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Key points

® Neuronal activity causes astrocytic volume change via K* uptake through TREK-1 containing
two-pore domain potassium channels.

® The volume transient is terminated by Cl~ efflux through the Ca®*-activated anion channel
BEST1.

e The source of the Ca’" required to open BEST1 appears to be the stretch-activated TRPA1
channel.

e Intense neuronal activity is synaptically coupled with a physical change in astrocytes via volume
transients.

Abstract The brain volume changes dynamically and transiently upon intense neuronal activity
through a tight regulation of ion concentrations and water movement across the plasma
membrane of astrocytes. We have recently demonstrated that an intense neuronal activity and
subsequent astrocytic AQP4-dependent volume transient are critical for synaptic plasticity and
memory. We have also pharmacologically demonstrated a functional coupling between synaptic
activity and the astrocytic volume transient. However, the precise molecular mechanisms of how
intense neuronal activity and the astrocytic volume transient are coupled remain unclear. Here
we utilized an intrinsic optical signal imaging technique combined with fluorescence imaging
using ion sensitive dyes and molecular probes and electrophysiology to investigate the detailed
molecular mechanisms in genetically modified mice. We report that a brief synaptic activity
induced by a train stimulation (20 Hz, 1 s) causes a prolonged astrocytic volume transient (80 s)

>
(@)
9
9
(2]
>
o
o.
Y
o
©
c
-
-
O
“
()
o
|—

Junsung Woo was a postdoc fellow in the Center for Glia-Neuron Interaction at Korea Institute of Science
and Technology and is currently a postdoc fellow in the Center for Cell and Gene Therapy at Baylor College
of Medicine. Minwoo Wendy Jang is a PhD candidate of KU-KIST Graduate School of Converging Science
and Technology, Korea University in the laboratory of Dr C. Justin Lee.

*]. Woo and M. W. Jang contributed equally to this work.

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society DOI: 10.1113/JP279741


https://orcid.org/0000-0003-4325-9840
https://orcid.org/0000-0002-0479-6195
https://orcid.org/0000-0002-4427-5212
https://orcid.org/0000-0002-4398-1094
https://orcid.org/0000-0002-3487-6970
https://orcid.org/0000-0002-3555-0980

2 J. Woo and others

J Physiol 00.0

via Kt uptake through TREK-1 containing two-pore domain potassium (K2P) channels, but not
Kir4.1 or NKCCI1. This volume change is terminated by Cl~ efflux through the Ca®"-activated
anion channel BEST1, but not the volume-regulated anion channel TTYH. The source of the
Ca’* required to open BEST1 appears to be the stretch-activated TRPA1 channel in astrocytes,
but not IP;R2. In summary, our study identifies several important astrocytic ion channels (AQP4,
TREK-1, BEST1, TRPA1) as the key molecules leading to the neuronal activity-dependent volume
transient in astrocytes. Our findings reveal new molecular and cellular mechanisms for the
synaptic coupling of intense neuronal activity with a physical change in astrocytes via volume

transients.
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Introduction

Astrocytes are the most abundant cell type in the brain
and are known to play many critical roles under physio-
logical as well as pathological conditions. In an active role,
astrocytes modulate synaptic transmission and plasticity
by releasing various gliotransmitters upon Ca’' rise
(Verkhratsky & Kettenmann, 1996; Araque et al. 1999;
Lee et al. 2007; Thrane et al. 2011; Woo et al. 2012; Park
et al. 2015; Bazargani & Attwell, 2016; Nam et al. 2019).
In a supportive role, astrocytes maintain appropriate
ionic concentrations in extracellular space, for example,
by taking up potassium ions (K*) during and after
intense synaptic transmission (Simard & Nedergaard,
2004; Lambert et al. 2008; Dallerac et al. 2013). During
this process, the water molecules initially follow the
movement of KT via the astrocyte-specific water channel,
aquaporin-4 (AQP4), resulting in a transient volume
increase in the astrocyte (Simard & Nedergaard, 2004;
Andrew et al. 2007; Kitaura et al. 2009; Nagelhus &
Ottersen, 2013; Woo et al. 2018, 2019). Then the astrocytic
volume returns to normal by extruding chloride ions (Cl ™)
and osmolytes, possibly via anion channels (Abdullaev
et al. 2006; Mulligan & MacVicar, 2006; Okada et al. 2009;
Woo et al. 2019), followed by a subsequent water efflux
through AQP4.

Regarding the astrocytic K™ uptake mechanism, many
studies have revealed that the extracellular K™ originates
from the neuronal postsynaptic glutamate receptor
channels that open and release during excitatory synaptic
transmission (MacVicar & Hochman, 1991; Djukic et al.
2007; Cheung et al. 2015; Woo et al. 2019). However,
the exact molecular identity of the channel or trans-
porter responsible for the K' uptake in astrocytes
has not been determined. Various potential molecular
candidates have been proposed in the past; Kir4.1
(inwardly rectifying K* channel), NKCC1 (Na‘t, KT,
2Cl™ cotransporter), Na™ /K™ -ATPase, and K2P (two-pore
domain K' channels) (MacVicar et al. 2002; Su et al.
2002; Djukic et al. 2007; Pasler et al. 2007; Macaulay &
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Zeuthen, 2012). Likewise, the molecular identity of the
anion channel which is responsible for the efflux of Cl~
and osmolytes has not been determined, though it has
been proposed that the volume regulated anion channel
(VRAC) might be involved (Mulligan & MacVicar, 2006;
Okada et al. 2009; Han et al. 2019; Woo et al. 2019; Yang
etal. 2019).

Intriguingly, the astrocytic volume transient appears
to be linked to synaptic plasticity and memory. Many
previous studies, including ours, have revealed that the
mice lacking Agp4 consistently show impaired synaptic
plasticity and memory (Skucas et al. 2011; Fan et al.
2013; Szu & Binder, 2016; Woo et al. 2018). However,
it has been difficult to understand the nature of the
neuronal activity-induced transient volume change in
astrocytes and how it influences synaptic transmission,
synaptic plasticity, and memory. This is perhaps due to
the lack of mechanistic insights into the astrocytic volume
regulation that leads to water movement. Therefore, the
exact mechanism underlying AQP4-mediated plasticity
and memory still remains elusive.

