
INTRODUCTION

Intrinsic optical signal (IOS) imaging is a label-free and mini-
mally invasive imaging technique that represents changes in light 
absorption or scattering as the spatiotemporal neural activity. IOS 

Pharmacological Dissection of Intrinsic Optical 
Signal Reveals a Functional Coupling between 

Synaptic Activity and Astrocytic Volume Transient
Junsung Woo1†, Young-Eun Han1,2,3†, Wuhyun Koh1,2,3, Joungha Won1,3,4,  

Min Gu Park1,3,5, Heeyoung An1,3,5 and C. Justin Lee1,2,3*
1Center for Glia-Neuron Interaction, Korea Institute of Science and Technology (KIST), Seoul 02792, 2Department of 

Neuroscience, Division of Bio-medical Science & Technology, KIST School, Korea University of Science and Technology, 
Seoul 02792, 3Center for Cognition and Sociality, Institute for Basic Science (IBS), Daejeon 34126, 4Department of Biological 

Sciences, Korea Advanced Institutes of Science and Technology (KAIST), Daejeon 34141, 5KU-KIST, Graduate School of 
Converging Science and Technology, Korea University, Seoul 02841, Korea

https://doi.org/10.5607/en.2019.28.1.30
Exp Neurobiol. 2019 Feb;28(1):30-42.
pISSN 1226-2560 • eISSN 2093-8144

Original Article

The neuronal activity-dependent change in the manner in which light is absorbed or scattered in brain tissue is called the intrinsic 
optical signal (IOS), and provides label-free, minimally invasive, and high spatial (~100 μm) resolution imaging for visualizing neu-
ronal activity patterns. IOS imaging in isolated brain slices measured at an infrared wavelength (>700 nm) has recently been attrib-
uted to the changes in light scattering and transmittance due to aquaporin-4 (AQP4)-dependent astrocytic swelling. The complexity 
of functional interactions between neurons and astrocytes, however, has prevented the elucidation of the series of molecular mecha-
nisms leading to the generation of IOS. Here, we pharmacologically dissected the IOS in the acutely prepared brain slices of the 
stratum radiatum of the hippocampus, induced by 1 s/20 Hz electrical stimulation of Schaffer-collateral pathway with simultaneous 
measurement of the activity of the neuronal population by field potential recordings. We found that 55% of IOSs peak upon stimula-
tion and originate from postsynaptic AMPA and NMDA receptors. The remaining originated from presynaptic action potentials 
and vesicle fusion. Mechanistically, the elevated extracellular glutamate and K+ during synaptic transmission were taken up by astro-
cytes via a glutamate transporter and quinine-sensitive K2P channel, followed by an influx of water via AQP-4. We also found that 
the decay of IOS is mediated by the DCPIB- and NPPB-sensitive anion channels in astrocytes. Altogether, our results demonstrate 
that the functional coupling between synaptic activity and astrocytic transient volume change during excitatory synaptic transmis-
sion is the major source of IOS.
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imaging is readily observed at the cellular level in a single neuron 
(in vitro ) or in the human brain (in vivo ) [1-5]. Many previous 
studies have reported that IOS originated from activity-dependent 
changes in several parameters such as blood volume, the ratio of 
oxy/deoxygenated hemoglobin, and light scattering with cell swell-
ing, which can be separately measured by varying the wavelength 
of light [6-8]. Measuring IOS signal at the near-infrared region 
(>700 nm) has several advantages, such as deeper penetration into 
brain slices or tissue and a minimal contribution of the absorption 
from either hemoglobin usually measured at around 630 nm [9] 
or cytochrome, such as porphyrins, measured at 440 nm [10]. The 
IOS signal under infrared wavelength has been shown to be domi-
nated by light scattering with both activity-dependent astrocyte-
swelling by the ionic movement associated with water and the 
reduction of the extracellular volume [1, 7, 8, 11]. However, the 
detailed molecular mechanisms underlying IOS generation still 
remain elusive.

