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Water regulation by astroglia is of pivotal significance
for the function of the vertebrate CNS. Failure of
astrocytic ion/water homeostatic mechanisms may
result in irreversible metabolic injury in a wide range
of brain pathologies that include water intoxication,
liver disease, epilepsy, diabetes, stroke, neurodegenera-
tive disorders and mechanical trauma. The cellular
mechanisms that lead to neuronal damage are linked
by excessive astroglial swelling caused by osmotically-
driven water entry and may result in: (i) cytotoxic
edema caused by uncontrolled intracellular accumula-
tion of cations, (ii) compression of blood vessels and
neurons by swollen glia, and (iii) attendant reduction
in the extracellular volume fraction and excitotoxic
elevation of the neurotransmitter glutamate. Treating
the initial stages that lead toward glial edema and
swelling would seem to be an obvious therapeutic
strategy but currently represents a largely intractable
challenge for neurosurgeons. Accumulation of excess
water in astroglia occurs through aquaporin 4
(AQP4), small (30 kDa) integral membrane channel
proteins that bidirectionally and selectively transport
water in response to osmotic gradients." AQP4~/~
mice are protected from certain types of mechanical
stress including pathological water accumulation in
edema yet AQP4 may not always be an appropriate
target given that loss-of-function mutations and
AQP4 ablation increase susceptibility to seizures.'
Our recent study in retinal glial cells suggests an

alternative might be to instead target the mechanism
that transduces swelling into downstream cation sig-
nals.” Specifically, we identified the reciprocal interac-
tion between a nonselective cation channel, TRPV4
(transient receptor potential isoform 4) and AQP4 as
the key to astroglial swelling, volume regulation and
reorganization of downstream signaling pathways in
retinal Muller cells. Importantly, we were able to con-
trol swelling by targeting either AQP4 or TRPV4
channels.

The study was conducted using antibody staining,
gene expression, whole cell recording, calcium imag-
ing and volume measurements in wild type,
TRPV4 '~ and AQP4~'~ Miiller cells and in Xenopus
oocytes heterologously transfected with TRPV4,
AQP4 and TRPV4 & AQP4 genes.” This comprehen-
sive approach allowed analysis of glial osmosignaling
mechanisms under both physiological conditions and
during tight genetic and biochemical control of the
cellular environment. Miiller glia are the principal glial
cell type of the vertebrate retina, with radial processes
that ensheath neuronal perikarya and synapses and
form part of the blood-retinal barrier through endfeet
lining inner retinal vasculature. Their many functions:
neurotransmitter uptake, structural stabilization, met-
abolic homeostasis and maintenance of the blood-ret-
ina barrier are similar to those performed by brain
astrocytes and are essential for retinal survival, how-
ever, inflammatory responses mediated by reactive
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Miiller cells can exacerbate retinal injury.” TRPV4 was
found to colocalize with AQP4 and Kir4.1 subunits in
glial endfeet, suggesting a novel mechanism for trans-
ducing osmotic stress at the blood-retina barrier.”
TRPV4~'~ and AQP4'~ retinas did not exhibit a
phenotype in terms of morphology, protein trafficking
or transcription of housekeeping genes whereas
TRPV4-deficient retinas showed mild levels of reactive
gliosis, consistent with the importance of the channel
in glial steady-state function.*” Interestingly, elimina-
tion of TRPV4 was associated with reduced mRNA
levels of Agp4 and Kcnjl0 (which encodes the Kir4.1
inward-rectifying K™ channel) whereas AQP4 /" reti-
nas showed suppressed Kcnjl0 transcription. The
interdependence of 3 highly dissimilar osmo-relevant
channels at the molecular level might reflect clustering
with the Miiller transcriptome or linkage through
activity- and/or TRPV4-dependent Ca>* entry.
Elimination of AQP4 slowed the rate of glial swell-
ing and dramatically reduced the amplitude of hypo-
tonically induced cation currents and [Ca®'];
elevations. Given that AQP4 is impermeable to ions,
its activation must be coupled to a Ca**-permeable
cation channel - TRPV4. We discovered that the
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interaction between TRPV4 and AQP4 in Miiller cells
is reciprocal: AQP4-dependent currents/[Ca’*]; eleva-
tions and swelling were inhibited by selective TRPV4
blockers whereas AQP4 ablation reduced both
TRPV4-mediated Ca**" influx and the rate of cellular
volume increase. To better define the mechanism, we
turned to the Xenopus oocyte expression model.
AQP4 and TRPV4 channels were required for oocyte
swelling and cation influx, respectively, however, coex-
pression dramatically augmented cells’ sensitivity to
osmotic stress by allowing cation influx at much
smaller osmotic gradients. When the swelling rate was
osmotically matched for AQP4- positive and negative
cells, TRPV4 activation became independent of
AQP4. This suggests that AQP4 functions as an ele-
gant molecular amplification device that transduces
osmotic stress into long-term response through
changes in [Ca®"],? Sustained over time, this may
result in reactive gliosis and inflammation.” A similar
conclusion was concurrently reached for cortical
astroglia.”

The study also addressed the potential contribu-
tion of TRPV4-AQP4 interactions to regulatory vol-
ume decrease (RVD), a key process that protects cells
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Figure 1. Functional interactions between TRPV4 and AQP4 channels regulate glial physiology. Water influx through AQP4 stretches the
Mdller cell plasma membrane, activating TRPV4 via stretch-sensitive phospholipase A2 (PLA2) and eicosanoid messengers (EETs). The
subsequent increase in [Ca>™]; regulates osmorelevant (Agp4, Kir4.1/Kcnj10, Trpv4) and proinflammatory (Gfap) genes and facilitates cell
swelling. High [Ca*™]; may stimulate BK (Ca?"-dependent K*) and VRAC (volume-activated anion) channels, induce RVD and facilitate

reactive gliosis. Further details in Jo et al. (2015).2



174 (&) A.1USO AND D. KRIZAJ

against pathological swelling. Its precise mechanism
is cell type-dependent but was suggested to require
TRPV4 and AQP4 in cortical astrocytes.” We found
that AQP4-mediated facilitation of Ca*'* influx
through TRPV4 channels facilitates Miller cell RVD
yet this was observed only under conditions that are
unlikely to occur in vivo (i.e., ~50% reduction in
tonicity). In contrast, TRPV4 activation (by agonists
or swelling) itself augmented glial swelling through
an unknown mechanism that required an increase in
[Ca®*]; and, possibly, activation of phospholipase
A2.2’4’5

We hypothesize that coordination of activity-
dependent ionic/water fluxes at the blood-retina
barrier critically depends on functional interactions
between endfoot TRPV4, AQP4 and Kir4.1 chan-
nels. This osmoregulatory complex links changes
in glial water permeability, K™ uptake, ATP release
and Ca’" homeostasis that occur in response to
during neuronal firing,"® to downstream modula-
tion of Agqp4 and Kcnjl0 and astroglial function
by maintaining the steady-state
homeostasis. In the presence of prolonged osmotic
stress or pathological circumstances (such as dia-
betes, traumatic ocular injury or glaucoma), how-
TRPV4-AQP4 interactions associated with
excessive swelling of CNS astroglia ‘turbo-charge’
inflammatory remodeling through deranged Ca®"
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signaling, reactive gliosis and macular or brain
edema.b>*>®
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