To address these topics, we have optimized and
utilized the intrinsic optical signal (IOS) imaging
technique (MacVicar & Hochman, 1991; Holthoff &
Witte, 1996; MacVicar et al. 2002; Woo et al. 2018,
2019) to indirectly monitor transient volume changes in
real-time from hippocampal slices of various genetically
modified mice by detecting the light transmittance
through a brain slice during and after intense neuro-
nal activity (Fig. 1A and B) . We defined the neuronal
activity-induced volume transient as the volume change
in astrocytes that occurs within a minute of intense neuro-
nal activity (MacVicar & Hochman, 1991; Holthoff &
Witte, 1996; MacVicar et al. 2002; Woo et al. 2019).
Using 10S imaging, we delineate the detailed molecular
mechanism of the astrocytic volume transient and further
demonstrate how intense neuronal activity is synaptically
coupled with a physical change in astrocytes via volume
transients.

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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Methods
Ethical approval

All experimental procedures were conducted according to
protocols approved by the directives of the Institutional
Animal Care and Use Committee (IACUC) of Korea
Institute of Science and Technology (KIST, Seoul, Korea,
No. 2016-051) and Institute for Basic Science (IBS,
Daejeon, Korea, No. IBS 18-11). Breeding and housing of
the animals were conducted in the departmental animal
facility, with free access to water and rodent laboratory
chow. The animal facility was specific pathogen free, with
a 12 h-light/12 h-dark cycle, and mice were 3-5 per
cage. Experimental protocols were designed to minimize
suffering and the number of animals used in the study.
The authors understand the ethical principles under which
The Journal of Physiology operates and confirm that this
work meets the standards of The Journal's animal ethics
checklist.

Animals

Adult (7~10 weeks) male and female wildtype (C57BL/6,
Jackson Laboratories, RRID: IMSR_JAX:000664), Bestl
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KO (Balb/C, Marmorstein et al. 2006, RRID:
MGI:3797408), TRPA1 KO (129, Jackson Laboratory,
RRID: IMSR_JAX:006401), NKCC1 KO (B6/129, Jackson
Laboratories, RRID:MGI:2174739), IP;R2 KO (C57BL/6,
Futatsugi et al. 2005, kindly provided by Dr. Katsuhiko
Mikoshiba), and their wild littermate mice were used.
A 1-5% isoflurane inhalation protocol was used for
anaesthesia. Isoflurane was delivered in the induction
chamber with an oxygen source and a precision vaporizer,
and equipped with a gas scavenging system. Aanaesthetic
depth was monitored by toe pinch. All experimental
animals were killed under anaesthesia, in an unconscious
state.

Slice preparation

Hippocampal slices were prepared as previously described
(Woo et al. 2019). Briefly, mice were kept under 2—4%
isoflurane inhalation for anaesthesia. Mice heads were
decapacitated in the anaesthetized state. Then, brains
were extracted rapidly and placed in ice-cold, oxygenated
(95% O, and 5% CO,) high Mg?" dissection buffer
containing (in mMm) 130 NaCl, 24 NaHCOs, 3.5 KCl,
1.25 NaH,PO,, 1 CaCl,, 3 MgCl,, and 10 glucose (pH
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Figure 1. Transient volume change is highly dependent on the strength of synaptic activity

A, schematic diagram. Simultaneous recording of I0S and field EPSP (fEPSP) in the stratum radiatum region of
the mouse hippocampus after stimulating the Schaffer collateral pathway. B, representative traces of I10S and
fEPSP upon intense electrical stimulation of Schaffer collateral fibres for 1 s at 20 Hz. C, representative 10S traces
recorded at different stimulus frequencies but the same pulse number. D, normalized 10S inverse rise time with
increasing stimulus frequencies. Non-linear fitting with a three parameter dose-response curve equation was used:
Y = Bottom + X x (Top — Bottom)/(ECso + X). The R? value is 0.9992.

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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7.4). Transverse slices containing hippocampus were
obtained at a thickness of 300 um using a D.S.K Linear
Slicer pro7 (Dosaka EM Co., Ltd, Japan). Slices were
recovered for at least 1 h before recording in high
Mg?" dissection buffer at room temperature. After 1 h,
the Mg*™ dissection buffer was changed to oxygenated
aCSF containing (mM) 130 NaCl, 24 NaHCO;3, 3.5 KCl,
1.25 NaH,PO,, 1.5 CaCl,, 1.5 MgCl,, and 10 glucose
(pH 7.4) for additional recovery or 10S, field recording
experiments.

Intrinsic optical signal imaging

Submerged slices were transilluminated using a controlled
infrared (IR) light source with optical filter (775 nm wave-
length, Omega Filters), and images were taken using a
microscope (Olympus, BX50WI) equipped with a digital
CCD camera (Hamamatsu, ORCA-R2). We imaged the
stratum radiatum of the hippocampal CAl region. A
series of 80 images was acquired per second after 20 Hz,
1 s electrical stimulation. The relative change of trans-
mittance (AT/T) was normalized to baseline (average
of 5 images). Decay of the intrinsic optical signal (I0S)
was measured by averaging the last 10 s of the response
after dividing responses by the peak response. Imaging
Workbench software (INDEC BioSystems) was used for
image acquisition and analysis.

Electrophysiology

Whole-cell patch recordings were obtained from
SR101-loaded astrocytes in hippocampal stratum
radiatum in current clamp configuration using a
Multiclamp 700B amplifier (Axon Instruments, Union
City, NJ, USA) and a borosilicate patch pipette of 5-8 M2
resistance. Recording electrodes were filled with inter-
nal solution containing (mM) 126 potassium gluconate,
5 HEPES, 0.5 MgCl, and 10 BAPTA (pH adjusted to 7.3
with KOH) and advanced through the tissue under positive
pressure. The stimulating electrode was positioned
400 pum away from the patch-clamped astrocyte. Records
were filtered at 2 kHz and digitized at 10 kHz using a
Digidata 1322A (Axon Instruments). Field EPSP recording
was performed as described previously (Woo et al
2019). In brief, field EPSP in CAl stratum radiatum was
evoked by Schaffer-collateral stimulation with a concentric
bipolar stimulation electrode (FHC, Bowdoin, ME, USA).
Recording electrodes with a resistance of 1-3 MQ were
prepared and filled with aCSF. The amplitude of field
EPSP was quantified for further analysis. Recording was
performed using a Multiclamp 700B amplifier (Molecular
Devices). Data were acquired and analysed with
pClamp 10.2.

