
HAL Id: hal-04235174
https://hal.science/hal-04235174

Preprint submitted on 10 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Astrocyte aquaporin mediates a tonic water efflux
maintaining brain homeostasis

Cuong Pham, Yuji Komaki, Anna Deàs-Just, Benjamin Le Gac, Christine
Mouffle, Clara Franco, Vincent Vialou, Tomokazu Tsurugizawa, Bruno Cauli,

Dongdong Li

To cite this version:
Cuong Pham, Yuji Komaki, Anna Deàs-Just, Benjamin Le Gac, Christine Mouffle, et al.. Astrocyte
aquaporin mediates a tonic water efflux maintaining brain homeostasis. 2023. �hal-04235174�

https://hal.science/hal-04235174
https://hal.archives-ouvertes.fr


Pham et al., 2023 

1 

 

Astrocyte aquaporin mediates a tonic water efflux maintaining 1 

brain homeostasis  2 

 3 

Cuong Pham1, Yuji Komaki2, Anna Deàs-Just1, Benjamin Le Gac1, Christine Mouffle1, Clara 4 

Franco1, Vincent Vialou1, Tomokazu Tsurugizawa3,4,#, Bruno Cauli1,#, Dongdong Li1,#
 5 

 6 

1Sorbonne Université, Institute of Biology Paris Seine, Neuroscience Paris Seine, CNRS 7 

UMR8246, INSERM U1130, Paris 75005, France 8 

2Central Institute for Experimental Animals, Kawasaki, Japan 9 

3Human Informatics and Interaction Research Institute, National Institute of Advanced Industrial 10 

Science and Technology (AIST), Tsukuba, Japan 11 

4Faculty of Engineering, University of Tsukuba, Tsukuba, Japan 12 

#Correspondence: tsurugizawa@hotmail.com, bruno.cauli@upmc.fr, dongdong.li@inserm.fr 13 

 14 

Keywords: imaging, swelling, diffusion 15 

 16 

  17 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 3, 2023. ; https://doi.org/10.1101/2023.10.03.560471doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560471


Pham et al., 2023 

2 

 

ABSTRACT 1 

Brain water homeostasis provides not only physical protection, but also determines the diffusion 2 

of chemical molecules key for information processing and metabolic stability. As a major type of 3 

glial cell in the brain parenchyma, astrocytes are the dominant cell type expressing aquaporin 4 

water channels. However, how astrocyte aquaporin contributes to brain water homeostasis 5 

remains to be understood. We report here that astrocyte aquaporin 4 (AQP4) mediates a tonic 6 

water efflux in basal conditions. Acute inhibition of astrocyte AQP4 leads to intracellular water 7 

accumulation as optically resolved by fluorescence-translated imaging in acute brain slices, and 8 

in vivo by fiber photometry in moving mice. We then show that the tonic aquaporin water efflux 9 

maintains astrocyte volume equilibrium, astrocyte and neuron Ca2+ signaling, and extracellular 10 

space remodeling during optogenetically induced cortical spreading depression. Using diffusion- 11 

weighted magnetic resonance imaging (DW-MRI), we observed that in vivo inhibition of AQP4 12 

water efflux heterogeneously disturbs brain water homeostasis in a region-dependent manner. 13 

Our data suggest that astrocyte aquaporin, though bidirectional in nature, mediates a tonic water 14 

outflow to sustain cellular and environmental equilibrium in brain parenchyma.  15 
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Significance statement  1 

Our brain is immersed, thus protected, in a water environment. It ensures intra- and extracellular 2 

molecular diffusion, which is vital for brain function and health. Brain water homeostasis is 3 

maintained by dynamic water transport between different cell types. Astrocytes are a main type 4 

of glial cell widely distributed in brain parenchyma, and are also the primary cell type expressing 5 

the bidirectional aquaporin water channel. Here we show that in basal conditions, aquaporin 6 

channel mediates a tonic water efflux from astrocytes. This mechanism maintains astrocyte 7 

volume stability, activity-gated brain parenchyma remodeling and brain water homeostasis. Our 8 

finding sheds light on how astrocytes regulate water states in the brain, and will help to 9 

understand brain homeostasis in specific life context.  10 

 11 

 12 
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\body 1 

Introduction 2 

Every aspect of brain function relies on the delicately maintained water environment. It supports 3 

