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Abstract Knockout mice have been informative in the discovery of unexpected
biological functions of aquaporins. Knockout mice have confirmed the predicted
roles of aquaporins in transepithelial fluid transport, as in the urinary concentrat-
ing mechanism and glandular fluid secretion. A less obvious, though predictable
role of aquaporins is in tissue swelling under stress, as in the brain in stroke, tu-
mor and infection. Phenotype analysis of aquaporin knockout mice has revealed
several unexpected cellular roles of aquaporins whose mechanisms are being eluci-
dated. Aquaporins facilitate cell migration, as seen in aquaporin-dependent tumor
angiogenesis and tumor metastasis, by a mechanism that may involve facilitated
water transport in lamellipodia of migrating cells. The ‘aquaglyceroporins’, aqua-
porins that transport both glycerol and water, regulate glycerol content in epider-
mis, fat and other tissues, and lead to a multiplicity of interesting consequences of
gene disruption including dry skin, resistance to skin carcinogenesis, impaired cell
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proliferation and altered fat metabolism. An even more surprising role of a mam-
malian aquaporin is in neural signal transduction in the central nervous system. The
many roles of aquaporins might be exploited for clinical benefit by modulation of
aquaporin expression/function – as diuretics, and in the treatment of brain swelling,
glaucoma, epilepsy, obesity and cancer.

1 Introduction

The mammalian aquaporins (AQPs) are a family of at least 12 related proteins ex-
pressed in epithelial, endothelial and other tissues, many of which are involved in
fluid transport such as kidney tubules, while others are not such as skin and fat
cells. Functional measurements indicate that AQPs 1, 2, 4, 5 and 8 are primarily
water-selective, whereas aquaporins 3, 7 and 9 (the ‘aquaglyceroporins’) also trans-
port glycerol and perhaps other small solutes. Tissue distribution and regulation
studies have provided indirect evidence for roles of AQPs in a variety of physio-
logical processes. In the case of AQP2, nephrogenic diabetes insipidus in subjects
with AQP2 mutation provides direct evidence for AQP2 involvement in the urinary
concentrating mechanism (Deen et al. 1994). However, the unavailability to date of
aquaporin inhibitors suitable for use in vivo has precluded direct investigation of
their function.

This review will focus on physiologically important functions of the mammalian
AQPs discovered from phenotype analysis of AQP knockout mice and follow-up
cell/tissue studies. One of the paradigms that has emerged from phenotype stud-
ies of knockout mice is that tissue-specific AQP expression does not mandate AQP
involvement in a physiologically important process, as in the case of lung AQPs
(reviewed in Verkman 2007), AQPs in the intestine (reviewed in Verkman and
Thiagarajah 2006), AQP4 in skeletal muscle (Yang et al. 2000), AQP5 in sweat
gland (Song et al. 2002), and AQP8 in multiple tissues (Yang et al. 2005). How-
ever, data from knockout mice implicate important roles of AQPs in kidney, brain,
eye, skin, fat and exocrine glands, suggesting their involvement in major organ
functions and disease processes including urinary concentrating, brain swelling,
epilepsy, glaucoma, cancer and obesity.

2 AQPs and the Urinary Concentrating Mechanism

A major and anticipated role of AQPs in kidney is in water transport across kid-
ney tubules and vasa recta for the formation of concentrated urine. Figure 1a shows
the distribution of the major renal AQPs. Deletion of AQP1 and/or AQP3 in mice
results in marked polyuria, as seen in 24 h urine collections (Fig. 1B) (Ma et al.
1998, 2000b). A qualitatively similar urinary concentrating defect was found in
rare humans with defective AQP1 (King et al. 2001). Figure 1c summarizes urine
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Fig. 1 Impaired urinary concentrating ability in AQP null mice. (a) Sites of AQP expression in
kidney. (b) Twenty-four hour urine collections showing polyuria in mice lacking AQP1 and AQP3,
individually and together. (c) Urine osmolalities before and after 36 h water deprivation (S.E.). (d)
Transepithelial osmotic water permeability (Pf) in microperfused proximal tubule, thin descend-
ing limb of Henle and inner medullary collecting from mice of indicated genotype (S.E.). Data
summarized from Ma et al. (1997, 1998, 2000b) and Schnermann et al. (1998)

osmolalities in mice before and after 36 h water deprivation. Urinary osmolality in
AQP1 null mice is low and does not increase with water deprivation, resulting in se-
vere dehydration. AQP3 null mice are able to generate partially concentrated urine
in response to water deprivation, whereas AQP4 null mice manifest only a mild
defect in maximum urinary concentrating ability.

AQP1 deletion produces polyuria and unresponsiveness to vasopressin or water
deprivation by two distinct mechanisms – impaired near-isosmolar water reabsorption
in proximal tubule and reduced medullary hypertonicity resulting from impaired
countercurrent multiple and exchange. Transepithelial osmotic water permeability
(Pf) in the isolated microperfused S2 segment of proximal tubule was reduced by
∼fivefold in AQP1 knockout mice (Fig. 1d) (Schnermann et al. 1998), indicating
that most water transport in proximal tubule is transcellular and AQP1-dependent.
Free-flow micropuncture with end-proximal tubule fluid sampling showed ∼50%
reduced fluid absorption, with little effect on single nephron glomerular filtration
rate (Schnermann et al. 1998), supporting a three-compartment model in which
mild luminal hypotonicity drives osmotic water movement through highly water
permeable cell membranes. AQP1 also provides the major route for transepithelial
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water permeability in thin descending limb of Henle (TDLH) and outer medullary
descending vasa recta (OMDVR) (Chou et al. 1999; Pallone et al. 2000). These
results support the conclusions that AQP1 is the principal water channel in TDLH
and OMDVR and causes osmotic equilibration in these segments, and plays a
key role in the renal countercurrent concentrating mechanism. AQP1 deletion thus
impairs urinary concentrating ability by impairing near-isosmolar fluid absorption
by proximal tubule and by interfering with the normally hypertonic medullary
interstitium generated by countercurrent multiplication and exchange. The precise
degree of impairment in urinary concentrating ability is also influenced by secondary
renal mechanisms, such as tubuloglomerular feedback, as well as altered expression
of other genes in AQP1 null mice. AQP7 is expressed in a small distal segment (S3
segment) of the proximal tubule, though its deletion in mice is not associated with
significant impairment in urinary concentrating ability, but rather with an impairment
of glycerol clearance, whose significance remains unclear (Sohara et al. 2005).

