-dystrobrevin or laminin 

(30), leads to the loss of AQP-4 polarity and the 
destruction of OAPs. This explains the low level of 
AQP-4 in the Duchenne and Becker dystrophy, two 
dystrophinopathies with an X-linked inheritance 
pattern caused by mutations in the DMD gene, 
which encodes dystrophin (31).

Dystrophin is one of the main components of 
DAPC (dystrophin-associated protein complex), a 
complex located beneath the basal lamina which 
extends into the intracellular space, within the cyto-
plasm. Dystrophin has the role of connecting the 
cytoskeleton (by binding F-actin to its N-terminal 
domain) to the extracellular matrix (by binding 
a-dystrobrevins, syntrophins and b-dystroglycan to
its C-terminal domain). b-dystroglycan binds -
through its extracellular domain -to a-dystroglycan,
which in turn binds to laminin, a component of the
basal membrane, which binds further to collagen.
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Furthermore, dystrophin indirectly binds, through 
dystrobrevin, to the sarcoglycan-sarcospan com-
plex.

 Nevertheless, it has been found that the knock-
out of a-syntrophin or dystrophin doesn’t lead to 
the complete lack of AQP-4 expression, as this pro-
tein continues to be expressed, albeit in lower quan-
tities, after the deletion of the genes for these mem-
bers of the DAPC complex (10).

However, the absence of AQP-4 doesn’t lead to 
the disintegration of the DAPC complex: in one of 
the studies on AQP-4 it was found that in the astro-
cytes with knock-out for AQP-4, the actin fi bers 
were depolymerized, but the levels of dystrophin, 
a-syntrophin and b-dystroglycan (all of which are
components of DAPC) remained unchanged (17).

It was also found that AQP-4 is colocalised with 
the K channels Kir4.1, both of these channels being 
associated to DAPC (dystrophin-associated protein 
complex) (17,32).

Recently, a transcript of AQP-4 which doesn’t 
contain the exon 4 has been identifi ed, the protein 

encoded by it having been annotated AQP-4-D4. 
The transfection of AQP-4-D4 in astrocytes ex-
pressing functional AQP-4 was found to lead to a 
reduction of the surface expression of this channel 
protein and to the decrease of water transport across 
the cell membrane, compared to the AQP-4+/+ astro-
cytes which weren’t transfected with AQP-4-D4. It 
was thus considered that the down-regulation of the 
expression and activity as a water channel of AQP-
4 was caused by the formation of heterodimers be-
tween AQP-4 and AQP-4-D4 (33).

 AQP-4 is also involved in the neuroinfl amma-
tion process, which appears in many cerebral inju-
ries, both acute and chronic (like, for example, 
multiple sclerosis) and is associated with the de-
struction of the blood brain barrier and the forma-
tion of oedema (9).

The main cellular alteration process which ap-
pears in neuroinfl ammation is the activation of mi-
croglia and astrocytes. Following activation, the 
microglia – branched cells when they are not acti-
vated (24) – lose their extensions, becoming round, 

FIGURE 1. The dystrophin-associated protein complex. 
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and start to produce both proinfl ammatory cy-
tokines, such as ca TNF-, IL-1 and IL-6 and anti 
infl ammatory cytokines, such as TGF-, IL-4 and 
IL-10 (9).

Moreover, the astrocytes are activated through 
water infl ux leading to their subsequent hypertro-
phy. This process facilitates their movement using 
rolling, with the help of cytoplasmic extensions 
called lamellipodia, towards the brain lesion, where 
they contribute to the tissue repair through astro-
gliosis (9).

In vitro, the absence of AQP-4 delays the astro-
cyte migration appeared in response to a chemotac-
tic stimulus, and in vivo, the deletion of AQP-4 
hinders the formation of the glial scar which is in 
fact the main response of the brain parenchyma to 
almost any lesion (22).

Although the astrogliosis process can be benefi -
cial, the astrocytes’ capacity of movement can also 
have disadvantages: the tumoral cells of the astro-
cytoma express high quantities of AQP-4, which 
can facilitate their infi ltration in the brain (5).

Recent data (9) suggests the existence of a rela-
tionship between AQP-4 and microglial activation. 
Thus, studies on mice with knock-out for AQP-4 
have shown that in these animals the activation of 
the astrocytes and the astrogliosis process have 
been deemed inversely proportional to the micro-
glial activation. The mechanisms explaining the 
decrease of the astrocitar level proportional to the 
microglial activation could be explained by the 
presence, on the microglial cell membrane surface, 
of stretch chloride channels, which are activated by 
osmotic stress. It was found that the activation of 
these channels contributes to the maintenance of 
microglia in an inactive state (being, thus, 
branched). The inhibition or deletion of AQP-4 will 
thus lead to the increase of extracellular fl uid and 
the decrease of osmotic pressure at this level, with 
the inactivation of the stretch chloride channels and 
the subsequent activation of the microglia (9).