To better understand the molecular mechanisms underlying IOS 
generation, stimulation-evoked IOS has been studied in various 
brain regions including the hippocampus and somatosensory 
cortex [8, 12-14]. Stimulation-evoked IOS is known to be depen-
dent on postsynaptic glutamate receptors in the hippocampus [1, 
15, 16]. We have also previously reported that neuronal activity-
dependent transient volume change by water influx through astro-
cytic aquaporin-4 (AQP4) entirely governs the IOS signal evoked 
by a 20 Hz stimulation of the Schaffer-collateral pathway in hip-
pocampal slices as evidenced by the complete abolishment of IOS 
signal by gene-silencing of astrocytic AQP4 [17]. However, the 
detailed molecular mechanisms outlining what triggers the 20 Hz-
stimulation-induced water influx in astrocytes is still unknown.

To address this puzzling topic, we pharmacologically dissected 
the IOS under infrared wavelength in the stratum radiatum  of 
the hippocampus evoked by a 20 Hz stimulation of the Schaffer-
collateral pathway and simultaneously measured the activity of 
the neuronal population with field potential recording to moni-
tor neuronal activity-dependent transient volume changes in real 
time. We found that presynaptic voltage-gated Na+ channels and 
Ca2+ channels, post-synaptic α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-Methyl-D-aspartic acid 
or N-Methyl-D-aspartate (NMDA) receptors, and astrocytic K+ 
and Cl- channels are the key contributors to IOS by IOS’s sensitiv-
ity to specific inhibitors: tetrodotoxin (TTX), cadmium (Cd2+), 
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), (2R)-amino-
5-phosphonovaleric acid (APV), quinine, and (5-Nitro-2-(3-
phenlypropylamino)benzoic acid) (NPPB).

MATERIALS AND METHODS

Animals

Adult (6~8 week) C57BL/6 (B6) mice of each sex were used. All 
mice were kept on a 12 h light-dark cycle in a specific-pathogen-
free facility with controlled temperature and humidity and had 
free access to food and water. All experimental procedures were 
conducted according to protocols approved by the directives of 
the Institutional Animal Care and Use Committee of KIST (Seoul, 
Republic of Korea, approval number: 2016-051).

Slice preparation and electrophysiology

Hippocampal slices were prepared as described previously [17]. 
Transverse slices containing hippocampus were sliced at a thick-
ness of 300 µm using a D.S.K Linear Slicer pro7 (Dosaka EM 
Co., Ltd, Japan). Slices were left to recover for at least 1 h before 
recording in an oxygenated (95% O2 and 5% CO2) preparation of 
aCSF containing (in mM): 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 
NaH2PO4, 1 CaCl2, 3 MgCl2, and 10 glucose (pH 7.4) at room tem-
perature. After 1 h, the preparation of aCSF was replaced with an 
oxygenated recording of aCSF solution (1.5 CaCl2 and 1.5 MgCl2 
containing aCSF) which was also used when recording was per-
formed.

Field potentials in the CA1 stratum radiatum evoked by Schaf-
fer-collateral stimulation were measured as previously described 
[1] and responses were quantified in terms of field potential am-
plitude measurements. Recording was performed using a Multi-
clamp 700B amplifier (Molecular Devices). Data was acquired and 
analyzed with pClamp 10.2. Recording electrodes (4~8 MΩ) were 
filled with NaCl (1 M).

IOS imaging

For IOS imaging devices, an infrared (IR) light source with opti-
cal filter (775 nm wavelength, Omega Filters) was used for trans-
illumination of brain slices and these optical signals were obtained 
as IOS images from the stratum radiatum  of the hippocampal 
CA1 region using a microscope (BX50WI, Olympus) equipped 
with a CCD camera (ORCA-R2, Hamamatsu). Imaging Work-
bench software (INDEC BioSystems, CA, USA) was used for im-
age acquisition and analyses.