AQP3 and AQP4 are expressed at the basolateral membrane of collecting duct ep-
ithelium, with relatively greater expression of AQP3 in cortical and outer medullary
collecting duct and AQP4 in inner medullary collecting duct. In contrast to AQP1
null mice, countercurrent multiplication and exchange mechanisms in AQP3/AQP4
null mice are basically intact. The polyuria in AQP3 null mice results in large part
from the more than threefold reduction in Pf of cortical collecting duct basolateral
membrane (Ma et al. 2000b). In addition, AQP2 expression is reduced in AQP3
null mice, which appears to be a maladaptive renal response seen in various forms
of acquired polyuria. AQP4 null mice manifest only a mild impairment in maximal
urinary concentrating ability (Ma et al. 1997), despite fourfold reduced water perme-
ability in microperfused inner medullary collecting duct (Fig. 1d) (Chou et al. 1998).
Several mouse models of AQP2 gene deletion and mutation (reviewed in Verkman
2008) support the conclusion that AQP2 is the major vasopressin-regulated water
channel whose apical membrane targeting in collecting duct during antidiuresis is
crucial for the formation of concentrated urine.

3 AQPs in Active, Near-Isosmolar Fluid Secretion

As mentioned above, impaired fluid absorption in kidney proximal tubule in AQP1
deficiency indicates the need for high cell membrane water permeability for rapid,
near-isosmolar fluid transport. The involvement of AQPs in fluid absorption or se-
cretion in various exocrine glands (salivary, submucosal, sweat, lacrimal), absorp-
tive epithelia (lung, airways), and secretory epithelia (choroid plexus and ciliary
body) has been investigated using knockout mouse models. The general conclusion
is that AQPs facilitate active, transepithelial secretion when sufficiently rapid, such
that AQP deletion causes reduced secreted fluid volume and increased ion/solute
content of secreted fluid. Because active, near-isosmolar fluid transport involves
transepithelial water transport driven by relatively small osmotic gradients produced
by salt pumping, AQP deficiency reduces transepithelial water flow. This paradigm
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has been confirmed from defective fluid secretion in AQP5 knockout mice in sali-
vary gland (Ma et al. 1999; Krane et al. 2001) and airway submucosal gland (Song
and Verkman 2001). Defective fluid secretion has also been found in AQP1 knock-
out mice in ciliary epithelium (Zhang et al. 2002), which produces aqueous fluid in
the eye and in choroid plexus (Oshio et al. 2005), which produces cerebrospinal
fluid. However, AQPs appear not to be needed when fluid absorption or secre-
tion rate (per unit epithelial surface area) is low, as in lung (Bai et al. 1999; Ma
et al. 2000a; Song et al. 2000a), airways (Song and Verkman 2001), lacrimal gland
(Moore et al. 2000) and sweat gland (Song et al. 2002), where AQP-independent
water permeability is high enough to support slow fluid transport. In the case of the
peritoneal and pleural cavities, though AQP1 facilitates osmotically driven water
transport, AQP1 deficiency in mice does not impair the relatively slow absorption
of excess fluid in these cavities (Yang et al. 1999; Song et al. 2000b). Together, these
results support the anticipated role of AQPs in active fluid absorption and secretion,
but indicate that the requirement for AQP-facilitated water transport depends on the
rate of water transport.

4 AQP4 in Brain Swelling and Neural Signal Transduction

AQP4 is expressed in the brain and spinal cord at sites of fluid transport at blood–
brain and brain–cerebrospinal fluid (CSF) interfaces. AQP4 expression is polar-
ized to astrocytic foot processes in contact with blood vessels and in the dense
astrocyte cell processes that form the glia limitans, which lines the CSF-bathed
pial and ependymal surfaces in the subarachnoid space and the ventricles (Nielsen
et al. 1997). Evidence that AQP4 provides the major route for water transport
across astrocyte cell membranes came from osmotic water permeability measure-
ments showing sevenfold reduced water transport in astrocytes cultured from AQP4
null mice (Solenov et al. 2004). Also, accumulation of brain water was found to
be greatly slowed in AQP4 null mice in response to serum hypoosmolality, as
monitored continuously in vivo by a non-invasive near-infrared optical method
(Thiagarajah et al. 2005), or by brain wet-to-dry weight ratio measurements done
at different times after water intoxication (Papadopoulos and Verkman 2005). In-
terestingly, AQP4 has been identified as a structural component of membrane ‘or-
thogonal arrays of proteins’ (OAPs), which are cobblestone-appearing structures,
seen by freeze-fracture electron microscopy. OAPs were found in stably transfected
CHO cells expressing functional AQP4 (Yang et al. 1996) and were absent in brain,
kidney and skeletal muscle in AQP4 null mice (Verbavatz et al. 1997). Subsequently
freeze-label electron microscopy studies confirmed the presence of AQP4 in OAPs
(Rash et al. 1998). However, the functional significance of AQP4 assembly in OAPs
is not known.

