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FBLH], FEAF AT, ARG A FaA RIS
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Table 1 Milestones in the research of astrocyte RVD
®1 EERRAMRVDLEATHEER

e [7) 513
1982 ARFRIHTT TR & TIlE (VRAC) HL T IXFE B RVDH BARIE, I 2 RVD R AL (R DG HE P 3% [28]
1988  JKIBIEEE (AQP) # i k& BLRIAl [29]
1997  RIEIAQPAKERIETELKIGLIN, J-HHSAIHARLIBEIN, WRAGE Wbt [30]
2000 EIRTEAMARET T AQPIILE Y [31]
2011 RILAQPAFITRPVAILE A7, 4 H AQP4/TRPVAR & A fr B I R 41 IRV D A R A% S A [22]
2014 HIRRIVRACHI/F AR, NLRRCSFK I B 7 2 J Ak [32-33]
2016  AQP/r i E TR PLE KM, S5 KRVDIIICEE, TRPVAS T 1 2 IRA ZRVD AR A 2 B 41 [24]
2018 B THAEAESLEG, FKUEBITRPVAN BI04GB IR I AR BB 4 RV D & A= 1 06 2 24 [23]

2018  E—
F2 S T T 4 M R A R K 1) S B L 1
2018 Ht—BIAENTVRACHI 2> T-4544

2 ) W AQP A5 19 2 TR 5 5 40 i . A P A i g Lt
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[34-35]

2019  IEW] TLRRCSFK G AL A rf 1L, EFEN] T LRRCSAN LK 4 JERVD & AL (1) 44 75 25 [27]
2019 2R, ETERBANMD A (0 R R S M A PR 250 FUM I VRACHE B B A A1 Al fdh 4 o= A et g v S ke gk &% [36]
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Fig. 1 Structure and subfamilies of AQP

Bl AQPEMKIFKIETE

MiE 54 M AN A B R . Bk,
AQP4 5 BT BT I o 20 0 5 YR AR 8 1 40 i S X
W, SFRUZEEMME, SN . FLRELRE
¥4 % BBB B I I A 22 5 A 35 AR il =
ol e DO T s A TR R A . A R B AR (glia
limitans) B9 2 JE B A0 4 /2 (end-feet) 2O °
B R AN A AQP4 2 5 T Ik -1 i) 224~ %2
W5, mBR AQPA /MR, HBBB XK i i R
IEH /N TR S @R AQP4 L ffifF CSF i
Bl KAGIZ B AN = [FIRE, ARG il
PR T RS R AN B L, A — 2 SR A AQP4 3£

( LIAQP145+g A1 )

ik, S5 58 fill [a] B A0S o KA SRR Y N R O
A s ONAT, AQP4A BB IE RN 5 R I I I 4
MRS B VIAOG . /R AN AL, AQP4 ikt
R/, BRIP4 A T B S g Y
AQP4 i 1 5L IY it Jo 240 Jf 3 B8 (A AL AT B AQP4
ISP AN, (R T B R B AEAS BT
i (leading edge) MIEM. F4b, BT HIMMBFIE
WA, AQP4 545452 43 (connexin 43) A
YEFE, tnl fEfE A AQP4 e it 2L B I o 40 M it 7% 1)
Bl Z— U, AQP4 7E B B4l RVD (1)) o
AU AR AR R R AR, —Jrm, RIER



2022; 49 (1D

AEE, %: ERRRARATERRBN (RVD) HXEEEEMRER

2169

1A ) PR K b & RVD 5 sh 2544, T AQP4 A
ST R 5T A A P K i Sy — 5, Y
RVD iR 5, RiE B &Y B 2 40
JIE AN ) K AR 7 A ok AQP4 X — “PREEIE 7.
AQP4 B S B IE e R 4 i) RVD J5 S s B 461, i
S RVD P & A fyiiE 2

3B %

IRV 2 i e $ AR BRI RE Y St . 280 B K
WX PP 22 R GE MBS R ] REF T X — -y, HEmmiS] &
F K B, B RUK SRR, SECRR G, #£2
o5 R AT A58 Sl P A A PRI DRI R E o BT I o At
SEM BRI 2 WA —, SR KOF- i i 32 22
YRy, TEMNRn A 2R kB iR, BRI
o A ot B A S M R K e, R
T ZFHLHIHE PRI R . I o AN Pk
KIS RVD Ja 8, 159533 1 ) ot FK PR
e B AMAh, R E MR A 78, VARC Fl
AQP /& RVD it B PRI CHERR AR 11, AQP A=
ALK B OE VRAC, H4535 5 M4 T b s 44
BEAIMAL, EBEERYRIT, AN K
I T AQP 5L EUNMIAN, 57 T L 5 41 A 1A
PRI/ . X VRAC FI AQP 45y K HAE B IE
Ji2 J5 440 A v T i 1 BIF 5 R 1 — 25 B AT
RVD 1 &AL, b Z2 R v i 7K i i 35 7
IHIT AL B A

