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Neural-Activity-Dependent Release of S100B from Astrocytes
Enhances Kainate-Induced Gamma Oscillations In Vivo
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S100B is the principal calcium-binding protein of astrocytes and known to be secreted to extracellular space. Although secreted S100B has
been reported to promote neurite extension and cell survival via its receptor [receptor for advanced glycation end products (RAGE)],
effects of extracellular S100B on neural activity have been mostly unexplored. Here, we demonstrate that secreted S100B enhances
kainate-induced gamma oscillations. Local infusion of S100B in S100B(ⴚ/ⴚ) mice enhanced hippocampal kainate-induced gamma
oscillations in vivo. In a complementary set of experiments, local application of anti-S100B antibody in wild-type mice attenuated the
gamma oscillations. Both results indicate that the presence of extracellular S100B enhances the kainate-induced gamma oscillations. In
acutely isolated hippocampal slices, kainate application increased S100B secretion in a neural-activity-dependent manner. Further
pharmacological experiments revealed that S100B secretion was critically dependent on presynaptic release of neurotransmitter and
activation of metabotropic glutamate receptor 3. Moreover, the kainate-induced gamma oscillations were attenuated by the genetic
deletion or antibody blockade of RAGE in vivo. These results suggest RAGE activation by S100B enhances the gamma oscillations.
Together, we propose a novel pathway of neuron– glia communications—astrocytic release of S100B modulates neural network activity
through RAGE activation.
Key words: glia; hippocampus; mGluR3; local field potential; seizure; neuron– glia interactions

Introduction
Astrocytes are an indispensable component of neuron– glia circuitry as they provide maintenance of extracellular space and
metabolic support to neurons (Kettenmann and Ransom, 2005).
In addition to the supportive roles of astrocytes, it has been hypothesized that astrocytes actively participate in neural processing by releasing neurotransmitters including ATP and glutamate
(Newman, 2003; Volterra and Meldolesi, 2005). S100B is an EFhand-type calcium-binding protein predominantly expressed in
astrocytes in the mammalian CNS (Zimmer et al., 1995; Sen and
Belli, 2007). Although S100B has been reported to function as
intracellular calcium sensor (Donato, 2003) or buffer (Xiong et
al., 2000), it is also known that S100B is secreted from astrocytes
to extracellular space in vitro (Shashoua et al., 1984; Van Eldik
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and Zimmer, 1987). In various neuropathological conditions including Alzheimer’s disease, epilepsy, and schizophrenia, increased levels of S100B expression are observed in the serum and
CSF (Griffin et al., 1989, 1995; Rothermundt et al., 2004; Schmitt
et al., 2005), indicating a potential role of the protein in malfunctioning CNS.
Nanomolar concentrations of S100B can stimulate neural
process outgrowth (Kligman and Marshak, 1985) and astrocyte
proliferation (Selinfreund et al., 1991), although it can be neurotoxic at micromolar concentrations (Sorci et al., 2004) in culture
assays. Whether these observations can be implied in intact brain
tissue is not known. S100B is known to act as a ligand for receptors for advanced glycation end products (RAGE) (Hofmann et
al., 1999). Activation of RAGE by S100B was demonstrated to
stimulate neural outgrowth by activation of Cdc/Rac signaling
pathway (Huttunen et al., 1999) and to be neuroprotective via
Ras/mitogen-activated protein kinase (Huttunen et al., 2000). In
contrast, effects of extracellular S100B on neural activity have
been mostly unexplored.
Slice experiments using transgenic and knock-out animals indicate that S100B has a role in synaptic plasticity. Behavioral
assessments using such animals show that hippocampusdependent memory is affected (Gerlai et al., 1995; Nishiyama et
al., 2002). At the neural dynamics level, kainate (KA)-induced
hippocampal CA1 gamma oscillations are attenuated in
S100B(⫺/⫺) mice in vivo (Sakatani et al., 2007); however, the
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of anterior–posterior (AP) 2.0 mm and medial–
lateral (ML) 1.9 mm on both sides of the skull.
Each glass electrode was attached to a fine manipulator of the stereotaxic apparatus and
gently progressed through the dura-removed
cranial window with an insertion angle of 75°.