In detail, we first prepared mouse brain hippocampal slices (de-
scribed in the methods for electrophysiology). Next, we fixed a 
hippocampal slice into the recording chamber and positioned the 
electrical stimulator in the CA1 stratum radiatum region. A series 
of 80 images/s were acquired following electrical stimulation (20 
Hz, 1 s, 200~300 •A). The relative change of transmittance (ΔT/T) 
was normalized to baseline (average of 5 images). Decay of the IOS 
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was measured by averaging the last 10 s of the response after di-
viding responses with peak response and adding baseline changes. 

Chemicals

TTX citrate (tetrodotoxin citrate, Octahydro-12-(hydroxy-
methyl)-2-imino-5,9:7,10a-dimethano-10aH-[1,3]dioxocino[6,5-
d ]pyrimidine-4,7,10,11,12-pentol citrate, Tocris, #1069), Cd2+ 
(Cadmium sulfate hydrate, Sigma-Aldrich, #25513), Con-
canamycin A (Folimycin, 3Z ,5E ,7R ,8R ,9S ,10S ,11R ,13E ,15E ,
17S ,18R )-18-[(1S ,2R ,3S )-3 [(2R ,4R ,5S ,6R )-4-[[4-O -(Amino-
carbonyl)-2,6-dideoxy-β-D-arabino hexopyranosyl]oxy]
tetrahydro-2-hydroxy-5-methyl-6-(1E )-1-propenyl-2H -pyran-
2-yl]-2-hydroxy-1-methylbutyl]-9-ethyl-8,10-dihydroxy-3,17-
dimethoxy-5,7,11,13-tetramethyloxacyclooctadeca-3,5,13,15-
tetraen-2-one, Sigma-Aldrich, #C9705), APV (D-AP5, D-(-)-
2-Amino-5-phosphonopentanoic acid, Tocris, #0106), CNQX 
(6-Cyano-7-nitroquinoxaline-2,3-dione, Tocris, #0190), Bicucul-
line ((-)-Bicuculline methobromide, Tocris, #0109), CGP-35348 
((3-Aminopropyl)(diethoxymethyl)phosphinic acid, Sigma-Al-
drich, #C5851), Strychnine ((−)-Strychnine, Strychnidin-10-one, 
Sigma-Aldrich, #S0532), Suramin (Suramin sodium salt, Sigma-
Aldrich, #S2671), DL-TBOA (DL-threo-beta-Benzyloxyaspartate, 
Tocris, #1223), Bumetanide (3-(Aminosulfonyl)-5-(butylamino)-
4-phenoxybenzoic acid, Sigma-Aldrich, #B3023), Ba2+ (Barium 
chloride dihydrate, Sigma-Aldrich, #529591), Furosemide 
(5-(Aminosulfonyl)-4-chloro-2-([2-furanylmethyl]amino)ben-
zoic acid, Sigma-Aldrich, #F4381), Ouabain (3-[(6-Deoxy-α-L-
mannopyranosyl)oxy]-1,5,11α,14,19-pentahydoxycard-20(22)-
enolide, Tocris, #1076), Quinine ((R )-(6-Methoxyquinolin-4-yl)
((2S ,4S ,8R )- 8-vinylquinuclidin-2-yl)methanol, Sigma-Aldrich, 
#145904), DCPIB (4-(2-butyl-6,7-dichloro-2-cyclopentylindan-
1-on-5-yl)oxybutyric acid, Tocris, #1540), NPPB (5-Nitro-2-(3-
phenylpropyl-amino)benzoic acid, Sigma-Aldrich, #N4779).

Statistical analysis

Statistical parameters including the exact value of n, the defini-
tion of center, dispersion and precision measures (mean±standard 
error of the mean (SEM)) and statistical significance are reported 
in the figures and figure legends. If the values come from a Gauss-
ian distribution, all data points are tested by D’Agostino-Pearson 
omnibus normality test, and then appropriate statistical methods 
are applied. In figures, asterisks denote statistical significance 
as *p<0.05; **p<0.01; ***p<0.001; ****p<0.000, as well as non-
significance with NS, p>0.05. Statistical analysis was performed in 
GraphPad PRISM 7 software.