brain structural stability and molecular diffusion, laying the ground for information processing, 4 

metabolite shuttling and adaptation to living environments (1). Water is the fundamental 5 

constituent of the cerebrospinal fluid infiltrating into the central nervous system and the 6 

interstitial fluid distributed in brain parenchyma (2, 3). Brain fluid transport is suggested to 7 

support the diffusion of energetic fuels like glucose and lactate to warrant the metabolic 8 

circumstances in the parenchyma, and is also implicated in the clearance of waste molecules 9 

from the brain as described in the glymphatic system (4, 5). In addition, brain water diffusion is 10 

the basis for diffusion-weighted magnetic resonance imaging (DW-MRI) for structural and 11 

functional neuroimaging (6), and for clinical diagnostics widely applied for neurological diseases 12 

such as ischemia, brain tumor and edema (7, 8).  13 

Water equilibrium in the brain is maintained by dynamic transport between different cell 14 

entities. Aquaporin is a family of transmembrane channels facilitating bidirectional water flow, 15 

with aquaporin 4 (AQP4) being the main subtype expressed in the central nervous system. In the 16 

brain, AQP4 is predominantly expressed in astrocytes (9, 10) that are a major type of glial cells 17 

distributed throughout the parenchyma (11). This feature renders astrocytes well equipped to 18 

balance osmotic oscillations imposed by the transmembrane transport of ions, metabolites, and 19 

signaling molecules, all mediated by water. However, thus far, how astrocyte aquaporin 20 

contributes to brain water homeostasis remains elusive.  21 

Here, combining in vivo chemical targeting and optical water transport imaging, we 22 

report that AQP4 sustains a tonic water efflux from astrocytes. This mechanism was found to be 23 
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critical in maintaining astrocyte volume and signaling stability, as well as the extracellular space 1 

remodeling in mouse cortex. Using DW-MRI, we observed that acute inhibition of astrocyte 2 

water efflux in vivo causes heterogeneous alterations in brain water diffusion. Our finding 3 

suggests that aquaporin acts as an important water export route in astrocytes, to counterbalance 4 

excessive water accumulation in the cytoplasm. This mechanism plays a necessary role in 5 

maintaining water equilibrium in astrocytes, thereby the water homeostasis in the brain.  6 

 7 

 8 

Results 9 

Astrocyte aquaporin mediates a tonic water efflux  10 

To follow in situ astrocyte water transport, we performed fluorescence intensity-translated (FIT) 11 

imaging. To this end, mouse brain astrocytes were chemically labeled in vivo with a highly 12 

water-diffusible and astrocyte-specific red fluorescent dye,  sulforhodamine B (SRB) (Fig. 1A) 13 

(12, 13). About one hour after its intraperitoneal injection, astrocytic SRB labeling was widely 14 

distributed in the mouse cortex, as seen in living acute brain slices (Fig. 1A) and validated by 15 

colocalization with EGFP-identified astrocytes in slices taken from GFAP-EGFP transgenic mice 16 

(Fig. 1A). Net water transport across the astrocyte membrane alters cytoplasmic SRB 17 

concentration and cellular volume, which can thus be followed by changes in fluorescence 18 

intensity when imaged in a fixed field of view. To validate the FIT imaging of astrocyte water 19 

transport, we employed wide-field fluorescence microscopy for single-plane time-lapse imaging 20 

in acute brain slices in the primary somatosensory (S1) cortex. This approach allowed us to 21 

collect fluorescence from both the focal plane and along the axial extensions, thereby imprinting 22 

volumetric fluorescence into the single image plane. Indeed, water influx induced by the 23 
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hypoosmotic solution caused decreases in astrocyte SRB fluorescence in a time-dependent 1 

manner which also reflected cell swelling (Fig. 1B); whereas water export and astrocyte 2 

shrinking upon hyperosmotic manipulation increased astrocyte fluorescence (Fig. 1B). Hence, 3 