The CA1 pyramidal cell layer was recognized by
the presence of multiunit activity and ripple
(100 –180 Hz) oscillations. Recordings at stratum radiatum were obtained at 200 m ventral
from the pyramidal cell layer. All electrophysiological signals were digitized with 16-bit resolution and sampled at 32.556 kHz (bandwidth,
⬃0.1 Hz–9 kHz). For each experiment, 20 min
of control data were acquired. Reagents including PBS, 80 –90% dimeric S100B (10 M in
PBS), nonimmune (control) rabbit IgG (I5006;
Sigma-Aldrich), rabbit polyclonal anti-S100B
antibody (Product ID 37; Swant), nonimmune
(control) mouse IgG2a (PP102; Millipore),
mouse monoclonal anti-RAGE antibody
(MAB5328; Millipore), nonimmune (control)
goat IgG (AB-108-C; R&D Systems), and goat
Figure 1. Power of CA1 stratum radiatum KA-induced gamma-band activity injection is attenuated by deletion of S100B. polyclonal anti-RAGE antibody (AF1179; R&D
Traces for WT and S100B(⫺/⫺) are shown in blue and red, respectively. A, A representative experiment shows that gamma Systems) were carefully infused with a pressure
oscillations in CA1 stratum radiatum after KA injection is smaller in the S100B(⫺/⫺) animal. The traces are local field potential of 1.5–3 psi (10 –20 kPa). All the specific antirecordings in CA1 stratum radiatum. B, Group comparison of the gamma-band (30 – 80 Hz) local field potential amplitudes shows bodies and nonimmune (control) IgGs were insimilar amplitudes in 0 –10 min before KA injection (left graph; mean ⫾ SEM; WT, n ⫽ 9; S100B(⫺/⫺), n ⫽ 11; p ⫽ 0.75) but fused at a concentration of 0.2 mg/ml. PBS used
reduced amplitudes in S100B(⫺/⫺) animals 40 –50 min after KA injection (right graph; mean ⫾ SEM; **p ⬍ 0.001). C, Time for local infusion (either with or without
course of the gamma-band amplitude is plotted for WT and S100B(⫺/⫺) animals (mean ⫾ SEM). For each experiment, the S100B) included 1.3 mM of calcium. S100B was
gamma-band amplitude is normalized to the averaged magnitude during control period. D, Power spectra from 30 to 50 min after purified as described previously (Nishiyama et
KA injection in WT and S100B(⫺/⫺) animals (mean ⫾ SEM). Note a significant difference ⬃40 Hz (*p ⬍ 0.05). Gamma-band al., 2002). The total injection volume in 2 h of
experiment ranged between 90 and 280 nl.
spectral peak is evident (arrow). a.u., Arbitrary units; Ctrl, control (in this and subsequent figures).
Twenty minutes after local infusion of reagents,
kainate (1 mg/ml in physiological saline; 114underling mechanism has been unclear. Here, we demonstrate
00611; Wako Pure Chemical Industries) was administered intraperitothat S100B is released to the extracellular space in a neural and
neally at a dosage of 10 mg/kg to induce gamma oscillations and the
synaptic-activity-dependent manner. Furthermore, we show that
following seizures.
extracellular S100B increases the amplitude of the gamma oscilBiochemistry. CSF was collected by inserting a fine filamented glass
lations, and genetic deletion or antibody blockade of RAGE abolpipette (tip diameter, ⬃100 m) to the lateral ventricle (stereotaxic coishes the effect in live mice. Our results suggest secreted S100B
ordinate, AP, ⫺0.2 mm; ML, 1.1 mm; dorsal–ventral, 1.7–2.1 mm) at
from astrocytes has a neuromodulatory effect through RAGE
different time points of the KA seizure experiment. The CSF accumulated
in the pipette by the capillary action without extra suction at an approxactivation.
imate rate of 300 nl/min. The collected 5 l CSF samples were stored at
⫺80°C without any preservatives until further analysis. After 10 times
Materials and Methods
dilution of the sample, quantitative assessment of S100B was made by
Subjects and surgery. Homozygous S100B knock-out mice [S100B(⫺/⫺)]
ELISA using a commercial kit (Sangtec S100 ELISA; DiaSorin). ARof C57BL/6J genetic background were generated as described by NishVOmx fluorescent plate reader (PerkinElmer) was used to read the abiyama et al. (2002). The heterozygous mice that had been backcrossed 18
sorbance at 450 nm of ELISA experiments.