Evidence for involvement of AQP4 in brain water balance came from exper-
iments showing reduced brain swelling and improved survival in AQP4 null vs.
wildtype mice after water intoxication (Fig. 2a), reduced hemispheric swelling after
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Fig. 2 AQP4 deletion reduces brain water accumulation in cytotoxic edema, but slows removal
of excess brain water in vasogenic edema and hydrocephalus. (a) Water intoxication model of
cytotoxic edema. Mouse survival after acute water intoxication produced by intraperitoneal wa-
ter injection. (b) (top) Ischemic stroke model of cytotoxic edema. Brain sections of mice at 24 h
after ischemic stroke produced by permanent middle cerebral artery occlusion. (bottom) Average
hemispheric enlargement expressed as a percentage determined by image analysis of brain sections
(S.E., ∗P < 0.01). (c) Mouse survival in a bacterial model of meningitis produced by cisternal in-
jection of S. pneumoniae. (d) Reduced elevation in intracranial pressure (ICP, S.E., ∗P < 0.01) and
brain water content (S.E., ∗P < 0.001) following continuous intraparenchymal infusion of artificial
cerebrospinal fluid at 0.5μL min−1. (e) Accelerated progression of hydrocephalus in AQP4 null
mice. Coronal sections wildtype and AQP4 null mouse brain at 5 days after kaolin injection. Data
from Manley et al. (2000), Papadopoulos et al. (2004), and Bloch et al. (2006)

focal cerebral ischemia (Fig. 2b) and improved survival after bacterial meningitis
(Fig. 2c) (Manley et al. 2000; Papadopoulos and Verkman 2005). Reduced brain
swelling was also reported in alpha-syntrophin null mice, which secondarily mani-
fest disrupted brain AQP4 expression (Amiry-Moghaddam et al. 2003a). According
to the Klatzo classification of brain edema, these are primarily models of cytotoxic
(cell swelling) edema in which excess water moves from the vasculature into the
brain parenchyma through an intact blood–brain barrier. The forces driving water
flow to form cytotoxic edema are osmotic, generated in water intoxication by re-
duced plasma osmolality and in ischemia by impaired Na+/K+ ATPase pump func-
tion with consequent Na+ and water flow from the intravascular and extracellular
compartments into the intracellular compartment. AQP4 also plays a key role in
elimination of excess brain water. When the blood–brain barrier becomes disrupted
(brain tumor, brain abscess, focal freeze injury), water moves from the vascula-
ture into the extracellular space of the brain in an AQP4-independent manner down
a hydrostatic gradient to form, what was termed by Klatzo vasogenic edema. Ex-
cess water is eliminated primarily through the glia limiting membrane into the cere-
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brospinal fluid. We found greater brain water accumulation and intracranial pressure
in AQP4 null vs. wildtype mice with brain tumor, brain abscess, focal cortical freeze
injury and after infusion of normal saline directly into the brain extracellular space
(Fig. 2d) (Papadopoulos et al. 2004; Bloch et al. 2005), supporting the conclusion
that in vasogenic edema fluid is eliminated by an AQP4-dependent route. In a kaolin
model of hydrocephalus AQP4 null mice develop marked hydrocephalus, probably
due to reduced transependymal water clearance (Fig. 2e) (Bloch et al. 2006). AQP4
thus is a major determinant in fluid movement into and out of the brain.

AQP4 also appears to play an unexpected role in neural signal transduction.
AQP4 is expressed in supportive cells adjacent to electrically excitable cells, as
in glia vs. neurons in brain and spinal cord, Müller vs. bipolar cells in retina, and
hair vs. supportive cells in the inner ear. We found evidence for impaired auditory
and visual signal tranduction in AQP4 null mice, seen as increased auditory brain-
stem response thresholds (Li and Verkman 2001; Mhatre et al. 2002) and reduced
electroretinographic potentials (Li et al. 2002). In brain, seizure susceptibility in
response to the convulsant (GABA antagonist) pentylenetetrazol was remarkably
increased in AQP4 null mice (Binder et al. 2004a); at 40mg kg−1 pentylenetetra-
zol, all wildtype mice exhibited seizure activity, whereas six out of seven AQP4
null mice did not exhibit seizure activity. In freely moving mice (Fig. 3a, top),
electrically-induced seizures following hippocampal stimulation showed greater
threshold and remarkably longer seizure duration in AQP4 null mice compared
to wildtype mice (Fig. 3a, bottom) (Binder et al. 2006). In support of these find-
ings, using a hyperthermia model of seizure induction, alpha-syntrophin deficient
mice developed more severe seizures than wildtype mice (Amiry-Moghaddam et al.
2003b).