FIT imaging enables real-time recording of astrocyte transmembrane water transport and volume 4 

dynamics.  5 

In basal conditions, flat fluorescence time course was recorded suggesting equilibrated 6 

water transport across the astrocyte membrane (Fig. 1B) and volume homeostasis in the brain 7 

parenchyma. To inspect a tonic role of aquaporin in astrocyte water transport, we sought to 8 

acutely block the astrocyte aquaporin channel, aquaporin 4 (AQP4). We used the synthetic 9 

compound 2-(nicotinamido)-1,3,4-thiadiazole (TGN-020) that is derived from the condensation 10 

of nicotinamide and thiadiazole derivatives (14, 15), whose specificity for AQP4 has been 11 

validated in vitro by ion channel heterologous expression system (16) and in vivo using the 12 

knockout mouse model (17, 18). This approach guaranteed the functional pinpointing of 13 

astrocyte aquaporin under physiological conditions, while avoiding the chronic compensations 14 

caused by genetic tools and mouse models that have been reported to alter brain water content, 15 

volume and extracellular space potentially confounding the functional readouts (19-23).  16 

AQP4 is a bidirectional channel facilitating passive water transport along the osmotic 17 

gradient (9). As an osmotic equilibrium is maintained in the brain parenchyma in basal state, 18 

there might not be net water transport across AQP4. However, we observed in cortical slices that 19 

acute inhibition of astrocyte AQP4 by TGN-020 gradually induced intracellular water 20 

accumulation, evidenced by a decrease in SRB fluorescence intensity as a result of cytosolic 21 

dilution (Fig. 1C). This observation suggests that astrocyte aquaporin mediates a tonic water 22 

efflux; its blocking causes intracellular water accumulation and swelling (Fig. 1C, right). To 23 
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corroborate this observation in vivo, we performed fiber photometry recording in moving mice 1 

(Fig. 1D). An optical fiber was implanted into the mouse S1 cortex to follow fluorescence 2 

signals of local astrocyte population post the intraperitoneal injection of SRB (Fig .1D, left). 3 

After about one hour, when astrocytes were well labeled, either saline or TGN-020 was injected 4 

intraperitoneally. While no significant effect was observed with the saline control, TGN-020 5 

induced a decrease in astrocyte SRB fluorescence and a reduction in its oscillation range (Fig. 6 

1D, right), mirroring an intracellular dilution of fluorescent molecules. This observation 7 

confirms that acute inhibition of astrocyte aquaporin leads to intracellular water accumulation 8 

thereby cell swelling. 9 

 10 

Aquaporin inhibition perturbs astrocyte and neuron signaling 11 

Astrocyte volume equilibrium not only determines brain architectural stability, but also 12 

associates with dynamic cellular signals. Indeed, astrocyte swelling has been shown to alter 13 

intracellular Ca2+ signaling (24, 25). We then performed Ca2+ imaging to confirm that acute 14 

aquaporin inhibition induces astrocyte swelling and thus Ca2+ oscillation. The genetically 15 

encoded Ca2+ sensor GCaMP6 was selectively expressed in astrocytes by crossing the Glast-16 

CreERT2 and GCaMP6floxP mouse line (13, 26). Because astrocyte Ca2+ signals often occur in 17 

local domains, we adapted a light sheet microscope (13) for wide-field optical sectioning so as to 18 

image them with high signal-to-noise ratio (SI Appendix, Fig. S1). We first confirmed that water 19 

accumulation induced by hypotonic solution, therefore swelling, in astrocytes alters the 20 

intracellular Ca2+ signal (Fig. 2A). Then we followed astrocyte Ca2+ in isotonic control condition 21 

while only blocking astrocyte AQP4 with TGN-020. Ca2+ signaling was indeed altered upon 22 

acute inhibition of aquaporin (Fig. 2B), reflecting that restriction of tonic water efflux from 23 
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aquaporin leads to intracellular water accumulation, astrocyte swelling and modification of Ca2+ 1 

oscillation. In addition, astrocyte swelling has been reported to induce the release of neuroactive 2 

molecules such as glutamate thereby influencing nearby neuron activity (27, 28). Hence, 3 

disrupting AQP4 tonic water outflow would not only cause astrocyte swelling but also influence 4 

the activity of neighboring neurons. To validate it, we imaged Ca2+ signals as a surrogate for 5 

neuronal activity in cortical somatostatin (SST) interneurons which exhibit the highest 6 

excitability (29) and express both ionotropic and metabotropic glutamate receptors (30), making 7 

them ideal to sense astrocyte-released signaling molecules. We expressed GCaMP6 in SST 8 

interneurons by crossing homozygous SST-Cre (31) and homozygous GCaMP6floxP mice. As 9 

expected, TGN-020 inhibition of astrocyte AQP4 led to a global Ca2+ elevation in SST 10 

interneuron populations (Fig. 2C). These observations support that astrocyte aquaporin mediates 11 

a tonic water efflux, contributing to maintain both the volume and signaling homeostasis. 12 