times with C57BL/6J were intercrossed to generate S100B(⫺/⫺) and
Coronal hippocampal slices with 300 m thickness were prepared
control wild types (WTs). The first and second generations from these
from postnatal day 21–29 C57BL/6J mice using a microslicer, in accorcongenic mice were used in this study. C57BL/6J mice were also used as
dance with the previous literature (Gloveli et al., 2005) in which gamma
the control WTs. In some experiments, RAGE(⫺/⫺) mice (Myint et al.,
oscillations were induced by KA. The slice samples were kept in 33°C
2006) were used. Mature male mice of weight range 23–28 g were anesartificial CSF (aCSF) containing (in mM) 113 NaCl, 2.4 KCl, 24.9
thetized with urethane (1.7 g/kg; U2500; Sigma) and placed in a stereoNaHCO3, 1 NaH2PO4, 1 CaCl2, 1.6 MgSO4, 27.8 D-glucose bubbled with
taxic apparatus. The scalp was surgically removed, and small cranioto95% O2, 5% CO2 for at least 1 h for recovery. Five slices were used to
mies were made at designated stereotaxic coordinates (see below). The
make a measurement for each experiment. The recovered slices in each
body temperature was maintained at 37°C throughout the surgery and
chamber were superfused with 500 l gassed aCSF that contained the
experiment by a heat pad with feedback temperature control (TR-200;
following (in mM): 119 NaCl, 2.5 KCl, 26.2 NaHCO3, 1 NaH2PO4, 2.5
Fine Science Tools). All experimental protocols were approved by the
CaCl2, 1.3 MgSO4, 11 D-glucose for 30 min. After 30 min control period,
RIKEN Institutional Animal Care and Use Committee.
50 l bath solution was sampled. The slices were then incubated in 500 l
In vivo physiology. Extracellular recordings with local infusion of bioKA (400 nM) containing aCSF for another 30 min. In some experiments,
chemical reagents were performed using borosilicate glass electrodes
pharmacological reagents such as 1 M tetrodotoxin (TTX), 100 M
(1B100F-4; World Precision Instruments) and the Multiclamp 700B amN-acetyl-␤-asp-glu (␤NAAG), 100 M cadmium chloride (Cd), 1 M
plifier (Axon Instruments). The inner tip diameter of the electrode was 2
bafilomycin A1 (Baf), and 100 M Gap 26 were coincubated with KA. Baf
m. Glass electrode was mounted to an electrode holder used for patchwas incubated for 2 h before the incubation of KA (Zhou et al., 2000).
clamp recordings so that air pressure to the electrode could be applied
After the incubation, 50 l bath solution was also sampled, and the S100B
through a pressure-adjustable pneumatic pump (PV-820; World Preciconcentration in the bath solution was measured by the ELISA kit. The
sion Instruments) to locally infuse the content of the electrode at the tip.
hippocampal slices were completely dissolved by 0.5 ml RIPA buffer (20
Craniotomies of diameter ⬃1 mm were made at a stereotaxic coordinate
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mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM
EDTA, 0.1% SDS, 1% Triton X-100) with 1⫻
Protease Inhibitor Cocktail (Complete, EDTAfree; Roche Diagnostics) at 4°C for overnight.
The total amount of protein of five slices was
measured by using the BCA method (BCA Protein Assay Kit; Pierce). Gap 26 was purchased
from Tocris (catalog #1950). ␤NAAG was purchased from Sigma-Aldrich (A9436). All other
chemicals were purchased from Wako Pure
Chemical Industries.
Primary hippocampal astrocyte cultures
were prepared from Sprague Dawley rats of age
postnatal day 2– 4. The hippocampi were carefully dissected in 10 mM HEPES buffered HBSS
(084-08345; Wako). The tissue was cut into
small pieces and digested in HEPES-buffered
HBSS containing 0.25% trypsin (203-11302;
Wako) and 0.4% DNase I (DN-25; Sigma) for
15 min at 37°C. After digestion, the cells were
mildly triturated by pipetting, centrifuged in
DMEM supplemented with 10% fetal bovine
serum (FBS), and resuspended in 3 ml DMEM
with 10% FBS and penicillin and streptomycin
(15070-063; Invitrogen). The cell mixture was
then filtered through 40 m cell strainer
(352340; BD Falcon), and the cells were plated
at a density of 1.0 –3.0 ⫻ 10 5 cells/well on 60
mm culture dishes. We used 80 –90% confluent
cultures in 14 –21 d in vitro for experiments.