RESULTS

The neuronal activity-dependent light transmittance 

change is visualized using IOS imaging

The neuronal activity-dependent IOS change can be observed 
with a fast rise (4~6 s) followed by a slow decay (70~80 s) of light 
transmittance in the CA1 stratum radiatum of hippocampal slices 
upon electrical stimulation of the Schaffer collateral pathway for 
1 s at 20 Hz as previously described [17] (Fig. 1A). Simultaneously, 
field excitatory post-synaptic potential (fEPSP) was measured to 
monitor the change in neuronal activity (Fig. 1A). To check the 
stimulation frequency-dependency of IOS, the IOS was measured 
with various stimulation frequencies from 1 to 100 Hz for 1 s. The 
normalized IOS peak was gradually increased in a stimulation 
frequency-dependent manner with an EC50 at 20 Hz (Fig. 1B and 
1C). These results indicate that neuronal activity-dependent light 
transmittance change was visualized by IOS imaging.

The presynaptic action potential and neurotransmitter re-

lease are essential for the generation of activity-dependent 

IOSs and fEPSPs

Many previous studies have reported that the change of light 
scattering in brain slices originates from water movements in as-
trocytes according to excitatory synaptic transmission, resulting 
in the light transmittance change of IOS imaging [1, 11, 12, 14, 16]. 
Using various inhibitors of synaptic transmission, we character-
ized the synaptic nature of the IOS. To check the contribution of 
presynaptic neurons in the generation of activity-dependent IOS, 
we used TTX (0.5 μM), a voltage-gated sodium channel blocker, 
and observed the complete abolishment of IOS peak, fEPSP, and 
fiber volley (Fig. 2A~E), suggesting that presynaptic action poten-
tials are essential for the generation of activity-dependent IOSs 
and fEPSPs. To further confirm the involvement of neurotrans-
mitter release in the generation of activity-dependent IOS, we used 
Cd2+ (100 μM), an inhibitor for voltage-gated calcium channels, 
and Concanamycin A (ConA) (0.5 μM, pre-treatment for 2 h), an 
inhibitor for vacuolar type H+-ATPase in presynaptic vesicles. We 
found that Cd2+ and ConA significantly reduced IOSs and fEPSPs 
(Fig. 2F~I, and 2K~N), without affecting the fiber volley (Fig. 2J 
and 2O). These results indicate that neurotransmitter release is 
also involved in the generation of activity-dependent IOS and 
fEPSP.

Postsynaptic AMPA and NMDA receptors are major sources 

of activity-dependent IOS

To determine the specific postsynaptic receptors for the genera-
tion of IOS, we considered various receptors for glutamate, GABA, 
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glycine, and ATP expressed in CA1 pyramidal neurons as the puta-
tive candidates [18, 19] (Fig. 3A). We found a significant reduction 
in IOS peak, abolishment of fEPSP, and intact fiber volley by APV 
(50 μM) and CNQX (20 μM) (Fig. 3B~E). However, the IOS peak 
was not changed by inhibitors for GABAA and GABAB receptors 
(bicuculline, 10 μM, and CGP-35348, 5 μM, Fig. 3F and 3G), even 
in the presence of inhibitors for glutamate receptors (APV and 
CNQX) (Fig. 3H and 3I). To determine if other neurotransmitters 
and their receptors are involved in the generation of IOS, we treat-
ed the inhibitors for glycine (strychnine, 1 μM) and ATP (suramin, 
100 μM) receptors in the presence of APV and CNQX. However, 
we found no further inhibition of IOS peak by strychnine and 
suramin (Fig. 3J~M). These data suggest that activity-dependent 
IOS is mostly generated by excitatory synaptic transmission via 
postsynaptic glutamate receptors, including AMPA and NMDA 
receptors, rather than by other transmitters and receptors, such as 