J Physiol 00.0

K* imaging

The movement of K* in astrocytes and neurons was
assessed with the K'-selective fluorescence indicator
Asante Potassium Green 1 (APG-1) from TEFLabs.
Astrocytes and neurons were identified by their
morphology and electrical properties. SR-101 staining was
used to characterize astrocytes. Cells were patched with
a pipette solution composed of (in mm) 140 potassium
gluconate, 10 HEPES, 7 NaCl, and 2 MgATP adjusted to pH
7.4 with CsOH containing APG-1 (40 uM). After a 15 min
period, during which dye diffused into the cell, images
of APG-1 fluorescence were acquired using a microscope
equipped with a mercury lamp, and the dye was excited
at 440 nm (540 nm emission). A series of 20 images was
acquired per second after 20 Hz stimulation.

Cl- imaging

For epifluorescence Cl~ imaging, astrocytes were
patched with the Cl -selective dye, 6-methoxy-N-
ethylquinolinium iodide (MEQ, 5 mwm, Invitrogen) in a
pipette solution composed of (in mm) 140 potassium
gluconate, 10 HEPES, 7 NaCl, and 2 MgATP adjusted to pH
7.4 with CsOH. Cl~ imaging was performed as previously
described (Isomura et al. 2003). SR-101 staining was
used to characterize astrocytes. The light from a mercury
lamp was directed through a 335 nm excitation filter and
deflected by a 360 nm dichroic beam splitter. Fluorescence
emission was directed through a 440 nm filter and detected
with a digital CCD camera. A series of 80 images was
acquired per second after 20 Hz electrical stimulation.
The relative change of transmittance was normalized to
baseline (average of 20 images). Response was measured
by averaging responses during the last 10 s.

Ca?* imaging

For Ca’" imaging experiments, slices were loaded with
Fura-2 AM (10 umMm, 1 h). Image intensities of 510 nm
wavelength were taken at 340 nm and 380 nm excitation
wavelengths using a CCD camera. Two resulting images
were used for ratio calculations with Axon Imaging
Workbench version 6.2 software (Axon Instruments).
SR-101 staining was used for astrocyte characterization. A
series of 60 images was acquired per second after electrical
stimulation. The relative change was normalized to base-
line (average of 20 images). For Ca’" imaging using
a Ca’" sensor, AAV-GFAP104-jJRGECO1la was injected
unilaterally into the hippocampal CA1 region at rate of
0.1 ul/min (total 0.5 pul) with a 25 pl syringe using a syringe
pump (KD Scientific, USA). The stereotaxic coordinates
of the injection site were ML: 1.6 mm, AP: —1.8 mm and
DV: —1.6 mm away from the bregma.

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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Virus injection and Cre activation for glia-specific
gene rescue

Mice (7-8 weeks old) were anaesthetized by 3-5%
isoflurane inhalation and placed into stereotaxic frames.
The isoflurane concentration was lowered to 1-3%
during surgical procedures, which were performed
within 1 h for each mouse. pSicoR lentivirus containing
target shRNA for Trek-1, Kird.1, Aqp4, Trpal and Bestl
or AAV-GFAP-GFP and AAV-GFAP-Cre virus was
loaded into a micro dispenser (VWR, Radnor, PA,
USA) and injected bilaterally into the hippocampal CAl
region at a rate of 0.3 ul/min (total 2 ul) with a 25 ul
syringe using a syringe pump (KD Scientific, USA).
In experiments using the triple combination of TTYH
shRNA, we used either (pSicoR-Ttyhl-shRNA-GFP,
pSicoR-Ttyh2-shRNA-mcherry and  pSicoR-Ttyh3-
shRNA-mcherry) or (pSicoR-scrambled-shRNA-GFP
and pSicoR-scrambled-shRNA-mcherry). The stereotaxic
coordinates of the injection site were 1.7 mm away
from the bregma and the depth was 1.9 mm beneath
the skull. Our glia-specific gene rescue strategy was
based on flanking the target shRNA cassette with a pair
of loxP sites, so that Cre-loxP recombination would
cause excision of this cassette and inactivate the target
shRNA (Ventura et al. 2004). By injecting this virus
into a mouse line (hGFAP-CreERT2) that conditionally
expresses Cre in glial cells only, we could selectively
retain target gene expression in glial cells (Lee et al. 2010;
Woo et al. 2012). Glial-specific activation of CreERT2
was initiated by intraperitoneal injection of tamoxifen.
For Cre activation, 1 mg of tamoxifen (dissolved in
sunflower oil), or sunflower oil solvent as a control, was
intraperitoneally injected for 7 days prior to shRNA
injection. All experiments were carried out under blind
conditions.

Chemicals

D-AP5 (Cat. No. 0106), CNQX (Cat. No. 0190) and
ORG24598 (Cat. No. 4447) were purchased from Tocris
and 4-aminopyridine (A78403) was purchased from
Sigma-Aldrich.

Statistical analysis

No statistical methods were used to pre-determine sample
sizes but our sample sizes are similar to or larger than those
generally employed in the fields. Collation of data was not
randomized and was not done blindly, but experiments
were repeated over a long study period (>2 years). No
animals were excluded from the study. Data were presented
as means £ S.D. and were analysed and graphed using
Prism 7 (GraphPad, San Jose, CA, USA) and SigmaPlot
(Systat Software, San Jose, CA, USA). When two groups
were being compared, the significance of data were

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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assessed by the two-tailed Student’s ¢ test. For comparison
of multiple groups, one-way or two-way ANOVA was
utilized. When there was an interaction between groups,
the Bonferroni/Dunnett test or multiple ¢ test was applied
for post hoc analysis. In specific cases, one-way ANOVA
with a Bonferroni/Dunnett/Tukey test was used to classify
the homogenous subsets. In general, data distribution
was assumed to be normal, but this was not formally
tested.