The mechanisms for altered neuroexcitation in AQP4 deficiency remain un-
known. Delayed K+ uptake from brain extracellular space (ECS) in AQP4 deficiency
has been suggested, which may account for the prolonged seizure phenotype. Direct
measurements of [K+] in brain cortex in living mice using K+-sensitive microelec-
trodes showed significant slowing of K+ clearance following electrical stimulation
(Fig. 3b). Using a K+-sensitive fluorescent dye, altered K+ wave dynamics was
found in a cortical spreading depression model of neuroexcitation, again with de-
layed K+ clearance (Fig. 3c). It was proposed from immunocolocalization and
immunopercipitation studies that AQP4 is closely associated with the inwardly rec-
tifying K+ channel Kir4.1 in astroglia and Müller cells, suggesting that reduced
K+ channel function in AQP4 deficiency might account for the delay in K+ clear-
ance. However, recent patch-clamp studies in astroglia (Zhang and Verkman 2008)
and Müller cells (Ruiz-Ederra et al. 2007) provide evidence against this hypoth-
esis. Another possible explanation involves ECS expansion in AQP4 deficiency,
which may account in part for reduced seizure susceptibility and prolonged seizure
duration in AQP4 deficiency. An expanded ECS would provide a larger aqueous
volume to dilute K+ released into the ECS during neuroexcitation, thereby slow-
ing changes in ECS K+ concentration. Evidence for an expanded ECS in AQP4
deficiency came from cortical surface photobleaching measurements of the diffu-
sion of fluorescently-labeled macromolecules (Binder et al. 2004b). The ECS in
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Fig. 3 Involvement of AQP4 in brain neuroexcitation. (a) Increased seizure duration in AQP4 null
mice. (top) Bipolar electrodes implanted in the right hippocampus were connected to a stimula-
tor and electroencephalograph recording system. (bottom) Representative electroencephalographic
recordings in freely moving mice following electrically induced generalized seizures. (b) Delayed
K+ clearance in brain following electrically induced seizure-like neuroexcitation. Measurements
done using K+-sensitive microelectrodes inserted into brain cortex in living mice. (c) Slowed K+

clearance in brain ECS during cortical spreading depression measured using TAC-Red, a K+-
sensitive fluorescent probe. (top) Representative data. (bottom) Half-times (t1/2) for K+ reuptake.
(d) Expanded brain ECS in AQP4 null mice measured by cortical surface photobleaching. (left)
Mouse brain surface exposed to FITC-dextran with dura intact following craniectomy and fluores-
cence imaging of cortical surface after loading with FITC-dextran (inset). (middle) Photobleaching
apparatus. A laser beam is modulated by an acousto-optic modulator and directed onto the surface
of the cortex using a dichroic mirror and objective lens. (right) In vivo fluorescence recovery in
cortex of wildtype mouse shown in comparison to aCSF and 30% glycerol in a CSF. Taken from
Binder et al. (2004b, 2006) and Padmawar et al. (2005)

mouse brain was stained with fluorescein-dextran by exposure of the intact dura
after craniectomy (Fig. 3d, left), and diffusion detected by fluorescence recovery af-
ter photobleaching (Fig. 3d, middle). Diffusion was slowed ∼threefold in brain ECS
relative to saline solutions (Fig. 3d, right), and significantly accelerated in AQP4
null mice, indicating an expanded ECS. ECS expansion in AQP4 deficiency was
also shown utilizing a microfiberoptic epifluorescence photobleaching method to
measure diffusion in deep brain structures (Zador et al. 2008). It remains unclear,
however, whether ECS expansion in AQP4 deficiency could account quantitatively
for the altered ECS K+ dynamics, as well as the mechanisms involved in chronic
ECS expansion in AQP4 deficiency.
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5 AQPs and Eye Physiology

The eye expresses several AQPs at putative sites of fluid transport (Fig. 4a). The
expression of MIP (major intrinsic protein, also referred to as AQP0) in lens fiber
has been known for many years. Mutations in AQP0 in humans are associated with
congenital cataracts (Berry et al. 2000). AQP1 is expressed in corneal endothelia
and at sites of aqueous fluid production (ciliary epithelium) and outflow (trabecular
meshwork). AQP3 is expressed in the conjunctival epithelium. AQP4 is expressed
in Müller cells in retina, which support the electrically excitable hair cells, as well
as in optic nerve. AQP4 is also expressed with AQP1 in non-pigmented ciliary ep-
ithelium. AQP5 is expressed in corneal epithelia and lacrimal gland. The expres-
sion pattern of AQPs provides indirect evidence for their involvement in intraocular
pressure (IOP) regulation (AQP1 and AQP4), corneal and lens transparency (AQP0,
AQP1 and AQP5), visual signal transduction (AQP4), tear film homeostasis (AQP3
and AQP5), conjunctival barrier function (AQP3) and tear formation by lacrimal
glands (AQP5).
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Fig. 4 Ocular phenotype in AQP deficient mice. (a) Sites of AQP expression in the eye. (b) (top)
Stained plastic sections of corneas of mice indicated genotype showing epithelium (upper surface),
stroma and endothelium. (bottom) Photographs of wildtype and AQP1 null mice at 40 min after a
10 min exposure of the corneal surface to distilled water showing corneal opacification in the AQP1
null mouse (white arrow). (c) (top) Retinal morphology in an ischemia-reperfusion model of retinal
injury. Hematoxylin and eosin-stained retinal sections before and at 12 and 96 h after 60 min retinal
ischemia in wildtype and AQP4 null mice. Note retinal swelling at 12 h and degeneration at 96 h.
(bottom) Functional analysis by electroretinography. Representative electroretinograms before and
at 1, 2 and 4 days after 45 min retinal ischemia in wildtype and AQP4 null mice. From Thiagarajah
and Verkman (2002) and Da and Verkman (2004)
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These possibilities have been examined systematically by phenotype analysis of
AQP knockout mice. Interestingly, compared to wildtype mice that have a corneal
thickness of 123μm, corneal thickness was reduced in AQP1 null mice (101μm)
and increased in AQP5 null mice (144μm) (Thiagarajah and Verkman 2002). Thick-
ness measurements were made in fixed eyes (Fig. 4b, top), as well as by brightfield
scanning confocal microscopy in vivo. After exposure of the external corneal sur-
face to hypotonic saline the rate of corneal swelling was reduced ∼twofold by AQP5
deletion. After exposure of the corneal endothelial surface to hypotonic saline by
anterior chamber perfusion, the rate of corneal swelling was reduced ∼fourfold by
AQP1 deletion. Remarkably, though baseline corneal transparency was not impaired
by AQP1 deletion, the recovery of corneal transparency and thickness after hypo-
tonic swelling (10 min exposure of corneal surface to distilled water) was remark-
ably delayed in AQP1 null mice, with ∼75% recovery at 7 min in wildtype mice
compared to 5% recovery in AQP1 null mice (Fig. 4b, bottom). These data pro-
vide evidence for AQP1 involvement in active extrusion of fluid from the corneal
stroma across the corneal endothelium. Water permeability has also been measured
in conjunctiva, where it is significantly slowed in AQP3 knockout mice (Levin and
Verkman 2004). Together with permeability data for cornea, a mathematical model
of tear film osmolarity was developed, providing insights into the pathophysiology
of dry eye disorders and possible roles of ocular surface AQPs.