GABA, glycine, and ATP. 
To determine the relative contribution of each step during syn-

aptic transmission, the IOS peak after treatment of various drugs, 
such as APV and CNQX, TTX, Cd2+, and ConA, were normalized 
by the peak of the control IOS (Fig. 3N). There was 5.8% of the 
TTX insensitive portion, and a 54.9% contribution of the postsyn-
aptic glutamate receptor as evidenced by block percent of APV 
and CNQX. The contribution of action potential (AP) firing as 
11.7%, vesicle fusion as 27.7% including 23.6% of RRP (readily re-
leasable pool) vesicle fusion and 4.1% of empty vesicle fusion were 
calculated by taking the difference of block-percentage of Cd2+ 
from TTX, ConA from Cd2+, and APV and CNQX from ConA, 
respectively (Fig. 3N and 3O). 

Fig. 1. Neuronal activity-dependent light transmittance change is visualized by the IOS imaging. (A) Schematic diagram. Simultaneous recording of 
IOS and fEPSP in the stratum radiatum region of the mouse hippocampus after stimulating the Schaffer Collateral pathway. Black triangle: stimulation. (B) 
Representative traces of IOS upon various stimulus intensities. (C) Normalized IOS peak curve upon various stimulus intensities.
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The increase of both extracellular K+ and glutamate during 

excitatory synaptic transmission could be the remaining 

sources of activity-dependent IOS

We confirmed that presynaptic release of glutamate and post-
synaptic activation of the glutamate receptor are the main sources 
of IOSs (Fig. 3O). This finding raised the possibility that the ex-
tracellular glutamate and K+ resulting from excitatory synaptic 
transmission could be detected by IOS (Fig. 4A). To test this idea, 
we treated the glutamate (10 mM) and K+ (5 mM) in a 4% agarose 
gel to mimic the brain slice and avoid the excitotoxicity that oc-
curs in real brain slices (Fig. 4B). It has been reported that electri-

cal stimulation in the hippocampus induces millimolar changes 
in glutamate [20] and K+ [21]. Interestingly, we found that IOS 
change by treatment of glutamate and K+ in agarose gel (Fig. 4C 
and 4D), suggesting the extracellular ionic concentration changes 
as a source of IOS. 

Astrocytes rapidly take-up glutamate resulting from presynap-
tic glutamate release during synaptic transmission via glutamate 
transporters, mostly expressed in astrocytes [22]. Recently, the 
astrocytic glutamate transporter EAAT2 has been reported to con-
tribute to IOS as evidenced by a significant inhibition of IOS by 
dihydrokainic acid (DHK), an inhibitor for glutamate transporter 