Results

Volume transient is initiated by K* uptake via TREK-1
in astrocytes

The neuronal activity-dependent volume transient can
be detected and visualized as an I0S with a fast rise
(4-6 s) and slow decay (70-80 s) in light transmittance
through CA1 hippocampal slices upon intense electrical
stimulation of Schaffer collateral fibres for 1 s at 20 Hz
(Fig. 1A and B), as previously described (MacVicar &
Hochman, 1991; Andrew et al. 2007; Woo et al. 2019).
The light scattering property of the brain slices changes
as the water moves into or out of various cell types such
as astrocytes, resulting in changes in light transmittance
(MacVicar & Hochman, 1991; Holthoff & Witte, 1996;
Kitaura et al. 2009; Woo et al. 2018). To determine the
stimulation frequency-dependency of 10S, we stimulated
CAl stratum radiatum with different frequencies at the
same pulse numbers (100 times) (Fig. 1C). The inverse
of IOS rise time (s™!) positively correlated with electrical
stimulation frequency with half-maximal effective
frequency (ECsq) at 15.86 Hz (Fig. 1D), indicating that
transient volume change is highly dependent on the
frequency of synaptic activity.

To replicate previous studies showing that the astrocytic
water movement is required for the volume transient,
we measured the IOS from the hippocampal slices of
mice injected with a lentivirus carrying the Agp4 shRNA
for 7 days leading to acute gene-silencing of Agp4 (Woo
et al. 2018). We observed that the amplitude of the 10S,
which is the measure of the increase of the volume trans-
ient, was almost completely abolished by Agp4 shRNA
compared to control shRNA (Fig. 2A and B). On the other
hand, there was no change in basal synaptic transmission
between control and Agp4 shRNA infected groups (Fig.
2C). In order to examine the rescue effect of astrocytic
Agp4, we utilized the Cre-loxP system. Agp4 shRNA
was cloned between 2 loxP sites, which can be flanked
under GFAP promoter driven-Cre expression (Fig. 2D).
We injected Agp4 shRNA with GFAP-GFP as a control
group and with GFAP-Cre as an experimental group.
The Agp4 shRNA resulted in a significant reduction in
IOS signal in the control group which was significantly
restored in the experimental group (Fig. 2E and F). These
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findings confirmed that AQP4 indeed mediates astrocytic
volume change. We also observed stimulus-dependent
IOS responses in astrocytes expressing control shRNA
and Agp4 shRNA. The control shRNA group showed a
steep increase in IOS amplitude with gradually increasing
stimulation frequency, compared to Agp4 shRNA
group (Fig. 2G). Through these sets of experiments,
we recapitulated our previous results that the Agp4
knockdown system does not alter synaptic activity and
that astrocytic water movement through AQP4 is required
for the astrocytic volume transient.

Volume changes in astrocytes, especially astrocytic
swelling under pathological conditions, are known to

J Physiol 00.0

trigger many cellular events in these cells (Verkhratsky &
Kettenmann, 1996; Bazargani & Attwell, 2016), including
an increase in cytosolic Ca’". Because astrocytes utilize
Ca’* increases in major signalling pathways (Verkhratsky
& Kettenmann, 1996; Verkhratsky et al. 1998; Bazargani &
Attwell, 2016), we first tested to see whether the volume
transient is associated with Ca®" signalling in astrocytes.
We recorded 10S from hippocampal slices and Ca**
imaging from individual astrocytes while increasing the
stimulus frequency from 1 Hz to 100 Hz and maintaining
the stimulus duration at 1 s. We found that amplitudes of
the 10S and Ca*" transients were increased to a similar
degree with a similar ECs frequency of 20.36 Hz for IOS

05mV

Figure 2. Synaptic activity dependent
astrocytic volume and Ca2t transient is
mediated by AQP4 water channels

A, representative 10S traces from control
and Aqp4 shRNA expressing mice. B,
summary bar graph of amplitude of 10S
from A (Student’s unpaired t test,

5P < 0.0001). C, input-output curve of
fEPSP amplitude plotted versus stimulus
intensity (wA). Inset: representative traces of
fEPSP at 100 pA stimulation. P values were
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representative traces of 10S response
(Student’s unpaired t test *P < 0.05,

*P < 0.01, **P < 0.001). H, amplitude of
I0S and CaZt response in astrocyte plotted
versus stimulus intensity after normalization
by peak response. Middle: representative
traces of 10S and Ca2* response. /,
stimulus-dependent Ca?* responses in
astrocytes expressing control shRNA and
Agp4 shRNA. Middle: representative traces
of Ca%* response (Student’s unpaired t test
*P < 0.05, **P < 0.01, **P < 0.001,

kP < 0.0001).
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and 19.86 Hz for Ca’" transients (Fig. 2H). To directly
test whether astrocytic Ca’" transients are caused by
the volume transient, we measured the stimulus-induced
Ca’" transients in astrocytes expressing Agp4 shRNA. The
amplitude of Ca’>" transients was significantly reduced
by about 65% by the Agp4 shRNA compared to control
shRNA at 100 Hz, without altering the ECs frequency
(Fig. 2I). These data indicate that stimulus-induced neuro-
nal activity leads to an astrocytic volume transient followed
by an astrocytic Ca’" transient.

We have previously reported that the quinine-sensitive
K2P channel mediates astrocytic K™ uptake and
contributes to the main source of activity-dependent
I0S (Woo et al. 2019). We also demonstrated that
TREK-1 containing K2P channels mediate the passive
conductance and GPCR-induced fast glutamate release
in hippocampal astrocytes (Woo et al. 2012; Hwang
et al. 2014). TREK-1-mediated glutamate release is
involved in p-opioid receptor-dependent hippocampal
synaptic plasticity and conditioned place preference (Nam
et al. 2019). Therefore, we tested for TREK-1 as an
indicator that K2P channels are involved in the synaptic
activity-dependent K™ uptake and the volume transient.
To determine whether the astrocytic TREK-1 is responsible
for the volume change, we used a Cre-loxP-dependent
conditional gene silencing system with a lentivirus
containing the previously characterized Trek-1 shRNA
(Lee etal. 2010; Woo et al. 2012). In hGFAP-CreERT2 mice
(tamoxifen-inducible human GFAP promoter-driven Cre
transgenic mice) infected with Trek-1 shRNA resulting in
a general knockdown of the K2P channel; the amplitude of
the IOS was significantly reduced compared to the control
shRNA condition and the uninfected control (Fig. 3A
and B). However, treatment of hGFAP-CreERT2 mice
with tamoxifen before injection of Trek-1 shRNA, which
resulted in an astrocyte-specific gene rescue of Trek-1,
fully restored the amplitude of the IOS to its control
level (Fig. 3A and B). There was no change in basal
synaptic transmission between the two virus-infected
groups (Fig. 3C). These results indicate that the astrocytic
TREK-1 containing K2P channel is responsible for
the majority (about 70%) of the increase of volume
transient.