&z % x W

[1] Tait M J, Saadoun S, Bell B A, et al. Water movements in the brain:
role of aquaporins. Trends Neurosci, 2008, 31(1):37-43

[2]  Benveniste H, Lee H, Volkow N D. The glymphatic pathway:
waste removal from the CNS via cerebrospinal fluid transport.
Neuroscientist, 2017,23(5): 454-465

[3]  Bulat M, Klarica M. Recent insights into a new hydrodynamics of
the cerebrospinal fluid. Brain Res Rev, 2011, 65(2): 99-112

[4]  Pollay M. The function and structure of the cerebrospinal fluid
outflow system. Cerebrospinal Fluid Res, 2010, 7(1): 9

[5] Lafrenaye A D, Simard J M. Bursting at the seams: molecular
mechanisms mediating astrocyte swelling. Int J Mol Sci, 2019,
20(2):330

[6]  Murphy T R, Binder D K, Fiacco T A. Turning down the volume:
astrocyte volume change in the generation and termination of
epileptic seizures. Neurobiol Dis, 2017, 104:24-32

[71  Von Bartheld C S, Bahney J, Herculano-Houzel S. The search for
true numbers of neurons and glial cells in the human brain: a
review of 150 years of cell counting. J Comp Neurol, 2016,
524(18):3865-3895

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

[23]

[24]

[25]

[26]

Barres B A. The mystery and magic of glia: a perspective on their
roles in health and disease. Neuron, 2008, 60(3): 430-440

Allen N J, Eroglu C. Cell biology of astrocyte-synapse
interactions. Neuron, 2017,96(3): 697-708

Min R, Nevian T. Astrocyte signaling controls spike timing-
dependent depression at neocortical synapses. Nat Neurosci, 2012,
15(5): 746-753

Langen U H, Ayloo S, Gu C. Development and cell biology of the
blood-brain barrier. Annu Rev Cell Dev Biol, 2019,35(1): 591-613
Teschemacher A G, Gourine A V, Kasparov S. A role for astrocytes
in sensing the brain microenvironment and neuro-metabolic
integration. Neurochem Res, 2015,40(12): 2386-2393

Nagelhus E A, Ottersen O P. Physiological roles of aquaporin-4 in
brain. Physiol Rev,2013,93(4): 1543-1562

Wang Y F, Parpura V. Astroglial modulation of hydromineral
balance and cerebral edema. Front Mol Neurosci, 2018, 11: 204
Larsen B R, Macaulay N. Activity-dependent astrocyte swelling is
mediated by pH-regulating mechanisms. Glia, 2017, 65(10): 1668-
1681

Tonnesen J, Inavalli V, Nagerl U V. Super-resolution imaging of
the extracellular space in living brain tissue. Cell, 2018, 172(5):
1108-1121.el15

Larsen B R, Assentoft M, Cotrina M L, et al. Contributions of the
Na(+)/K(+)-ATPase, NKCC]1, and Kir4.1 to hippocampal K(+)
clearance and volume responses. Glia, 2014, 62(4): 608-622
Stokum J A, Kwon M S, Woo S K, et al. SUR1-TRPM4 and AQP4
form a heteromultimeric complex that amplifies ion/water osmotic
coupling and drives astrocyte swelling. Glia, 2018, 66(1): 108-125
Stokum J A, Gerzanich V, Simard J M. Molecular pathophysiology
of cerebral edema. J Cereb Blood Flow Metab, 2016, 36(3):
513-538

Sepehrinezhad A, Zarifkar A, Namvar G, et al. Astrocyte swelling
in hepatic encephalopathy: molecular perspective of cytotoxic
edema. Metab Brain Dis, 2020, 35(4): 559-578

Lang F, Busch G L, Ritter M, et al. Functional significance of cell
volume regulatory mechanisms. Physiol Rev, 1998, 78(1):
247-306

Benfenati V, Caprini M, Dovizio M, et al. An aquaporin-4/
transient receptor potential vanilloid 4 (AQP4/TRPV4) complex is
essential for cell-volume control in astrocytes. Proc Natl Acad Sci
USA,2011,108(6):2563-2568

Pivonkova H, Hermanova Z, Kirdajova D, et al. The contribution
of TRPV4 channels to astrocyte volume regulation and brain
edema formation. Neuroscience, 2018,394:127-143

Mola M G, Sparaneo A, Gargano C D, et al. The speed of swelling
kinetics modulates cell volume regulation and calcium signaling in
astrocytes: a different point of view on the role of aquaporins. Glia,
2016, 64(1): 139-154

Jentsch T J. VRACs and other ion channels and transporters in the
regulation of cell volume and beyond. Nat Rev Mol Cell Biol,
2016,17(5):293-307

Hyzinski-Garcia M C, Rudkouskaya A, Mongin A A. LRRC8A
protein is indispensable for swelling-activated and ATP-induced

release of excitatory amino acids in rat astrocytes. J Physiol, 2014,



2170

EMUFESEYIRHR

Prog. Biochem. Biophys.