Fig. 2. Presynaptic action potential and neurotransmitter release are essential for the generation of activity-dependent IOS and fEPSP. (A, F, K) Sche-
matic diagram for contribution of pre-synaptic action potential and neurotransmitter release. (B, G, L) Representative traces of IOS. Inset: Representative 
traces of fEPSP. (C, H, M) The percentage of IOS peak. (D, I, N) fEPSP amplitude (mV). (E, J, O) fiber volley of fEPSP (mV). ((C to J) paired t-test (two-
tailed), (M to O) unpaired t-test (two-tailed), ***p<0.001, ****p<0.0001, NS p>0.05).
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Fig. 3. Postsynaptic AMPA and NMDA receptors are the major sources of the activity-dependent IOS. (A) Schematic diagram for candidates of post-
synaptic receptors as the sources of IOS. (B, F, H, J, L) Representative traces of IOS. Inset: Representative traces of fEPSP. (C, G, I, K, M) The percentage of 
IOS peak. (D, E) fEPSP amplitude (mV), and fiber volley (mV). ((C to M) paired t-test (two-tailed), *p<0.05, **p<0.01, ***p<0.001, NS p>0.05). (N) Sum-
mary bar graph of the normalized percentage of IOS peak. (O) Summary pie chart of the contribution percentage for IOS peak. (Post: APV and CNQX-
sensitive portion of IOS peak, TTX-insensitive: TTX-insensitive portion of IOS peak, AP firing: subtracting Cd2+ from TTX-sensitive portion of IOS 
peak, RRP vesicle fusion: Concanamycin A from Cd2+-sensitive portion of IOS peak, Empty vesicle fusion: APV and CNQX from Concanamycin A-
sensitive portion of IOS peak).
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Fig. 4. Extracellular ionic concentration changes in glutamate and K+ contribute to activity-dependent IOS. (A) Schematic diagram of extracellular 
glutamate and K+ change during excitatory synaptic. (B) Schematic diagram of experiments on 4% agarose gel with glutamate (10 mM) and K+ (5 mM). 
(C) Averaged IOS traces on 4% agarose gel with glutamate and K+. (D) Summary bar graph showing electrical stimulation-evoked IOS peak percentage 
in brain slice after APV and CNQX treatment and bath application of either glutamate or K+-evoked IOS peak percentage in 4% agarose gel. (E) Repre-
sentative IOS traces (top) and changes in IOS baseline and peak (bottom) in the presence of TBOA by applying repetitive stimulation within a 5 min in-
terval. (F, G) Representative IOS traces and percentage of IOS peak by treatment of TBOA with APV and CNQX compared to APV and CNQX without 
TBOA (paired t-test (two-tailed), NS p>0.05).
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Fig. 5. Quinine-sensitive K2P channel is the best candidate for the astrocytic K+ uptake as the main source of activity-dependent IOS. (A) Schematic 
diagram of the source of K+ uptake. (B, E, H, K, N) Representative traces of IOS. Inset: Representative traces of fEPSP. (C, F, I, L, O) The percentage of 
IOS peak (paired t-test (two-tailed), *p<0.05, ***p<0.001, NS p>0.05). (D, G, J, M, P) The amplitude of fEPSP (mV) (paired t-test (two-tailed), *p<0.05, 
**p<0.01, ***p<0.001, NS p>0.05).
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Fig. 6. DCPIB -insensitive anion channel is the best candidate for the extrusion of anions in astrocytes as the main source of the activity-dependent IOS 
decay. (A) Representative IOS traces in the presence of NPPB and DCPIB by applying repetitive stimulation within a 5 min interval. (B) The percentage 
of peak (top), baseline (middle), and decay (bottom) changes of IOS normalized to control value. (C) Summary of schematic diagram.
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EAAT2 [16, 23]. However, a long-term treatment with glutamate 
transporter inhibitors could cause an undesirable side-effects such 
as desensitization of glutamate receptors such as AMPA, kainate, 
and NMDA receptors by accumulated glutamate at the synaptic 
junctions, giving rise to a misinterpretation of the results. There-
fore, to test the precise contribution of glutamate uptake in IOS 
generation, we applied TBOA (100 μM), a non-selective glutamate 
transporter inhibitor to brain slices and monitored IOS upon re-
petitive stimulations for a long-period of time. Interestingly, TBOA 
initially increased the amplitude of IOS upon first stimulation, but 
then significantly decreased the amplitude upon following repeti-
tive stimulations (Fig. 4E). These two different responses seem to 
be caused by further activation and desensitization of postsynaptic 
glutamate receptors including AMPA and NMDA receptors in 
response to accumulated extracellular glutamate. In contrast, the 
baseline IOS was increased from 10 min after treatment of TBOA, 
sustained, and suddenly decreased following stimulations (Fig. 
4E). This baseline change might be caused by slower glutamate ac-
cumulation and diffusion in the extracellular space. It was difficult 
to interpret the involvement of glutamate uptake via transporter 
in IOS generation, which might be due to side effects such as de-
sensitization of glutamate receptors by TBOA. To solve this issue, 
we administered the TBOA in the presence of APV and CNQX. 
However, we did not find any significant difference in IOS peak 
between before and during TBOA applications (Fig. 4F and 4G), 
indicating that there is no direct involvement of glutamate uptake 
in IOS generation. 