To test whether the astrocytic K2P channel is directly
responsible for the Kt uptake, we measured K* movement
in neurons and astrocytes during synaptic transmission by
using a KT selective fluorescent dye, APG-1 (Bittner et al.
2013). As expected, we observed an efflux and an influx of
K™ in APG-1 loaded neurons and astrocytes, respectively,
which were both blocked (about 80%) by postsynaptic
glutamate receptor blockers, APV and CNQX (Fig. 3D-F).
In Trek-1 shRNA-expressing astrocytes, we observed an
almost complete elimination of K influx (Fig. 3G and H)
and membrane depolarization (Fig. 3 and J) compared

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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to control shRNA-expressing astrocytes, indicating that
the TREK-1 containing K2P channel is responsible for
K* uptake. To see whether KT uptake precedes the 108,
we compared the time course of K™ uptake, 10S, and
membrane depolarization of astrocytes. We found that
both K™ movement and membrane depolarization pre-
ceded IOS (time to peak: 1 s for membrane depolarization,
2 s for K* uptake, and 5 s for IOS) (Fig. 3K and L), which
suggest that the volume transient is initiated by K* uptake
via TREK-1 in astrocytes.

We next tested two other possible candidates, NKCC1
and Kir4.1, as targets for transient volume increase,
using genetic knockout (KO) or knockdown models.
We observed no change of I0S amplitude in wildtype
(WT) littermates, hetero-types, and KO mice for NKCC1
(Fig. 4A and B). The next candidate, Kir4.1, has long
been proposed as the molecular target for K™ buffering in
astrocytes (Djukic et al. 2007; Olsen & Sontheimer, 2008).
To test the involvement of Kir4.1 in the volume trans-
ient, we utilized the previously developed specific shRNA
for Kir4.1 (Hwang et al. 2014). Contrary to expectations,
we found no change of I0S amplitude between Kird.1
gene-silenced condition and control shRNA condition
(Fig. 4C and D). These data suggest that the volume
transient is not mediated by NKCC1 or Kir4.1. To test
a possible involvement of Kir4.1 in K uptake, we
utilized APG-1 (Bittner et al. 2013) in Kir4.1 gene-silenced
astrocytes. The K influx was not affected by Kir4.1
shRNA (Fig. 4F and F). In addition, Kir4.1 knock down
resulted in a partial reduction of astrocytic membrane
depolarization (Fig. 4G and H), when compared with
Trek-1 knockdown (Fig. 3T and J). We next tested whether
voltage-gated potassium channels contribute to the source
of an increase in extracellular potassium leading to
astrocytic volume change. We measured the IOS change
with a general voltage-gated potassium channel inhibitor,
4-AP (4-aminopyridine). We found an increase in 10S
amplitude rather than a decrease with 4-AP (Fig. 4Iand J).
If any voltage-gated potassium channels were the source
of the increase in extracellular potassium, 4-AP would
have decreased the IOS signal. However, we observed the
opposite result, namely an increase in I0S signal. The
increase in IOS signal with 4-AP is most likely due to a
prolonged depolarization of the presynaptic terminal and
an increased glutamate release, leading to an increase in
activation of postsynaptic AMPA and NMDA receptors.
This suggests that voltage-gated potassium channels are
not the source of the extracellular potassium leading
to astrocytic volume change. These results led us to
conclude that there is a minimal contribution of NKCCl1
and Kir4.1 channels to the K* uptake, and voltage-gated
potassium channels to the extracellular potassium
increase, leading to activity-induced transient volume
change.
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Volume transient is terminated by CI~ efflux via
BEST1

Next, we explored the molecular identity of the volume
decrease following a transient volume increase. In our
previous studies, we demonstrated that DCPIB, a specific
blocker for VRAC, did not affect the decay of 10S, while
NPPB, a general blocker of anion channels, increased
the baseline and eliminated the decay of the IOS
during repetitive stimulations, suggesting that the volume
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decrease is mediated by an anion channel, but not by
VRAC (Woo et al. 2019).

One potential candidate is BEST1, a Ca’"-activated
anion channel. BEST1 is highly expressed in hippocampal
astrocytes and is dually regulated by Ca’" and volume
(Chien & Hartzell, 2007; Spitzner et al. 2008; Park et al.
2009). To test whether BEST1 is involved in the volume
decrease, we utilized BEST1 KO mice (Woo et al. 2012)
and the cell type specific gene silencing system. In the
hippocampus of BEST1 KO mice and BestI shRNA
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Figure 3. Increase of astrocytic volume transient is mediated by TREK-1 potassium channels

A, representative traces of 10S from hGFAP-CreERT2 mice expressing control sShRNA, Trek-7 shRNA or Trek-1 shRNA
with tamoxifen (Trek-1 glial rescue). Black triangle: stimulation. B, summary bar graph of amplitude of I0S (two-way
ANOVA with Bonferroni's post hoc multiple comparison test, N.S. P> 0.05, *P < 0.05, **P < 0.01). C, input-output
curve of fEPSP amplitude plotted versus stimulus intensity («A). Inset: representative traces of fEPSP at 100 pA
stimulation. Pvalues were derived from two-way ANOVA with Bonferroni's post hoc multiple comparison test. Data
values represent means + s.0. D and E, measurement of K* movement in astrocyte (D) and neuron (E). Blocking of
K* influx in astrocyte, and K* efflux in neuron, after treatment with APV (50 M) and CNQX (20 uM). F, blocking
percentage of K+ movement by treatment with APV and CNQX (Student’s unpaired t test *P < 0.05, **P < 0.01).
G, representative traces of K* influx in astrocyte from Trek-1 shRNA or control shRNA-expressing astrocytes. H,
peak response of Kt influx (Student’s unpaired t test, **P < 0.01). /, representative traces of depolarization in
astrocyte from Trek-1 shRNA or control shRNA-expressing astrocytes. J, peak response of depolarization (Student's
unpaired t test, ***P < 0.0001). K, comparison of timing of K* uptake and IOS after normalization by peak
response. L, simultaneous recording of voltage change in astrocyte. Dotted vertical line indicates peak of each

response (voltage change, K* uptake and 10S).
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injected mice, we found that the volume decrease was
impaired, as evidenced by a raised baseline for the IOS
followed by an incomplete decay (Fig. 5A-C, E and F and
H and I). Furthermore, the averaged amplitude of 10S
during repetitive stimulations was significantly impaired
in the BEST1 KO mice (Fig. 5G). However, glial rescue of
Best1 by treating hGFAP-CreERT2 mice with tamoxifen
before virus injection fully restored the volume decrease
(Fig. 5Dand H-J), suggesting thatitis indeed the astrocytic
BEST]1 that mediates the volume decrease.