The principal determinants of IOP are the rate of aqueous fluid production by the
ciliary epithelium and the rate of fluid drainage (outflow) in the canal of Schlemm.
As mentioned above, aqueous fluid production involves passive, near-isosmolar
fluid secretion driven by active salt transport across the ciliary epithelium. Aque-
ous fluid drainage primarily involves pressure-driven bulk fluid flow in the canal of
Schlemm. Using a modified micro-needle method to measure IOP, a small though
significant reduction in IOP was found in mice lacking AQP1, with reduced aque-
ous fluid secretion, though unimpaired aqueous fluid drainage (Zhang et al. 2002).
Whether larger differences in IOP will be found with AQP deficiency in models of
glaucoma remains to be determined.

Like the AQP1-expressing corneal endothelium covering the corneal inner sur-
face, the anterior surface of the lens is covered by an AQP1-expressing epithelium.
Motivated by the marked impairment of AQP1 deletion on corneal transparency
in an experimental model of corneal swelling, we tested the possibility that a lens
AQP1 might serve a similar function (Ruiz-Ederra et al. 2006). Osmotic water per-
meability across lens epithelium was ∼threefold reduced in lenses from AQP1 null
mice. Though AQP1 deletion did not alter baseline lens morphology or transparency,
lens water content was significantly greater by ∼4% in AQP1 null mice. In vitro and
in vivo models were used to test for possible involvement of AQP1 in cataract for-
mation. In vitro, following incubation of lenses in high glucose solutions, loss of
lens transparency was greatly accelerated in AQP1-null lenses as measured by op-
tical contrast analysis of transmitted grid images. In vivo, cataract formation was
significantly accelerated in AQP1 null mice in a model of acetaminophen toxicity.
The data suggested that AQP1 facilitates the maintenance of lens transparency and
opposes cataract formation.
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AQP4 is expressed in Müller cells in retina, where as mentioned above it ap-
pears to be involved in light signal transduction. We found evidence also for AQP4
involvement in retinal swelling (Da and Verkman 2004). Motivated by the protec-
tion against cytotoxic brain edema conferred by AQP4 gene deletion, the possibility
was tested that AQP4 deletion in mice protects the retina in a transient ischemia-
reperfusion model produced by 45–60 min IOP elevation to 120 mmHg. Retinal
structure and cell number were remarkably preserved in AQP4 null mice, partic-
ularly in inner nuclear and plexiform layers of retina where Müller cells are concen-
trated (Fig. 4C). Retinal function and cell survival were also significantly improved
in AQP4 deficient mice. By electroretinography, b-wave amplitude was reduced by
∼75% at 1–4 days after ischemia in wildtype mice vs. less than 50% in AQP4 null
mice (Fig. 4C). AQP4 deletion in mice is thus neuroprotective in a transient ischemia
model of retinal injury, though the precise neuroprotective mechanism(s) remain to
be established.

6 AQPs in Angiogenesis and Cell Migration

Phenotype analysis of AQP1 null mice led to discovery of AQP involvement in
cell migration. Based on the expression of AQP1 in tumor microvessels (Endo et al.
1999), we tested the possible involvement of AQP1 in tumor angiogenesis (Saadoun
et al. 2005a). We found that AQP1 deletion in mice reduces tumor growth following
subcutaneous injection of melanoma cells (Fig. 5a), which was associated with in-
creased tumor necrosis and reduced blood vessel formation within the tumor bed. In
experiments designed to elucidate the mechanism of defective tumor angiogenesis
in AQP1 deficiency, we found that cultured aortic endothelial cells from AQP1 null
mice migrate more slowly towards a chemotactic stimulus compared with AQP1-
expressing endothelial cells (Fig. 5b). Figure 5c shows increased movement of cells
expressing AQP1. Interestingly, in migrating cells, AQP1 becomes polarized to the
front end of cells (Fig. 5d) and is associated with increased turnover of cell mem-
brane protrusions, suggesting an important role for AQPs at the leading edge of
migrating cells.