2022; 49 (1D

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

592(22):4855-4862

Formaggio F, Saracino E, MolaM G, et al. LRRC8A is essential for
swelling-activated chloride current and for regulatory volume
decrease in astrocytes. FASEB J,2019,33(1): 101-113

Grinstein S, Clarke C A, Dupre A, et al. Volume-induced increase
of'anion permeability in human lymphocytes. J Gen Physiol, 1982,
80(6): 801-823

Denker B M, Smith B L, Kuhajda F P, er al. Identification,
purification, and partial characterization of a novel Mr 28, 000
integral membrane protein from erythrocytes and renal tubules. J
Biol Chem, 1988,263(30): 15634-15642

Nielsen S, Nagelhus E A, Amiry-Moghaddam M, et al. Specialized
membrane domains for water transport in glial cells: high-
resolution immunogold cytochemistry of aquaporin-4 in rat brain.
JNeurosci, 1997,17(1): 171-180

Murata K, Mitsuoka K, Hirai T, et al. Structural determinants of
water permeation through aquaporin-1. Nature, 2000, 407(6804):
599-605

Voss F K, Ullrich F, Munch J, et al. Identification of LRRC8
heteromers as an essential component of the volume-regulated
anion channel VRAC. Science, 2014,344(6184): 634-638

Qiu Z, Dubin A E, Mathur J, et al. SWELLI, a plasma membrane
protein, is an essential component of volume-regulated anion
channel. Cell, 2014, 157(2): 447-458

Kasuya G, Nakane T, Yokoyama T, ef al. Cryo-EM structures of the
human volume-regulated anion channel LRRCS8. Nat Struct Mol
Biol, 2018,25(9): 797-804

Deneka D, Sawicka M, Lam A K M, et al. Structure of a volume-
regulated anion channel of the LRRC8 family. Nature, 2018,
558(7709):254-259

Yang J, Vitery M D C, Chen J, et al. Glutamate-releasing SWELL1
channel in astrocytes modulates synaptic transmission and
promotes brain damage in stroke. Neuron, 2019, 102(4): 813-827
e816

Jentsch T J, Stein V, Weinreich F, et al. Molecular structure and
physiological function of chloride channels. Physiol Rev, 2002,
82(2):503-568

Hoffmann E K, Lambert I H, Pedersen S F. Physiology of cell
volume regulation in vertebrates. Physiol Rev, 2009, 89(1):
193-277

Syeda R, Qiu Z, Dubin A E, ef al. LRRCS proteins form volume-
regulated anion channels that sense ionic strength. Cell, 2016,
164(3):499-511

Schober AL, Wilson C S, Mongin A A. Molecular composition and
LRRCS8-containing
osmolyte channels in primary rat astrocytes. J Physiol, 2017,
595(22):6939-6951

Zhou J J, Luo Y, Chen S R, et al. LRRC8A-dependent volume-

regulated anion channels contribute to ischemia-induced brain

heterogeneity of the swelling-activated

injury and glutamatergic input to hippocampal neurons. Exp
Neurol,2020,332: 113391

Cheng A, Van Hoek A N, Yeager M, et al. Three-dimensional
organization of a human water channel. Nature, 1997, 387(6633):
627-630

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Papadopoulos M C, Verkman A S. Aquaporin water channels in the
nervous system. Nat Rev Neurosci, 2013, 14(4): 265-277

Sui H, Han B G, Lee J K, et al. Structural basis of water-specific
transport through the AQP1 water channel. Nature, 2001,
414(6866): 872-878

Li C, Wang W. Molecular biology of aquaporins. Adv Exp Med
Biol,2017,969: 1-34

Mitra A K. Three-dimensional organization of the aquaporin water
channel: what can structure tell us about function?. Vitam Horm,
2001, 62:133-166

Ishibashi K. Aquaporin superfamily with unusual npa boxes: S-
aquaporins (superfamily, sip-like and subcellular-aquaporins).
Cell Mol Biol (Noisy-le-grand), 2006, 52(7): 20-27

Ishibashi K. New members of mammalian aquaporins: AQP10-
AQP12. Handb Exp Pharmacol, 2009, 190:251-262