To confirm that astrocytic volume decrease requires
movement of C1~ through BEST1, we measured changes in
Cl™ concentration in hippocampal astrocytes using a Cl~
sensitive fluorescent dye, MEQ (Sah & Schwartz-Bloom,
1999; Isomura et al. 2003). In MEQ-loaded astrocytes,
synaptic stimulation induced a fast influx followed by a
slow efflux of CI~ (Fig. 6A). The slow efflux of CI~ was
significantly reduced by APV and CNQX (Fig. 6A and
B) and completely eliminated in Best1 shRNA-expressing
astrocytes (Fig. 6Cand D) without affecting the fast influx
of CI™. By comparing the time courses of CI~ movement
and the I0S, we found that the Cl~ efflux has a time
course that is similar to that of the volume decrease (Fig.
6E). To determine the source of fast Cl~ influx, we blocked
chloride channels by treating with ORG24598, a selective
inhibitor of the glial glycine transporter GlyT1 (Brown
et al. 2001). The fast CI™ influx was significantly reduced
with ORG24598, while slow Cl~ efflux was not changed
(Fig. 6F and G). Therefore, we suggest that Cl~ influx
is mediated in part by GlyT1 during volume regulation
in astrocyte. These results demonstrate that the synaptic
activity-induced volume decrease is mediated by Cl~ efflux
via BEST1 in astrocytes.

We next tested a possible candidate member of
the VRAC Tweety-homolog (TTYH) family, which we
recently reported to encode the pore-forming subunits of
the swelling-dependent volume-regulated anion channel

Figure 4. Increase of astrocytic volume transient is
independent of NKCC1, Kir4.1 or voltage-gated potassium
channels

A, representative 10S trace from NKCCT wild littermate, hetero-type,
and KO mice. B, the average amplitude of 10S in A (one-way ANOVA
with Tukey’s multiple comparison test). N.S. indicates non-significant
difference. C, representative |0S traces from control and Kir4. 1
shRNA expressing mice. D, the average amplitude of 10S in C
(Student's unpaired t test, N.S. P > 0.05). £, representative traces of
K* influx in astrocytes expressing Kir4. 1 shRNA or control shRNA. F,
summary bar graph for peak response of K* influx. Data are
represented as means =+ s.p. (Student’s unpaired t test, N.S.

P > 0.05). G, representative traces showing membrane
depolarization in control and Kir4.7 shRNA expressing astrocytes. H,
summary bar graph for peak depolarization in G (Student’s unpaired
t test, **P < 0.01). /, representative I0S traces from control and 4-AP
treated brain slice. J, the average amplitude of 10S in / (Student’s
paired t test, ***P < 0.001).
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(VRACyen1) in the brain (Han et al. 2019), as a target for
transient volume decrease. We injected a mixture of viruses
carrying the previously confirmed shRNA for Ttyhl, Ttyh2
and Ttyh3 (Han et al. 2019) into hippocampus. We
observed no significant difference in IOS baseline change
or decay time between Ttyh 1,2,3 triple gene-silenced
condition and control shRNA condition (Fig. 7A-D).
The averaged amplitude of IOS was also not significantly
different between the control and Ttyh 1,2,3 shRNA
injected mice (Fig. 7E). These results are consistent with
our previous report that the DCPIB-sensitive VRAC is
not involved in the transient volume decrease (Woo et al.
2019).

TRPA1-mediated Ca?* increase leads to volume
decrease

Because BEST1 is a Ca’"-activated anion channel that
leads to volume decrease through Cl~ efflux, we hypo-
thesized that a rise in astrocytic Ca’" could lead to a

J Physiol 00.0

volume decrease. It has been reported that a rise in
astrocytic Ca** can be mediated by either Ca’" release
from internal stores through IP;R2 upon GPCR activation
(Agulhon et al. 2010) or Ca®* entry via TRPA1 (Shigetomi
etal.2011,2013), which is known to be one of the members
of stretch-activated TRP channels (Corey et al. 2004; Soya
et al. 2014). We have recently shown that ultrasound
induces a Ca®' increase via TRPA1 and subsequently
releases glutamate via BEST1 (Oh et al. 2019). Therefore,
we tested whether the astrocytic Ca’* increase elicited
by the AQP4-dependent volume transient is mediated by
TRPA1. Using jJRGECOla (an improved red genetically
encoded calcium indicator based on mApple) (Dana et al.
2016) under the GFAP104 promoter, we examined the
synaptic activity-mediated astrocytic Ca’" response in
hippocampal slices. Two consecutive Schaffer collateral
stimulations (20 Hz, 1 s), separated by a 15-min interval,
induced similar amplitudes of astrocytic Ca’" responses
(Fig. 8A and B). However, the second stimulation-induced
Ca*" response was significantly reduced, to 35%, when
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Figure 5. Decrease of astrocytic volume transient is mediated by BEST1 chloride channels

A-D, representative 10S traces from WT, BEST1 KO mice and hGFAP-CreERT2 mice expressing Best7 shRNA and
Best1 shRNA with tamoxifen (glial rescue of Best7). £ and F, summary graphs of baseline (E) and decay (F) changes
of 10S from WT and Best7 KO mice (multiple t test, **P < 0.01, ***P < 0.001). H and /, summary graphs of
baseline (H) and decay (/) changes of 10S from hGFAP-CreERT2 mice expressing Best1 shRNA or Best1 shRNA with
tamoxifen (multiple t test, ***P < 0.001, ***P < 0.0001). G and J, summary graphs for amplitude of 10S in these
conditions. P values were derived by Student’s t test (G) and two-way ANOVA with Dunnett’s post hoc multiple
comparison test (J). Data are represented means =+ s.0. N.S. P > 0.05, *P < 0.05.
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the slice was treated with a selective TRPA1 blocker
HC030031 (McNamara et al. 2007) for 15 min (Fig. 8 C-E).
These results suggest that the majority of the synaptic
activity-induced astrocytic Ca*" increase is induced via
TRPAI.