 13 

Aquaporin water efflux regulates astrocyte volume response 14 

We then examined the role of aquaporin water efflux in astrocyte volume response to osmotic 15 

environments. We followed the evoked water efflux and shrinking induced by hypertonic 16 

solution. As astrocyte AQP4 supports preferentially water efflux, its inhibition would attenuate 17 

hypertonicity-imposed water extrusion (Fig. 3A). Supporting this, application of TGN-020 18 

slowed down the hypertonicity-induced water efflux and shrinking, reflected by the longer time 19 

to peak in the SRB fluorescence time course as compared to control (Fig. 3B), though the delay 20 

in the initial onset was not significantly prolonged. The maximal increase in astrocyte SRB 21 

fluorescence was lower in the presence of TGN-020, suggesting that AQP4 blocking reduced the 22 

overall amount of water efflux (Fig. 3B).  23 
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We next evoked water influx, thereby astrocyte swelling, by hypotonic solution in the 1 

presence or absence of TGN-020 (Fig. 3C). In contrast to the effects on hypertonicity-evoked 2 

water efflux, AQP4 acute inhibition was observed to accelerate both the initial water 3 

accumulation and the swelling rate in astrocytes, reflected by their earlier onset in decrease of 4 

SRB fluorescence and the faster reaching to the plateau value relative to the control condition 5 

(Fig. 3D). This observation cross-validates the role of astrocyte aquaporin in supporting water 6 

efflux, whereby its blockade facilitates the evoked water accumulation (Fig. 3C). The maximum 7 

decrease in astrocyte SRB fluorescence was observed to be reduced with aquaporin inhibition 8 

(Fig. 3D). TGN-020 was present prior to hypotonic challenge, which would have slightly swelled 9 

astrocytes due to the blockade of tonic water efflux, thereby constraining the range of subsequent 10 

swelling.  11 

Astrocytes are widely distributed throughout the brain parenchyma, orchestrating water 12 

transport and volume homeostasis (32). Water outflow via astrocyte AQP4 may play a role in the 13 

structural remodeling of parenchyma at the global level. We then induced general cell swelling 14 

by triggering cortical spreading depression (CSD) (33, 34). To be orthogonal to the 15 

pharmacological control of astrocyte aquaporin, the CSD depolarization wave was initiated by 16 

optogenetically stimulating ChR2-expressing glutamatergic cells in the cortical slices of Emx1-17 

Cre/Ai32ChR2 mice (35, 36), termed Opto-CSD (37). As cell swelling increases the 18 

transmittance of infrared light, we imaged Opto-CSD by the intrinsic optical signal (IOS) derived 19 

from infrared illumination (34, 38). The IOS displayed transient increase across cortical layers 20 

during the Opto-CSD (Fig. 4A-C). The biphasic starting of IOS coincided with a sharp response 21 

in the extracellular potential indicating the CSD initiation (SI Appendix, Fig. S2A). IOS signal 22 

contains a first peak reflecting the rapid CSD response (Fig. 4C, b) followed by a prolonged 23 
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phase of general cellular swelling (Fig. 4C, c). By combining fluorescence imaging of SRB- 1 

labelled astrocytes, whose spectrum is separated from the IOS infrared signal, we observed that 2 

astrocytes swelling (i.e., decrease in SRB fluorescence) paralleled CSD swelling (SI Appendix, 3 

Fig. S3). Consistent with our observation on astrocyte volume response (Fig. 3D), when pre-4 

incubating slices with TGN-020 to AQP4 tonic water outflow, the initiation of both the CSD and 5 

general swelling was accelerated while their maximum amplitude reduced (Fig. 4D-E; SI 6 

Appendix, Fig. S2B). Blocking action potentials with tetrodotoxin (TTX) only reduced the 7 

amplitude of the initial CSD response while the effect on general swelling is insignificant (Fig. 8 

4D-E). We further followed the swelling (i.e., water influx) of SRB-labeled astrocytes during 9 