Follow-up experiments showed that AQPs facilitate cell migration indepen-
dent of AQP and cell types. AQP4 facilitates astrocyte cell migration (Saadoun
et al. 2005b; Auguste et al. 2007), AQP3 facilitates migration of corneal epithelial
cells (Levin and Verkman 2006) and epidermal cells (Hara-Chikuma and Verkman
2008a), and AQP1 facilitates the migration of cultured renal proximal tubule cells
(Hara-Chikuma and Verkman 2006), B16F10 melanoma and 4T1 breast cancer cells
(Hu and Verkman 2006). In addition to defective angiogenesis in AQP1 deficiency,
other consequences of AQP-facilitated cell migration include AQP involvement in
tumor spread, glial scar formation, and wound healing. We have obtained evidence
for each of these processes: (a) AQP1 expression in tumor cells increases their mi-
gration across endothelial barriers, local invasiveness and metastatic potential (Hu
and Verkman 2006); (b) AQP4 deletion in glial cells reduces their migration toward
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Fig. 5 Impaired tumor growth and endothelial cell migration in AQP1 null mice. (a) (left) Tumor
in a wildtype vs. AQP1 null mouse, 2 weeks after subcutaneous injection of 106 B16F10 melanoma
cells. (right) Tumor growth data (ten mice per group, S.E., P < 0.001). (b) (left) Wound healing
of cultured endothelial cells (initial wound edge blue, after 24 h red). (right) Wound edge speed
(n = 4 per group, S.E., ∗P < 0.01). (c) Tracks of six migrating CHO cells expressing AQP1 vs.
six non-AQP expressing control CHO cells, tracked for 4 h. Initial cell positions indicated by ar-
rows. (d) AQP1 protein (green) polarization to lamellipodia (arrows) in a migrating CHO cell. (e)
Proposed mechanism of AQP-facilitated endothelial cell migration: Actin de-polymerization and
ion movements increase osmolality at the anterior end of the cell. Water entry increases local hy-
drostatic pressure, producing cell membrane expansion to form a protrusion. Actin re-polymerizes
stabilizing the protrusion. Adapted from Saadoun et al. (2005a)
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a wound in vivo (Auguste et al. 2007) and the rate of glial scar formation (Saadoun
et al. 2005b); and (c) AQP3 deletion impairs closure of cutaneous wounds (Hara-
Chikuma et al. 2005) and corneal wounds (Levin and Verkman 2006). Possible
involvement of AQP-dependent cell migration in other processes, such as organ
regeneration and leukocyte chemotaxis, remain to be tested.

The mechanisms by which AQPs enhance cell migration are under investiga-
tion. The enhanced cell migration found for multiple structurally different AQPs,
independent of their modulation method (transfection, knock-out, RNA inhibition),
suggests that AQP-facilitated transmembrane water transport is the responsible
mechanism. One mechanism by which AQPs may accelerate cell migration is by
facilitating rapid changes in cell volume, which accompany changes in cell shape as
cells squeeze through the irregularly shaped extracellular space. Water flow across
the cell membrane may also allow migrating cells to generate hydrostatic forces that
‘push apart’ adjacent stationary cells. This mechanism, however, does not account
for the polarization of AQPs to the front end of migrating cells or for AQP en-
hancement of lamellipodial dynamics. These observations support a role for water
movement into and out of the leading edge during cell migration, as was proposed
previously (Condeelis 1993). According to this hypothesis, actin de-polymerization
and ion influx increase cytoplasmic osmolality at the front end of the migrating
cell (Fig. 5e). These localized changes in cytoplasmic osmolality drive water influx
through the plasma membrane. Consistent with the idea that water flows into and
out of migrating cells are reports that migration can be inhibited or accelerated by
changing the osmolality of the extracellular medium. We proposed that water influx
thus causes expansion of the adjacent plasma membrane by increased local hydro-
static pressure, which is followed by rapid actin re-polymerization to stabilize the
cell membrane protrusion. Recent evidence shows that regional hydrostatic pressure
changes within cells do not equilibrate throughout the cytoplasm on scales of 10μm
and 10 s (Charras et al. 2005) and could thus contribute to the formation of localized
cell membrane protrusions. Direct measurements of water flow across the leading
edge of migrating cells are needed for validation of these ideas.

7 Physiological Roles for Glycerol Transport
by Aquaglyceroporins

For many years the physiological significance of glycerol transport by a subset of the
AQPs, the aquaglyceroporins, was unclear. Phenotype studies of aquaglyceroporin
knockout mice have addressed this question, producing a number of remarkable
findings. There is now strong evidence for involvement of AQP3 in epidermal bi-
ology and cell proliferation and of AQP7 in adipocyte metabolism. A recent report
on the phenotype of AQP9 null mice showed a subtle phenotype suggestive of im-
paired hepatic glycerol uptake (Rojek et al. 2007), though the mechanism remains
to be established as does its proposed significance to diabetes.
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7.1 AQP3 and Skin Function

The most superficial layer of skin is the stratum corneum (SC), which consists of
terminally differentiated keratinocytes (corneocytes) that originate from actively
proliferating keratinocytes in lower epidermis and contain a lamellar lipid layer
(Fig. 6a). Hydration of the SC is an important determinant of skin appearance and
physical properties and depends on a number of factors including the external hu-
midity and its structure, lipid/protein composition, barrier properties and concentra-
tion of water-retaining osmolytes.