Quinine-sensitive K2P channel mediates the astrocytic K+ 

uptake as the main source of activity-dependent IOS

Astrocytes govern extracellular K+ uptake, K+ buffering, or K+ 
clearance to maintain the extracellular K+ concentration. Previ-
ously, many K+ channels or transporters including Na-K-Cl 
cotransporter (NKCC1), inward-rectifier K+ channel subtype 
(Kir4.1), K-Cl cotransporter (KCC2), Na+/K+-ATPase (Na+/K+ 
pump), and two-pore-domain K+ channels (K2P) have been pro-
posed as the molecular targets for K+ buffering in astrocytes [21, 
24-28]. We tested these various molecular candidates for K+ uptake 
using pharmacological tools (Fig. 5A). We found no significant 
inhibition of IOS peak by inhibitors for NKCC1 (bumetanide, 
10 μM), Kir4.1 (Ba2+, 100 μM), KCC2 (Furosemide, 3 mM), and 
Na+/K+ pump (ouabain, 100 μM) (Fig. 5B~J). For the last candi-
date, we considered two-pore domain K+ channels, K2P, which 
have been known to majorly contribute to background leaking 
K+ current, or “passive conductance” in astrocytes [29, 30]. To test 
the involvement of K2P channels for the source of K+ uptake, we 
used quinine, an inhibitor of the K2P channel. Despite decreases 

in fEPSP by quinine, quinine significantly inhibited the IOS peak 
(Fig. 5N~P). These results indicate that the K2P channel mediates 
astrocytic volume change through K+ uptake rather than NKCC1, 
Kir4.1, KCC2, or the Na+/K+ pump. 

DCPIB-insensitive anion channels mediate the extrusion 

of anions in astrocytes as the main source of the activity-

dependent IOS decay 

Next, we explored the molecular mechanisms of the volume de-
crease following K+ uptake. Many previous studies have reported 
that the regulatory volume decrease is mediated by the extrusion 
of anions via volume-regulated anion channel (VRAC) [31, 32]. 
The molecular identity which governs the volume decrease fol-
lowing K+ uptake has yet to be established. Therefore, we first 
investigated the possible involvement of anion channels using the 
general anion channel blocker, NPPB (50 μM). NPPB increased 
the baseline and eliminated the decay of IOS, an indication of 
the inhibition of a volume decrease, upon repetitive stimulations. 
However, DCPIB, a specific inhibitor for VRAC [33], did not af-
fect these (Fig. 6A and 6B). These results suggest that the volume 
decrease is mediated by DCPIB-insensitive anion channels. 

Taken together, the sources of activity-dependent IOS mostly 
originate from postsynaptic glutamate receptors, including AMPA 
and NMDA receptors, but not from GABA, ATP, and Glycine re-
ceptors. Our results further reveal that both extracellular glutamate 
and K+ are taken up by astrocytes near the synapse during synaptic 
transmission. Furthermore, we found that the decay of IOS is 
mediated by the DCPIB-insensitive anion channels expressed in 
astrocytes (Fig. 6C). Our results demonstrated that the functional 
coupling between synaptic activity and astrocytic volume transient 
in hippocampal slices during excitatory synaptic transmission are 
the major source of IOS imaging.

DISCUSSION

In the present study, we used pharmacological dissection to 
demonstrate that IOS indicating the neuronal activity-dependent 
astrocytic volume change originates from excitatory synaptic 
transmission through postsynaptic glutamate receptor activation, 
presynaptic action potential, and extracellular ionic concentra-
tion change. Although previous studies attempted to describe the 
origin of IOS as postsynaptic glutamate receptors [1, 16], we have 
extensively determined the origin of IOS in terms of the rise and 
decay kinetics and linked with possible molecular mechanisms us-
ing pharmacological agents. We have demonstrated that the rise of 
IOS is mediated by the K2P channel, whereas the decay of IOS is 
mediated by DCPIB-insensitive anion channels in astrocytes (Fig. 
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6C).
In agreement with previous findings that IOS is mostly medi-