To evaluate the secretion of S100B from the
astrocyte primary culture, the culture was
gently washed with DMEM (15070-063; Invitrogen) three times and preincubated in
DMEM for 2 h. The culture was then incubated
in 1 ml of fresh DMEM for 30 min, and bath
solution was sampled as control. Next, the culture was incubated in 50 M L-glutamate
(Nacalai Tesque) in 1 ml DMEM for another 30
min, and 50 l bath solution was sampled.
S100B concentration in the bath solution was Figure 2. Exogenous extracellular S100B enhances KA-induced gamma oscillations in S100B(⫺/⫺) mice. A, Schematic diagram of the experiment. S100B (orange particle) is injected by a pipette in S100B(⫺/⫺) mice. As, Astrocyte; Py, pyramidal cell.
measured by the ELISA kit.
Data analysis. Local field potential data were B, Representative traces of field potential recording before and 40 min after KA injection (10 mg/kg, i.p.) shows that gamma
analyzed by custom-made software using oscillations in CA1 stratum radiatum after KA is larger in S100B (10 M) infusion side. C, Time course of the normalized gammaMATLAB (MathWorks) running on a linux- band amplitude. Note that local infusion of S100B significantly increases gamma-band amplitude from 10 to 60 min after KA
based computer. Raw wideband recording data injection (mean ⫾ SEM; n ⫽ 8). D, Group comparison of the normalized gamma-band amplitudes shows similar amplitudes in
were first downsampled to 1.25 kHz, and the 0 –10 min before KA injection (left; mean ⫾ SEM) but increased amplitudes in S100B infusion side 40 –50 min after KA injection
power spectrum transition was computed by (right; mean ⫾ SEM; ***p ⬍ 0.001; two-tailed paired t test). E, Local infusion of S100B has no effect on the development of
the Fourier transform for each contiguous time gamma oscillations in WT mice (mean ⫾ SEM; n ⫽ 7). F, Group comparison of the normalized gamma-band amplitude for before
bin of 1 min over the entire recording. Gamma and after administration of KA in WT mice shows no effect of S100B infusion (mean ⫾ SEM).
amplitude for each time bin was computed by
taking the square root of the power spectrum of
where KA receptors are abundantly expressed (Wisden and Seefrequency range between 30 – 80 Hz. In some rare instances, harmonic
burg, 1993), and the principal neurons are recurrently connected.
noise of the power supply was digitally attenuated. All bar graphs in the
It is widely accepted that GABAA receptor-mediated transmisfigures are presented in mean ⫾ SEM, and the other measured values in
sion
from local interneurons is important for generating the
the text are presented in mean ⫾ SD. Two-tailed t tests were used for
rhythm
of the oscillations (Fisahn et al., 2004).
comparisons of two population means, unless otherwise noted.

Results
Amplitude enhancement of kainate-induced gamma
oscillations by S100B
Neural activity at gamma frequency range (30 – 80 Hz) is important for cognitive functions, learning, and memory in the cortex
and hippocampus (Gray et al., 1989; Engel and Singer, 2001;
Montgomery and Buzsáki, 2007). In rodent hippocampus,
gamma oscillations of similar frequency range can be induced by
KA in vitro and in vivo [for review, see Bartos et al. (2007)].
KA-induced gamma oscillations are generated in CA3 region

Hippocampal gamma oscillations were induced by systemic
administration of KA (10 mg/kg). In agreement with our previous study (Sakatani et al., 2007), the gamma oscillations in hippocampal CA1 stratum radiatum started to develop in 10 min
after the administration of KA. The amplitude of the gamma
oscillations was significantly smaller in S100B(⫺/⫺) animals at
45 min after KA injection than that in WT mice [WT, n ⫽ 9;
S100B(⫺/⫺), n ⫽ 11; gamma amplitude, PBS infusion period
before KA injection, p ⫽ 0.12; 45 min after KA injection, p ⬍
0.01] (Fig. 1 A, B). The difference appeared from 19 to 60 min
after KA injection (WT, n ⫽ 9; S100B(⫺/⫺), n ⫽ 11) (Fig. 1C).