Koike S, Tanaka Y, Matsuzaki T, et al. Aquaporin-11 (AQP11)
expression in the mouse brain. IntJ Mol Sci, 2016, 17(6): 861

Zhou Z, Zhan J, Cai Q, et al. The water transport system in
astrocytes-aquaporins. Cells, 2022, 11(16): 2564

Albertini R, Bianchi
Neuropharmacol, 2010, 8(2): 84-91

Haj-Yasein N N, Vindedal G F, Eilert-Olsen M, et al. Glial-

conditional deletion of aquaporin-4 (Aqp4) reduces blood-brain

R. Aquaporins and glia. Curr

water uptake and confers barrier function on perivascular astrocyte
endfeet. Proc Natl Acad Sci USA,2011,108(43): 17815-17820
1iff J J, Wang M, Liao Y, et al. A paravascular pathway facilitates
CSF flow through the brain parenchyma and the clearance of
interstitial solutes, including amyloid beta. Sci Transl Med, 2012,
4(147): 147ral11

Potokar M, Jorgacevski J, Zorec R. Astrocyte aquaporin dynamics
inhealth and disease. IntJ Mol Sci,2016,17(7): 1121

Connors N C, Adams M E, Froehner S C, et al. The potassium
channel Kird.1 associates with the dystrophin-glycoprotein
complex via alpha-syntrophin in glia. J Biol Chem, 2004, 279(27):
28387-28392

Amiry-Moghaddam M, Williamson A, Palomba M, et al. Delayed
K" clearance associated with aquaporin-4 mislocalization:
phenotypic defects in brains of alpha-syntrophin-null mice. Proc
Natl Acad Sci USA, 2003, 100(23): 13615-13620

Wang H, Wang S, Zhang K, et al. Aquaporin 4 forms a
macromolecular complex with glutamate transporter 1 and mu
opioid receptor in astrocytes and participates in morphine
dependence. J Mol Neurosci, 2017, 62(1): 17-27

Shi Z, Zhang W, Lu Y, et al. Aquaporin 4-mediated glutamate-
induced astrocyte swelling is partially mediated through
metabotropic glutamate receptor 5 activation. Front Cell Neurosci,
2017,11:116

Auguste K 1, Jin S, Uchida K, ef al. Greatly impaired migration of
implanted aquaporin-4-deficient astroglial cells in mouse brain
toward asite of injury. FASEB J,2007,21(1): 108-116
Papadopoulos M C, Saadoun S, Verkman A S. Aquaporins and cell
migration. Pflugers Arch, 2008, 456(4): 693-700

LanY L, Wang X, LouJ C, et al. The potential roles of aquaporin 4
inmalignant gliomas. Oncotarget, 2017, 8(19): 32345-32355



2022; 49 (11) BAEE, %:. EERRERETERREB/N (RVD) HXEEZEHARIE <2171

Key Players in Astrocyte Regulatory Volume Reduction (RVD): VRAC and
Aquaporin’

ZHOU Zuo-Yi"?, GAO Jia-Qi?, GAO Kai”, GONG Yan-Jun", YU Albert Cheung Hoi?"

("Department of Cardiology, Peking University First Hospital, Beijing 100034, China;
DDepartment of Pediatrics, Peking University First Hospital, Beijing 100034, China;
SNeuroscience Research Institute, School of Basic Medical Sciences, Peking University Health Science Center, Beijing 100191, China;
DDepartment of Gastroenterology, Peking University Third Hospital, Beijing 100191, China)

Graphical abstract

Rapid swelling RVD

CI, organic osmolytes

©: AQP4 T . VRAC @ : SURI-TRPM4

Abstract Astrocytes play important roles in maintaining the homeostasis of brain, including the maintenance of
brain’s water balance. However, under various diseases such as ischemic stroke, astrocytes are the first to show
significant cellular edema, which in turn promotes the development of cerebral edema and aggravates brain injury.
Regulatory volume reduction (RVD) is a compensatory response of astrocytes to rapidly reduce part of their
volume in the face of fast swelling. Recent advances have revealed that volume-regulated anion channel (VRAC)
and aquaporin (AQP) are key players in the RVD process. VRAC is a heteromers composed of members of the
LRRCS family. During astrocyte fast swelling, VRAC is activated and mediates the rapid transport of anions and
organic osmolytes to extracellular space, which is the main driver of RVD. AQP, a six-transmembrane protein, is a
selective bidirectional water channel, which is the structural basis for rapid cellular edema in astrocytes and is
also the "fast track" for water transport to the extracellular compartment during RVD. Further understanding of
the structure and function of VRAC and AQP and their roles in RVD will help to finally understand the
mechanism of astrocyte RVD and provide potential targets for the treatment of brain edema.
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