The activated microglia secrete matrix-metallo-
proteinases, proteolytic enzymes involved in the 
remodeling of the extracellular matrix (29), which 
lead to the increase in the level of vasogenic oede-
ma through the degradation of the basal lamina be-
tween the end-feet and the endothelium and the 
destruction of the OAPs with the loss of astrocyte 
polarity, this also contributing to the maintenance 

of the inverse proportionality relationship between 
microglia and astrocytosis. Thus, MMP9 and 
MMP2 degrade agrin, and MMP-3 degrades dys-
troglycan, two proteins which are crucial in main-
taining the OAPs’ structure (9).

A connection between AQP-4 and neuroinfl am-
mation could be optic neuromyelitis, a demyelinat-
ing disease characterized by the presence of an-
ti-AQP-4 and anti-OAP G immunoglobulines (9). 

Moreover, it was found that the myasthenia gravis 
patients also present anti-AQP-4 antibodies, but so 
far the relationship between myasthenia gravis and 
neuroinfl ammation has not been fully understood. 
Still, the hypothesis of a common autoimmune ori-
gins of these diseases has not been excluded (9).

Besides protecting against vasogenic oedema 
through its upregulation in ischemia, other roles 
AQP-4 plays in the maintenance of the hydric bal-
ance in the brain are the reduction of the neuroin-
fl ammation process (and hence the reduction in the 
production of vasogenic oedema through the main-
tainance of inactive microglia), the buffering of po-
tassium (through the potassium receptor Kir4.1 
which functions in close connection to AQP-4), and 
the role of regulating the perisynaptic volume, 
which increases in level following the nervous im-
pulse (10).

Thus, the extracellular water, which has been 
accumulated after the electrical impulse discharge, 
is directed towards the astroglia, and enters these 
cells through AQP-4 (10).

Regarding the role of AQP-4 in maintaining the 
hydric balance in the brain, a theory has been for-
mulated, according to which AQP-4 is involved in 
the clearance of toxic metabolites, its absence be-
ing correlated with the apparition of neurodegener-
ative diseases, such as Alzheimer or Parkinson. Up 
to now, this theory has not yet been confi rmed (10).

AQP-4 has also been involved in the production 
of epileptic seizures. Thus, it was found that in 
knock-out animals with knock-out for this protein 
the severity of the seizures was more important, but 
the threshold was higher, compared to the animals 
which were not expressing AQP-4. This can be ex-
plained by the increase, at mice which do not ex-
press AQP-4, of the extracellular volume and the 
dilution, as a result, of the potassium existing in the 
perisynaptic excesses water, with the reduction of 
potassium reuptake (10).
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AQP-4 is also expressed in the sensory organs. 
Thus, it is present in the Muller retinal cells (its ab-
sence leading to subtle alterations in the elect-
roretinogram) or in the internal ear (its lack leading 
to impaired hearing, which can be explained by the 
osmotic caliber alterations in the Corti organ, 
caused by its absence) (10).

Moreover, AQP-4 is also involved in the regula-
tion of the nervous impulse transmission, such as 
the regulation of the excitability. Thus, the absence 
of AQP-4 decreases, in the brain, the level of theta 
waves, which are dependent on the brain-derived 
neurotrophic factor (BDNF) and the receptor for its 
tyrosin-kinase (TrkB). The cause for which the the-
ta wave potential is dependent on AQP-4 hasn’t 
been understood yet, but it is thought that the lack 
of AQP-4 decreases the level of neurotrophins. 
Thus, in mice which do not express AQP-4 there 
have been recorded long periods of depression, 
which has been neutralized after the removal of the 
brain-derived neurotrophic factor (BDNF) (10).

Furthermore, although the mechanisms respon-
sible for these processes have not been elucidated 
yet, it was found that the lack of this water channel 
led to impaired locative memory (10).

Although the most abundant, AQP-4 is not the 
only channel protein in the brain, at this level being 
present, albeit in a smaller quantity, other aquapor-
ins such as AQP-1, AQP-9 or AQP-11, factors 
which must be taken into account in the analysis 
and modulation of the process of maintaining the 
hydric balance in the brain (10).
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