Phenotype analysis of AQP3 deficient mice has provided compelling evidence
for a role of AQP3 in epidermal biology. AQP3 is expressed strongly in the basal
layer of kerinocytes in mammalian skin (Fig. 6b, left). Figure 6b (right) shows re-
duced SC hydration in AQP3 null mice as measured by high frequency skin con-
ductance (Ma et al. 2002), which is a linear index of SC water content. Exposure
of mice to high humidity or occlusion increased SC hydration in wildtype, but not

Fig. 6 Reduced skin hydration in AQP3 deficiency. (a) Schematic showing stratum corneum and
epidermal layers. (b) (left) Immunofluorescence showing AQP3 in mouse epidermal cells. E epi-
dermis; D dermis; sc stratum corneum. (right) High-frequency superficial skin surface conductance
in dorsal skin of hairless wildtype and AQP3 null mice (S.E., 20 mice per group). Skin conductance
measured after 24 h exposure to relative humidity of 10, 40, or 90%; ‘occluded’ indicates a plastic
occlusion dressing that prevents evaporative water loss (S.E., five mice per group). (c) Glycerol
content measured in SC and epidermis (S.E., ∗P < 0.01). (d) Correlation between SC glycerol
content and skin conductance for wildtype (filled circles) and AQP3 null (open circles) mice in a
90% humidity atmosphere for indicated times. Mice were given glycerol orally ad libitum as their
only fluid source. From Hara et al. (2002), Ma et al. (2002) and Hara and Verkman (2003)
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AQP3 null mice, indicating that water transport through AQP3 is not a rate-limiting
factor in transepidermal water loss. If reduced SC hydration is related to a bal-
ance between evaporative water loss from the SC and water replacement through
AQP3-containing basal keratinocytes, then preventing water loss by high humidity
or occlusion should have corrected the defect in SC hydration in the AQP3 null
mice. Further skin phenotype analysis indicated delayed barrier recovery after SC
removal by tape-stripping in AQP3 null mice, as well as decreased skin elasticity
and delayed wound healing (Hara et al. 2002).

Many types of experiments were done to investigate the mechanism by which
AQP3 deficiency produces the pleotropic defects in skin function. A systematic
analysis of the ultrastructure and composition of the epidermis and stratum corneum
in AQP3 deficient mice revealed reduced glycerol content in SC and epidermis
(Fig. 6c), with normal glycerol in dermis and serum; suggesting reduced glycerol
transport from blood into the epidermis in AQP3 deficiency through the basal ker-
atinocytes. No significant differences in wildtype vs. AQP3 deficient mice were
found in SC structure, cell turnover, lipid profile, protein content and the concen-
trations of amino acids, ions and other small solutes (Hara et al. 2002). From these
observations it was postulated that reduced epidermal and SC glycerol content was
responsible for the abnormal skin phenotype in AQP3 null mice. Because glycerol
is a ‘natural moisturizing factor’, reduced SC glycerol is predicted to reduce SC
hydration and skin elasticity; because of the biosynthetic role of glycerol in the epi-
dermis, reduced epidermal glycerol is predicted to delay barrier recovery function
and wound healing. In support of this hypothesis, it was found that glycerol replace-
ment by topical or systemic routes corrected each of the phenotype abnormalities in
AQP3 null mice (Hara and Verkman 2003). SC glycerol content and water content,
as assessed by skin conductance, correlated well for mice placed in a 90% humidity
atmosphere and given oral glycerol (Fig. 6d). Further, glycerol transport from blood
into the epidermis and SC was found to be reduced in AQP3 deficiency, suggesting
impaired glycerol transport into the epidermis and SC through the relatively glyc-
erol impermeable basal keratinocyte layer resulting in reduced steady-state epider-
mal and SC glycerol content. These findings indicated an important role for AQP3
and glycerol in epidermal function, providing a rational scientific basis for the long-
standing practice of including glycerol in cosmetic and skin medicinal preparations.

7.2 AQP3 and Cell Proliferation

We recently discovered a remarkable phenotype in AQP3 null mice – resistance
to the development of skin tumors (Hara-Chikuma and Verkman 2008b). Our mo-
tivation for studying AQP3 and skin tumors was the strong expression of AQP3
in basal cells in human skin squamous cell carcinomas. Figure 7a shows one of
many such examples. Also, we recently discovered proliferation defects in AQP3
knockout mice in normally AQP3-expressing cells in cornea (Levin and Verkman
2006), resulting in delayed healing of corneal wounds, in colon (Thiagarajah et al.
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Fig. 7 AQP3 expression in human squamous cell carcinoma and protection against cutaneous
papillomas in AQP3-null mice. (a) AQP3 immunostaining in human skin squamous cell carcinoma.
Bar, 50μm. (b) (left) Dorsal skin of mice was treated with a single application of DMBA, followed
by twice-weekly applications of TPA for 20 weeks. Representative photographs showing multiple
papillomas in wildtype mouse but no papillomas in AQP3 null mouse. (right) Percentage of mice
with papillomas. (c) Proposed cellular mechanism of AQP3-facilitated tumorigenesis. Adapted
from Hara-Chikuma and Verkman (2008b)

2007), producing severe colitis in experimental models, and skin (Hara-Chikuma
and Verkman 2008a), slowing cutaneous wound healing.

An established multistage carcinogenesis model was used to study skin tumor
formation, which involves skin exposure to a tumor initiator and phorbol ester pro-
moter. The remarkable phenotype finding, as shown in Fig. 7b was the absence
of cutaneous papillomas in AQP3 knockout mice, whereas multiple tumors were
produced in wild-type mice (Hara-Chikuma and Verkman 2008b). Experiments
to establish the cellular mechanisms responsible for the impaired tumorigenesis
phenotype showed impaired promoter-induced cell proliferation in AQP3-null or
knock-down keratinocytes. AQP3-deficient keratinocytes had reduced content of
glycerol, its metabolite glycerol-3-phosphate, and ATP, without impairment of mi-
tochondrial function. Glycerol supplementation or AQP3 adenoviral infection (but
not AQP1 adenoviral infection) corrected the defects in keratinocyte proliferation
and reduced ATP generation. Further studies revealed correlations between cell pro-
liferation and ATP and glycerol content. As diagrammed in Fig. 7c, we propose that
AQP3-facilitated glycerol transport is an important determinant of epidermal cell
proliferation and tumorigenesis by a mechanism in which cellular glycerol is a key
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regulator of cellular ATP energy. The mechanism also shows glycerol biosynthetic
incorporation into lipids, ATP-facilitated MAP kinase signaling and positive feed-
back in which cell proliferation increases AQP3 expression. It is not known whether
this mechanism applies to non-epidermal, AQP3-expressing cells and to non-skin
cancers. Our findings also raise potential concerns in the use of recently marketed
cosmetics containing ingredients that increase epidermal AQP3 expression whose
goal is to improve skin moisture and appearance.