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Figure 3. The functional blockade of endogenous extracellular S100B reduces KA-induced gamma oscillations in WT mice. A,
Schematic diagram of the experiment. Function of endogenous extracellular S100B (orange particle) is blocked by applied antiS100B antibody (slash) in WT mice. As, Astrocyte; Py, pyramidal cell. B, Representative traces of field potential recording shows
that gamma oscillations in CA1 stratum radiatum after KA is smaller in anti-S100B (0.2 mg/ml) infusion side. C, Local infusion of
anti-S100B antibody significantly decreases gamma-band amplitude from 10 to 60 min after KA injection in WT mice (mean ⫾
SEM; n ⫽ 8). D, Group comparison of the normalized gamma-band amplitudes shows similar amplitudes in 0 –10 min before KA
injection (left) but decreased amplitudes in anti-S100B infusion side 40 –50 min after KA injection in WT mice (right graph;
mean ⫾ SEM; **p ⬍ 0.01; two-tailed paired t test). E, Local infusion of anti-S100B antibody has no effect on the development of
gamma oscillations in S100B(⫺/⫺) mice (mean ⫾ SEM; n ⫽ 7). F, Group comparison of the normalized gamma-band amplitude for before and after administration of KA in S100B(⫺/⫺) mice shows no effect of anti-S100B antibody (mean ⫾ SEM).

The power spectra from 30 to 50 min after KA injection showed
that the gamma-band peak power of WT mice was significantly
larger than that of S100B(⫺/⫺) mice [ p ⬍ 0.05 at 40 Hz; WT,
n ⫽ 9; S100B(⫺/⫺), n ⫽ 11] (Fig. 1 D).
To determine whether the modulation of the gamma oscillations is a direct effect of presence of extracellular S100B, we locally infused S100B protein in the CA1 region of S100B(⫺/⫺)
mice and examined the development of KA-induced gamma oscillations (Fig. 2 A). Control measurements for pair-wise comparisons were simultaneously taken from the contralateral hippocampus. Local application of dimeric S100B by using a glass
pipette containing 10 M S100B resulted in a significantly larger
amplitude of the gamma oscillations at 45 min after KA injection
(n ⫽ 8; p ⬍ 0.001; two-tailed paired t test) (Fig. 2 B, D). The
difference appeared from 8 to 60 min after KA injection (n ⫽ 8)

(Fig. 2C). Postmortem immunohistochemistry against S100B shows that infused S100B was not taken up by astrocytes
or neurons to a visible degree (supplemental figure, available at www.jneurosci.org
as supplemental material). The result suggests that the extracellular presence of
S100B plays a significant role in modulating the amplitude of KA-induced gamma
oscillations. Similar experiments in WT
animals exhibited no difference in
gamma-band amplitude (Fig. 2 E, F ) (n ⫽
7; before KA injection, p ⫽ 0.18; 45 min
after KA injection, p ⫽ 0.99; two-tailed
paired t test), suggesting that the effect of
extracellular S100B after KA is close to
saturation.
Next, we applied anti-S100B antibody
in WT mice to examine the effect of endogenous extracellular S100B on the
gamma oscillations (Fig. 3A). Introduction of anti-S100B antibody before the systemic administration of KA significantly
reduced the amplitude of the proceeding
gamma oscillations at 45 min after KA injection (n ⫽ 8; p ⫽ 0.01; two-tailed paired
t test) (Fig. 3 B, D). The decrease continued
from 10 to 60 min after KA injection (n ⫽
8) (Fig. 3C). Postmortem application of a
fluorescent secondary antibody indicated
that the anti-S100B antibody was not
taken up by any cells (data not shown),
thus further supporting a significant contribution of extracellular S100B in modulation of KA-induced gamma oscillations.
As control, similar experiments were made
with S100B(⫺/⫺) mice, yielding no effect
of infusion of the anti-S100B antibody
(Fig. 3 E, F ) (n ⫽ 7; before KA injection,
p ⫽ 0.12; 45 min after KA injection, p ⫽
0.95; two-tailed paired t test). The result
further supported the secretion of S100B
in WT animals and specific effect of the
antibody.