We next used the TRPA1 KO mice and cell-type specific
gene-silencing system using Trpal shRNA. In both TRPA1
KO mice and Trpal shRNA injected mice, we found that
the volume decrease was impaired, as evidenced by a
significantly raised baseline for the IOS followed by an
incomplete decay (Fig. 9A-D). However, glial rescue of
Trpal fully restored the volume decrease (Fig. 9E-I). To
test whether IP;R2-dependent Ca** release is associated
with the volume decrease, we measured 10S using IP;R2
KO mice (Futatsugi et al. 2005). We found no significant
difference in the IOS baseline or decay (Fig. 10A-D). These
results suggest that it is indeed TRPA1 that mediates the
volume decrease in astrocytes rather than IP;R2.

Based on our results, we have analysed the time course
of 10S signal and ion flows after synaptic activity. The K*
influx proceeds I0S peak while Cl~ efflux corresponds
with IOS decrease (Fig. 11A). The Ca’" response that
coincides with IOS might be responsible for opening

Molecular mechanism of astrocytic volume transient

"1

of Ca’T-activated chloride channels (Fig. 11A). Taken
together, this study provides the detailed molecular and
cellular mechanisms of the activity-dependent volume
transient in astrocytes (Fig. 11B).

Discussion

In the present study, we have provided a new model for the
way in which neuronal activity is linked to the astrocytic
volume transient (Fig. 11B). The whole process begins
when an intense neuronal activity causes an opening
of postsynaptic AMPA and NMDA receptor channels in
neurons that dump out K into the extracellular space
(Fig. 11B, (D). The volume transient is initiated by an
uptake of the extracellular KT ions through the TREK-1
containing K2P channels. As a possible counter balancing
ion, Cl™ influxes through GlyT1 with the same time course
as the K* influx through K2P channels (Fig. 11B, ().
These ionic fluxes drive the influx of water molecules
through the astrocyte-specific AQP4 channel in response
to an osmotic pressure, resulting in transient volume
increase (Fig. 11B, (3)). The stretched cell membrane is
likely to open TRPAI, to induce a Ca’" influx (Fig. 11B,
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Figure 6. Cl~ efflux during volume transient is mediated by BEST1

A, representative traces of CI~ efflux in astrocytes from WT mice with or without APV (50 uM) plus CNQX (20 pm)
treatment. B, magnitude of Cl~ efflux by averaging responses over 50-60 s (Student’s unpaired t test, ***P < 0.001).
C, representative traces of CI~ efflux in astrocytes expressing Best1 shRNA or control shRNA. D, magnitude of Cl~
efflux by averaging responses over 50-60 s (Student’s unpaired t test, **P < 0.01). £, comparison of timing of CI~
efflux and 10S after normalization by peak response. F, representative traces of Cl~ efflux in astrocytes from WT
mice with or without ORG24598 (10 um) treatment. G, magnitude of CI~ influx and efflux by averaging responses
over 50-60 s (Student’s unpaired t test, N.S. P > 0.05, **P < 0.01).
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(®). Following this, astrocytic Ca’" can activate BEST1
allowing Cl™ to flow out of astrocyte through this open
channel (Fig. 11B, (3)). In response to decreased osmotic
pressure, water effluxes through AQP4, resultingin a trans-
ient volume decrease (Fig. 11B, ().

The molecular identity of the channel responsible
for K™ uptake has long been proposed to be Kir4.1.
The astrocytes of the Kir4.1 knockout mouse show
an unusually depolarized membrane potential with
an impaired K™ and glutamate uptake (Djukic et al.
2007). However, our study demonstrates that Kir4.1
does not mediate volume transient or K™ uptake, but
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only affects activity-dependent membrane depolarization
(Fig. 4C-H). Instead, we found that the TREK-1
containing K2P channel is responsible for Kt uptake
and the volume transient. This TREK-1 containing K2P
channel is most likely a heterodimer of TREK-1 and
TWIK-1, as we have previously shown (Hwang et al.
2014). The discrepancy between the findings using the
Kir4.1 knockout mouse and our findings here might
have arisen from the fact that the authors (Djukic et al.
2007) performed the K™ uptake experiments at a holding
potential of —90 mV under voltage-clamp configuration,
which might have selected for an influx of K* through
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Figure 7. Decrease of astrocytic volume transient is not mediated by TTYH 1,2,3

A and B, representative |0S traces from WT mice expressing control shRNA (4) and Ttyh 7,2,3 shRNA (B). Cand D,
summary graphs of baseline (C) and decay (D) changes of 10S from control sShRNA and Ttyh 1,2,3 shRNA expressing
mice. E, summary graph for amplitude of I0S in these conditions. P values were derived by Student’s unpaired t

test, N.S. P > 0.05.
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%P < 0.0001). E, summary graph of
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and HC030031 treated hippocampal slices
(Student's paired t test, ****P < 0.0001).

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society



J Physiol 00.0

Kir4.1 (Djukic et al. 2007). In other words, the authors
might have obtained different results if they had performed
the experiment under current-clamp configuration as we
did in this study. Therefore, the roles of Kir4.1 and K2P
are clearly distinct: Kir4.1 sets up the resting membrane
potential whereas K2P mediates passive conductance and
K™ uptake (Pasler et al. 2007; Hwang et al. 2014).