7.3 AQP7 and Fat Metabolism

We discovered a remarkable phenotype in AQP7 null mice (Hara-Chikuma et al.
2005). Although wildtype and AQP7 mice grew at similar rates as assessed by
mouse weight, AQP7 null mice had remarkably greater fat mass compared to wild-
type mice as seen grossly (Fig. 8a, top). Fat mass from multiple sites was sig-
nificantly elevated in both male and female AQP7 null mice at age 16 weeks.
Epididymal fat mass was comparable in wildtype and AQP7 null mice until age 4
weeks, but became different as the mice aged (Fig. 8b). Histologically, adipocytes at
16 weeks were remarkably larger in AQP7 null mice than in wildtype mice (Fig. 8a,
bottom), suggesting that the greater fat mass in the AQP7 null mice is a consequence
of adipocyte hypertrophy. Adipocyte size was similar in young wildtype and AQP7
deficient mice.

The concentrations of glycerol and triglycerides in serum were unaffected by
AQP7 deletion, though adipocyte glycerol and triglyceride concentrations were sig-
nificantly elevated in AQP7 null mice (Fig. 8c). To investigate the mechanism for the
progressive adipocyte hypertrophy in AQP7 deficiency, measurements were made of
adipocyte plasma membrane glycerol permeability, glycerol release, lipolysis and
lipogenesis. Plasma membrane glycerol permeability was measured from the ini-
tial uptake of 14C-glycerol into isolated adipocytes from the younger wildtype and
AQP7 null mice, where adipocyte size is comparable. 14C-glycerol uptake was re-
duced by ∼threefold in AQP7 null mice compared to wildtype mice. Glycerol re-
lease was also significantly reduced in the AQP7 null mice, whereas lipolysis, as
measured by free fatty acid release from isolated adipocytes, was similar in wild-
type and AQP7 deficient mice. Also, lipogenesis was similar in the wildtype and
knockout mice, as assayed from the incorporation of 14C-glucose into triglycerides.
From these results we proposed a simple mechanism for progressive TG accumu-
lation in AQP7 deficient adipocytes (Fig. 8d). Reduced plasma membrane glyc-
erol permeability in AQP7 deficiency results in an increase in steady-state glycerol
concentration in adipocyte cytoplasm. Increased adipocyte glycerol concentration
would then increase glycerol 3-phosphate and hence triglyceride (TG) biosynthesis.
Similar conclusions about fat metabolism in AQP7 deficiency were reported inde-
pendently (Hibuse et al. 2005), though with some relatively minor differences in
phenotype findings compared to our results. From these data, it was speculated that
AQP7 plays an important role in the pathogenesis of human obesity (reviewed in
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Fig. 8 Progressive fat accumulation and adipocyte hypertrophy in AQP7 deficiency. (a) (top) Pho-
tographs of mice showing increased gonadal fat in AQP7 null mice at age 16 weeks (white arrows).
(bottom) Histology of gonadal fat (stained with hematoxylin and eosin). Bar, 100μm. (b) Age-
dependent epididymal fat mass (S.E., six mice per group). (c) Glycerol and triglyceride content in
adipocytes from mice of age 16 weeks (S.E., ∗P < 0.01). (d) Proposed mechanism for adipocyte
hypertrophy in AQP7 deficiency. See text for explanations. From Hara-Chikuma et al. (2005)

Funahashi et al. 2006), though whether this is the case remains to be determined.
Interestingly, a weak association of AQP7 polymorphisms with the risks of obesity
and diabetes was reported (Prudente et al. 2007).

8 Summary and Perspective

The phenotype data on AQP-deficient mice suggests that AQP-facilitated water per-
meability is important: (a) when water movement is driven across a barrier by a con-
tinuous osmotic gradient (as in kidney collecting duct); (b) for active, near-isosmolar
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fluid absorption/secretion (as in kidney proximal tubule and salivary gland); (c) for
neural signal transduction (as in brain and inner ear); and (d) for cell migration (as
in tumor angiogenesis). Aquaglyceroporin-facilitated glyercol transport is important
in skin hydration and cell proliferation (AQP3) and adipocyte metabolism (AQP7).
It is likely that additional new roles of AQPs will be discovered. Much work re-
mains to be done in following up the mouse phenotype observations, in discovering
new roles of AQPs in mammalian physiology and in developing clinical therapies
based on the new insights emerging from the mouse phenotype analyses. Additional
data are needed to establish a firm mechanistic basis for AQP involvement in migra-
tion, neural signal transduction and in clearance of excess brain water in vasogenic
edema, and in the precise role of the aquaglyceroporins in metabolism and cell
proliferation. Small-molecule modulators of AQP expression/function could have
clinical applications in the therapy of congestive heart failure and hypertension, cy-
totoxic and vasogenic brain edema, epilepsy, obesity, cancer, glaucoma and other
conditions.
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