Opto-CSD. In consistence with the result obtained from hypotonic challenge (Fig. 3D), the pre-10 

presence of TGN-020 reduced the peak amplitude of astrocyte swelling (Fig. 4F). Notably, 11 

TGN-020 significantly inhibited astrocyte recovery from the swelling state (Fig. 4F), indicating 12 

that blocking AQP4 hinders the water efflux required for astrocyte volume maintenance.  13 

Collectively, our data show that astrocyte AQP4 sustains a tonic water outflow regulating 14 

the cellular volume response and the general cell swelling of parenchyma. 15 

 16 

Tonic astrocyte water transport underlies brain homeostasis 17 

Water homeostasis sets the basis for molecular diffusion in the brain, which instructs 18 

neurotransmitter availability, ion recycling and metabolite trafficking. We then examined in vivo 19 

the role of astrocyte aquaporin outflow in brain water diffusion using DW-MRI (8). It uses the 20 

diffusion of water molecules to generate contrast that can be quantified by the apparent diffusion 21 

coefficient (ADC) in the nerve tissue (39, 40). We used a 7T MRI to image global brain water 22 

diffusion in lightly anesthetized mice with medetomidine, while acutely perturbing astrocyte 23 
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AQP4 outflow by TGN-020 via intraperitoneal injection. Brain water diffusion was mapped 1 

every 5 min before and after TGN or saline (as control) administration (Fig. 5A). Each 2 

acquisition sweep was performed with three b values (0, 250, 1800) that accounted for ADC, so 3 

to fit the exponential curve (Fig. 5B). Compared to the control saline, TGN-020 significantly 4 

increased basal water diffusion within multiple regions including the cortex, hippocampus and 5 

the striatum in a heterogeneous manner (Fig. 5C). The temporal features in water diffusion 6 

change appeared to be also different: an early elevation followed by a reversible tendency was 7 

observed for cortical areas, a rapid and long-lasting elevation for the striatum while a delayed 8 

and transient increase for the hippocampus (Fig. 5D). The in vivo neuroimaging results confirm 9 

that the tonic water efflux from astrocyte aquaporin contributes to maintain the homeostasis of 10 

brain water diffusion, and also suggest regional and temporal heterogeneities in brain water 11 

handling.  12 

 13 

 14 

Discussion 15 

Water equilibrium sets the basis for brain function, plasticity and dynamics. Astrocytes are the 16 

principal brain cell type expressing aquaporin water channels that are highly implicated in 17 

maintaining local environments (10). We show that albeit being a bidirectional channel, astrocyte 18 

aquaporin sustains a tonic water outflow in basal states to ensure the structural and functional 19 

stability, as well as brain water homeostasis.  20 

The observation of a basal aquaporin water efflux implies there is constitutive water 21 

accumulation in brain astrocytes. As a ubiquitous vehicle for transporting ions, transmitters and 22 

metabolites, water enters astrocytes via a wide range of ion channels, transporters and 23 
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exchangers. For instance, they express Na+/K+ and Na+/HCO3
- cotransporters to dynamically 1 

regulate intra- and extracellular ion homeostasis (21). Standing as a major glial cell type 2 

controlling the neuropil environment, astrocytes take up synaptically released K+ through 3 

inwardly rectified K+ channels and neurotransmitters (e.g., glutamate, GABA) via high-affinity 4 

transporters to safeguard synaptic transmission (41). The transmembrane molecular exchange 5 

may lead to continual water entry into astrocytes. Moreover, astrocytes juxtapose the cerebral 6 

vasculature, being a front relay station for brain metabolism. They express glucose transporter 7 

and lactate-permeable monocarboxylate transporters facilitating energy substrate uptake and 8 

transfer between blood vessels and neuron-glia networks (42). As water is produced during 9 

metabolic processes (43), astrocyte metabolism would also contribute to the constitutive water 10 

accumulation in the cytoplasm. An efficient efflux pathway appears necessary to counterbalance 11 

the excessive water buildup, thereby maintaining astrocyte and brain homeostasis. Our data 12 

suggest that astrocyte AQP4 fulfills such a role by supporting tonic water outflow (SI Appendix, 13 

Fig. S4). Our result echoes that in the principal cells of the kidney collecting duct, AQP4 is 14 

suggested to mainly mediate water exit to balance the AQP2-sustained water entry (44).  15 