Molecular mechanism of astrocytic volume transient
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Likewise, VRAC has long been proposed to be
responsible for the transient volume decrease. We
have recently reported that astrocytic TTYH1/2/3 are
necessary and sufficient for the regulated volume decrease
(RVD) in the hippocampus rather than the transient
volume decrease (Han et al. 2019). RVD is induced by
low-frequency stimulation (1 Hz) for 30 min, which is
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Figure 9. TRPA1-mediated Ca?t increase leads to decrease of volume transient
A and B, representative |OS traces from WT and TRPA1 KO mice. C and D, summary graphs of baseline (C) and
decay (D) changes of IOS from these mice (multiple t test, *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001).
E-G, representative 10S traces from hGFAP-CreERT2 mice expressing control shRNA (E), Trpal shRNA (F), Trpal
shRNA with tamoxifen (glial rescue of Trpa7) (G). H and /, summary graphs of baseline (H) and decay (/) changes
of 10S from these mice (multiple t test, ****P < 0.0001). Data are represented as means =+ S.D.
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Figure 10. Decrease of astrocytic volume transient is independent of IP3;R2-mediated Ca?* release
A and B, representative 10S traces from WT (A) and IP3R2 KO (B) mice. C and D, summary graphs of baseline (C)
and decay (D) changes of 10S from these mice (multiple t test, N.S. P > 0.05).
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clearly distinguishable from the transient volume decrease,
which is induced by a brief train of high frequency
stimulations. As the TTYH channels have been shown
to be responsible for RVD, we expected that these

J Physiol 00.0

not alter the transient volume decrease. The involvement
of LRRC8A in astrocytic volume change has also been
indicated using a genetic KO mice model (Yang et al.
2019). However, LRRC8A-mediated volume change is also

channels would not contribute to the transient volume
decrease. As expected, Ttyhl,2,3 triple gene-silencing did

markedly distinct from the transient volume decrease. It
is induced by hypo-osmotic solution or ATP treatment,
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Figure 11. Synaptic activity-induced astrocytic volume transient is time-dependent

A, comparison of timing of 10S, K* rise, CI~ influx and efflux and Ca?* rise. Dotted vertical line indicates the
initiation of volume decrease and CI~ efflux. B, schematic diagram depicting molecular mechanism of synaptic
activity-induced astrocytic volume increase and decrease.
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which cannot be mimicked by a brief train of neuronal
activity. In addition, the transient volume decrease has
been shown to be insensitive to DCPIB, a specific inhibitor
for VRAC (Woo et al. 2019). In this study, we have pre-
sented a series of results showing that the transient volume
decrease is mediated by Cl™ efflux via BEST1. Together,
these results all indicate that the transient volume decrease
is mediated by Ca’"-activated anion channels such as
BEST1, and not by VRACs such as TTYH or LRRC8A.

We have recently shown that astrocytic TRPA1 is
modulated by low-intensity, low-frequency ultrasound
(LILFU) and mechanical stimulus (poking) to induce
an astrocytic Ca’" increase (Oh et al. 2019). LILFU
can specifically activate TRPA1 in astrocytes, which
results in glutamate release through BEST1 (Oh et al
2019). In addition, the similar subcellular localization
of TRPA1 and BEST1 in the astrocytic microdomains
(Woo et al. 2012; Oh et al. 2019) provides a structural
basis for TRPAI’s unique ability to cooperate with
the Ca®T-activated BEST1. In the current study, we
have additionally demonstrated that astrocytic membrane
expansion, induced by a transient volume increase, can
activate TRPA1 and subsequently BEST1. These results
indicate that an increase in astrocytic Ca’*, which is
induced by either ultrasound-activated TRPA1 (Oh et al.
2019) or membrane stretch-activated TRPA1, can open
BEST1 channels.

Consistent with recent studies describing IP3;R2
independent astrocytic Ca’" signalling in neuronal
pathways (Petravicz et al. 2014; Srinivasan et al. 2015),
we also have demonstrated that IP;R2 is not a major
source of the astrocytic Ca*™ involved in the synaptic
activity-induced volume transient (Fig. 10). We observed
in the IP;R2 KO mouse a tendency of the IOS baseline to
generally increase, indicative of some minor involvement
of IP;R2 in the astrocytic Ca’t increase that leads to a
transient volume decrease. Nevertheless, the measured
values were highly variable, even in slices from the same
animal, suggesting that IP;R2 is not a major contributor
to the astrocytic volume transient. In addition to the IOS
baseline change, there was also a non-significant difference
in the IOS decay in WT and IP5R2 KO mice, strengthening
the argument that transient astrocytic volume change is
independent of IP;R2.

BEST1 has been shown to release glutamate
Ca’"-dependently from astrocytes (Oh et al. 2012, 2019;
Woo et al. 2012; Park et al. 2013), and the released
glutamate targets synaptic GluN2A-containing NMDA
receptors to cause NMDAR-dependent potentiation of
synaptic activities (Park et al. 2015; Oh et al. 2019).
Activation of AQP4 has also been implicated in synaptic
plasticity, in hippocampal volumetric plasticity and
long-term potentiation in rodents and grey matter volume
increase and verbal learning capacity in humans (Woo
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et al. 2018). AQP4 underlies the overall process of
astrocytic transient volume change: a series of sequential
events including water influx, transient volume increase,
Ca’* increase and subsequent activation of BEST1 during
the transient volume decrease.

We observed no change in the fEPSP slope in the Agp4
shRNA group (Fig. 2C), indicative of intact basal synaptic
transmission. On the other hand, previous studies have
shown a critical role of AQP4 in LTP and memory without
any appreciable differences in basal synaptic transmission
(Skucas et al. 2011; Fan et al. 2013; Woo et al. 2018).
Consistent with these previous studies, we also anticipate
that Agp4 genetic knockdown does not disturb neuronal
synaptic activity but would result in LTP impairment. We
predict that this might be due to a reduction in release
of gliotransmitters such as BDNF and/or glutamate in
AQP4lacking astrocytes. Therefore, we raise the possibility
that the AQP4-dependent volume transient leads to (1)
a TRPAl-mediated Ca’" increase, (2) Ca’"-dependent
BDNF and BEST1-mediated glutamate releases, (3)
BDNF- and NMDAR-dependent synaptic plasticity and
memory formation. These exciting possibilities await
future investigations.

In summary, our study identifies several important
astrocytic ion channels (AQP4, TREK-1, BEST1, TRPA1)
as the key molecules leading to the activity-dependent
volume transient in astrocytes. Our study highlights the
importance of neuron-astrocyte interaction during an
intense synaptic transmission through an unexpected
physical phenomenon, the astrocytic volume transient.
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