ated by postsynaptic glutamate receptor activation [1, 16], we also 
confirmed that about 54.5% of the IOS peak was blocked by APV 
and CNQX (Fig. 3O). In contrast to previous reports [16, 23], we 
found no contribution of glutamate transporters (Fig. 4F and 4G) 
and the apparent contribution upon long-term treatment by in-
hibitors such as DHK and TBOA was due to an undesirable side-
effect such as desensitization of postsynaptic glutamate receptors. 
With additional treatment of receptor blockers for GABA, glycine, 
and ATP, we found that the remaining 45.5% of IOS did not origi-
nate from these receptors (Fig. 3F~M). Then, we hypothesized 
that presynaptic neurons and extracellular ionic concentrations 
themselves could be contributing to the remaining IOS peak. In-
terestingly, we found that 27.9% and 11.7% of IOS originated from 
presynaptic vesicle fusion and action potential firing, respectively, 
which are determined by subtracting APV and CNQX from Cd2+ 
and Cd2+ from TTX-sensitive IOS (Fig. 2L and 2M). Furthermore, 
we found changes in IOS due to glutamate or K+ in 4% agarose gel 
(Fig. 4B and 4C), suggesting the further contribution of extracellu-
lar ambient glutamate and K+ during excitatory synaptic transmis-
sion. Through these experiments, we fully dissected the origin of 
IOS. 

Astrocytes maintain proper ionic concentrations in extracellular 
spaces, for example, by taking up K+ and releasing chloride ions 
(Cl-) during synaptic transmission [31, 34]. During this process, 
the water moves in and out from the astrocytes to solve osmotic 
pressure through AQP4, resulting in volume transients [14, 34, 
35]. Although many studies have suggested the molecular mecha-
nism for these processes over the decades, controversies remain. 
Here, we found that the K2P channel mediates astrocytic volume 
increase through K+ uptake rather than NKCC1, Kir4.1, KCC2, 
or the Na+/K+ pump (Fig. 5). Also, we found that the DCPIB-
insensitive anion channel mediates astrocytic volume decreases 
through anion extrusion rather than VRAC (Fig. 6A and 6B). With 
these striking findings, we strongly suggest the novel molecular 
mechanism for astrocytic volume change. However, we measured 
the volume transient using IOS rather than ionic (K+ and Cl-) 
movements. Further studies are required for direct measurement 
of K+ uptake and Cl- efflux in astrocytes during volume transient. 
Furthermore, there will be an instantaneous accumulation of posi-
tive charges in astrocytes as the result of K+ uptake and Cl- efflux 
during volume transient. There should be ionic movement with 
counter charges against K+ and Cl- to prevent excessive depolariza-
tion in astrocytes. Further studies are required to address this issue.

Many previous studies, including ours, have revealed that 
activity-dependent astrocytic transient volume change via AQP4 

is required for synaptic plasticity and learning, especially language 
learning [17, 36]. In addition, K2P channel-mediated K+ uptake 
and NPPB-sensitive, DCPIB-insensitive Cl- channel-mediated 
Cl- efflux are potential molecular candidates for IOS generation 
and could also participate in synaptic plasticity and learning. The 
synaptic plasticity could be simply measured by the IOS imaging 
instead of fEPSP or whole-cell patch-clamp recording. For exam-
ple, the IOS peak could be increased or decreased after stimulating 
schaffer-collateral pathway with the induction protocols for LTP 
or LTD. Therefore, future study to elucidate the functional role 
of activity-dependent transient volume change, which could be 
linked with synaptic plasticity and learning, are needed. 

In summary, our study identified the astrocytic K2P channels 
and NPPB-sensitive anion channel as the origin and source of 
neuronal activity-dependent IOS during volume transient using 
pharmacological dissection, thereby helping us to understand the 
fundamental role of astrocytes in terms of ionic homeostasis dur-
ing synaptic transmission. 
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