This study also provides mechanistic clues to understand AQP4-relevant pathologies in 16 

specific contexts. For instance, astrocyte water accumulation and swelling is a prominent cause 17 

of brain edema. The presence of AQP4 has been found to ameliorate perihematomal edema in 18 

intracerebral hemorrhage (45), which could be attributed to the contribution of AQP4 to 19 

astrocyte basal water extrusion. In neuromyelitis optica spectrum disorders, featured by 20 

circulating IgG autoantibody against AQP4, water transport ability is downregulated in 21 

astrocytes associated with swelling (46, 47). The inhibition of astrocyte AQP4 by autoantibody 22 

would reduce the tonic water efflux thereby causing progressive pathological swelling.  23 
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 We observed that acutely blocking aquaporin caused basal water accumulation leading to 1 

swelling in astrocytes, and facilitated the evoked astrocyte swelling by hypoosmoticity and 2 

during cortical spreading depression. This recalls early observation by electron microscopy that 3 

knocking out the anchoring protein alpha-syntrophin to disperse AQP4 clustering induces an 4 

enlargement of astrocyte endfeet (48). It likely reflects astrocyte local swelling caused by the 5 

disruption of AQP4-mediated water efflux. Our observation also parallels the report that AQP4 6 

knock out facilitates astrocytes swelling induced by hypoosmotic solution (49). Nevertheless, 7 

genetic inactivation of AQP4 also reveals inhibitory effects on astrocyte swelling (24, 50, 51). 8 

Such discrepancy might be due to the variable compensations in brain water content and 9 

structure integrity during chronic genetic manipulations (19-22). Astrocyte aquaporin modulates 10 

brain water transport (21), though its role in the glymphatic system is under deliberation (52-55). 11 

Our data suggest that astrocyte aquaporin-mediated outflow helps to maintain local water 12 

environment in the brain parenchyma. Moreover, besides affecting water transport, targeting 13 

AQP4 also impacts astrocyte volume therefore the size of extracellular space. These two factors 14 

would need be considered when evaluating AQP4 involvement in brain fluid transport.   15 

We show by DW-MRI that water transport by astrocyte aquaporin is critical for brain 16 

water homeostasis. When blocking AQP4 with TGN-020, therefore its basal water outflow, we 17 

observed spatially heterogeneous elevations of diverse temporal kinetics in brain water diffusion 18 

rate. Our current data are derived from 5 min apart acquisitions, providing information over the 19 

early phase of AQP4 inhibition therefore extending our early report (56). The regional 20 

heterogeneity likely reflects the various levels of AQP4 expression; its relative enrichment in the 21 

cerebral cortex (57) corresponds to the pronounced effect observed here by DW-MRI. An overall 22 

increase in brain water diffusion rate was observed when blocking AQP4 water efflux. This 23 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 3, 2023. ; https://doi.org/10.1101/2023.10.03.560471doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560471


Pham et al., 2023 

14 

 

treatment causes water accumulation inside astrocytes and their swelling, which reduces the 1 

extracellular space but increases the intracellular space. Water diffusion would be enhanced 2 

inside astrocytes and decreased in extracellular space, respectively. DW-MRI maps global water 3 

diffusion of both intra- and extracellular space. Likely, a net increase in brain water diffusion 4 

may reflect its intracellular increase exceeding the extracellular decrease. In addition, convective 5 

brain fluid flow has been suggested to be present in the perivascular space (52), a scenario 6 

extended by the glymphatic system to the extracellular space of the parenchyma (58). In this 7 

sense, squeezing of extracellular space might increase the rate of the water flow. The current 8 

MRI data yet lack sufficient spatial resolution to delineate the spatial compartmentalization of 9 

the brain fluid flow. 10 

Our study sheds light on the mechanisms by which astrocyte aquaporin contributes to the 11 

water environment of brain parenchyma, and will help to understand the processes underlying 12 

the brain homeostasis and adaptation to life conditions. 13 

 14 

 15 

Materials and methods  16 

Experiments were undertaken in accordance with European Community guiding principles on 17 

the care and use of animals (86/609/CEE), and the rules of the host institute. For water transport 18 

and volume imaging, coronal slices comprising somatosensory cortex were acutely prepared 19 

from C57BL/6 mice of both sexes at ages of about 4-6 weeks, unless otherwise indicated. Light 20 

sheet and epifluorescence imaging were both performed on a wide-field upright microscope 21 

(Zeiss Axioskop 50, Germany). In vivo fiber photometry recording was performed using a 22 

Neurophotometrics system (FP3002). DW-MRI experiments were conducted on a Bruker 7T 23 
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scanner using a cryo-cooled mouse brain coil, mice being mildly anesthetized with 1 

medetomidine (0.6 mg/kg/h, intravenous injection). Extended methods are provided in SI 2 

Appendix.   3 
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Fig. 1. Astrocyte aquaporin mediates a tonic water efflux. (A) In vivo chemical labelling of astrocytes. 

Sulforhodamine B (SRB, 10 mg/ml) was intraperitoneally injected in awake mice (10 µl/g). Monochrome 

images show representative astrocyte labeling in living acute brain slices from cortex under low (×20; scale 

bar, 50 µm) and high magnification (×63; scale bar, 20 µm) by epifluorescence. Below, SRB labeling was 

confirmed to be astrocyte-specific in acute brain slices of the astrocyte reporter line GFAP-EGFP, where 

light sheet imaging was used to gain optical sectioning (SI Appendix, Extended methods and Fig. S1). Scale 

bar, 20 µm. (B) Optical imaging of astrocyte water transport in situ in acute brain slices. Transmembrane 

water transport was triggered with hypo- and hypertonic solution, inducing water inflow and outflow that 

were respectively reflected by SRB fluorescence decrease and increase. Different durations of application of 

the hypo- or hypertonic solution caused water transport of different extents, translated by SRB fluorescence 

time courses of distinct amplitudes (n = 52 astrocytes, 4 mice). (C) Acutely blocking astrocyte AQP4 with 

TGN-020 caused intracellular water accumulation and swelling. Left, while no effect was seen under CTR 

condition (vehicle only, n = 23 astrocytes), TGN-020 (20 µM) significantly decreased astrocyte SRB 

fluorescence (n = 30, 6 mice). Imaging was performed in acute brain slices of layer II/III S1 cortex. Middle, 

the downward slope was compared between the periods before and after the application of TGN-020. Right, 

illustration shows astrocyte aquaporin sustaining a tonic water efflux. Its blockade causes water 

accumulation and cell swelling. (D) In vivo validation of the effect of TGN-020 application on astrocyte 

water homeostasis. Left, fiber photometry was used for real-time recording of SRB fluorescence of astrocyte 

population in S1 cortex in freely moving mice, with saline (CTR) or TGN-020 being intraperitoneally 

injected when SRB was trapped in astrocytes. Fiber photometry recording shows that in vivo SRB injection 

resulted in rapid entry into mouse cortex and, in about one hour, led to astrocyte labeling (inset scale bar, 50 

µm). Middle, example response to saline and TGN-020. Relative to CTR, TGN caused a decrease in 

astrocyte SRB fluorescence and its oscillation range (n = 8 recordings per condition, 5 mice).  
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Fig. 2. Acutely blocking astrocyte aquaporin induces swelling-associated Ca2+ oscillation. (A) In vivo 

expression in astrocytes of the genetically encoded fluorescent Ca2+ indicator GCaMP6 for imaging 

astrocyte Ca2+ in acute brain slices. Light sheet microscopy was used to capture transient Ca2+ signals of 

local regions. As a positive control, astrocyte swelling was induced by hypotonic solution (100 mOsM) that 

caused Ca2+ changes from their homeostatic level. Left, representative time courses of swelling-induced Ca2+ 

changes in detected response regions; middle to left, the histogram distribution and bar representation 

showing the signal strengths that were derived from the temporal integral of individual Ca2+ time courses 

normalized per minute, before and after cell swelling (n = 15 astrocytes of three mice). (B) Astrocyte Ca2+ 

oscillation caused by acute aquaporin blocking with TGN-020 (n = 31 astrocytes of 5 mice), due to the 

inhibition of the tonic water efflux that led to astrocyte swelling as illustrated. Scale bar, 50 µm. (C) 

Intercellular effect on SST interneurons of blocking astrocyte aquaporin water efflux. TGN-020 (20 µM) or 

the equal molar vehicle (CTR) was bath applied to acute cortical slices of SST-GCaMP6 mice (n = 7-12 

measurements from 4 mice). Scale bar, 50 µm. 
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Fig. 3. Tonic water efflux via aquaporin modulates phasic transmembrane water transport and astrocyte 

volume response. (A) Left, in basal condition astrocyte aquaporin mediates a tonic water efflux. Right, 

protocol to induce water outflow from astrocytes, therefore their shrinking, by hypertonic extracellular 

solution (400 mOsM) in either control condition (CTR) or in the presence of AQP4 inhibitor TGN-020 (20 

µM). (B) Time courses of astrocyte SRB fluorescence increase upon the phasically induced water outflow, 

reflecting the occurrence of shrinking. The histograms and bar charts compare the start time, namely the 

delay between hypertonic solution application and rise in SRB fluorescence, the time to reach the peak of 

shrinking, and the absolute amplitude of water outflow-induced SRB increase (n = 58 astrocytes for CTR, 

and 47 astrocytes for TGN-020, four mice). (C) Right, protocol to trigger water inflow into astrocytes by 

hypotonic extracellular solution (100 mOsM) in either CTR solution or in the presence of TGN-020 (20 µM). 

(D) Time courses of astrocyte SRB fluorescence decrease caused by water inflow, which also reflects 

concomitant cell swelling. In contrast to the observation with hypertonicity-induced water outflow and 

astrocyte shrinking, a reduction was observed for both the start time and the time-to-peak with TGN-020 (n 

= 12 astrocytes for CTR, and 12 astrocytes for TGN-020, four mice). TGN-020 led to a decrease in the 

absolute amplitude of astrocyte swelling.  
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Fig. 4. AQP4-mediated tonic water outflow regulates global swelling in cortical parenchyma. CSD-

associated general swelling was induced by photostimulating ChR2-expressing pyramidal cells in acute 

cortical slices, and recorded by imaging intrinsic optical signal (IOS) with infrared illumination. (A) 

Representative recording. The pia surface is on the upper side; green, blue and red squares correspond to 

regions of interest in Layers I, II-III and IV, respectively. Transmittance signals are represented in 

pseudocolor images at different time points post photostimulation. Scale bar, 100 µm. (B) Kymograph 

showing the IOS changes in a radial line of interest indicated by a black arrow in A. The light blue line 

indicates the 10-s photostimulation that increases the infrared transmittance signal (dT/T0) across cortical 

layers, as also illustrated by the time courses; a, b, c and d correspond to the time points depicted in A. After 

the onset delay (a), the first (b) and second (c) peak of IOS are characteristic of the CSD and a prolonged 

general swelling, respectively. (D-E) TGN-020 (20 µM) inhibition of AQP4 reduced the initial onset and the 

maximal amplitude of both the CSD and general swelling (n = 6 - 18 measurements from 13 mice per 

condition) in layer II/III cortex. Inhibiting spiking activity with TTX (1 µM) only affected the amplitude of 

the initial CSD response. (F) Astrocytes swelling, reflected by SRB fluorescence decrease, monitored in 

control condition (n = 75 astrocytes) and in the presence of TGN-020 (n = 17 astrocytes) in layer II/III 

cortex.  
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Fig. 5.  Perturbing the tonic water efflux via astrocyte aquaporin alters brain water homeostasis.  In vivo 

DW-MRI (7T) was employed to map water diffusion in the entire brain scale following the acute inhibition 

of astrocytic AQP4 (TGN-020, intraperitoneal injection, 200 mg/kg), with paralleled control experiments 

performed with saline injection. (A) Experimental protocol for DW-MRI. Saline or TGN020 was injected at 

10 min after the start of acquisition. DWI was acquired every 5 min. (B) Representative image obtained at 

three different b values to derive the water diffusion rates. (C) Left, brain water diffusion rate was mapped 

by the calculation of apparent diffusion coefficient (ADC). Right, representative images illustrating the 

relative changes of ADC at 60 min after injection of saline or TGN-020. (D) Time courses depicting the 

temporal changes in ADC in the cortex, striatum, and hippocampus, revealing the regional heterogeneity. 

Arrowhead indicates the injection of saline or TGN-020 (n = 10 mice for saline injection, 9 mice for TGN-

020). 
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