Neural-activity-dependent
S100B release
Because S100B is known to be secreted
from cultured astrocytes, we questioned if extracellular S100B
concentration increased after KA administration. To investigate
the global increase of extracellular S100B, CSF from the lateral
ventricle was sampled at 45 and 75 min after the KA administration and ELISA against S100B protein was performed. The basal
level of S100B protein was computed to be 3.0 ⫾ 1.9 ng/ml (n ⫽
9) (Fig. 4), confirming the previous measurements of CSF S100B
concentration (Oses et al., 2004; Yasuda et al., 2004). During
KA-induced seizure, the concentration of CSF S100B did not
significantly increase at 45 min (2.9 ⫾ 3.0 ng/ml; n ⫽ 9; p ⬎ 0.9;
Tukey–Kramer test) or 75 min (3.2 ⫾ 3.3 ng/ml; n ⫽ 12; p ⬎ 0.9;
Tukey–Kramer test) after KA injection.
Although the CSF is an abundant source of intracranial fluid,
it does not necessarily reflect the local concentration of extracellular S100B in the hippocampus, which is the focus of the KA-
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Figure 4. CSF S100B concentration in the lateral ventricle did not significantly increase after
KA injection (10 mg/kg, i.p.). Data are mean ⫾ SEM.

induced seizure. Therefore, we investigated S100B secretion using acute hippocampal slices. The concentration of released
S100B in the bath solution (500 l) was measured to be 22 ⫾ 12
g/l in control condition (n ⫽ 8). Assuming the relative volume
of the extracellular space is 15% (McBain et al., 1990) and the
hippocampal sample volume is 1.5 l, the basal extracellular
S100B concentration in the hippocampus was estimated to be
49 ⫾ 27 ng/ml. The extracellular S100B concentration after 30
min incubation in 400 nM KA was estimated to be 240 ⫾ 100
ng/ml (n ⫽ 8). The estimate predicts that the local concentration
of S100B after KA incubation is two orders of magnitude higher
than CSF S100B. We conclude that acute administration of KA
induces a local increase of extracellular S100B concentration in
the hippocampus which is the main focus of KA-induced epilepsy
but does not induce a global increase of S100B in CSF.
The S100B release after 30 min 400 nM KA incubation was
significantly larger than that of the control experiments (570 ⫾
290% from the corresponding control experiment level of 100%;
n ⫽ 8; p ⬍ 0.001 vs control; Tukey–Kramer test) (Fig. 5A). To
address whether the S100B release is neural activity dependent,
we blocked action potentials with 1 M TTX in the presence of
400 nM KA. The TTX incubation resulted in a significant reduction of extracellular S100B level (140 ⫾ 140%; n ⫽ 7; p ⬍ 0.001 vs
KA; Tukey–Kramer test). The result indicates that a significant
proportion of the S100B release is neural activity dependent.
Next, we questioned if S100B release from astrocytes are dependent on synaptic release of neurotransmitters. We applied the
voltage-gated calcium channel blocker Cd to block action potential driven synaptic release of neurotransmitters. Cd (100 M) has
blocked KA-induced S100B release (84 ⫾ 56%; n ⫽ 9; p ⬍ 0.001
vs KA; Tukey–Kramer test). Next, we incubated hippocampal
slices in a specific inhibitor of vacuolar H ⫹-ATPase (V-ATPase),
Baf for 2 h (Zhou et al., 2000) before KA incubation to inhibit
both spontaneous and action potential driven neurotransmitter
release from synaptic vesicles. The Baf treatment (1 M) blocked
the KA-induced S100B release (29 ⫾ 20%; n ⫽ 6; p ⬍ 0.001 vs KA;
Tukey–Kramer test). These results indicate that presynaptic neurotransmitter release induces S100B secretion. To see if neurotransmitter release is sufficient to cause astrocytic secretion of
S100B, we have prepared astrocyte primary culture and investigated the extracellular S100B level after application of glutamate,
the most abundant neurotransmitter in the hippocampus. Treatment of astrocyte culture with 50 M L-glutamate resulted in a
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Figure 5. Neural- and synaptic-activity-dependent release of S100B is mediated by mGluR3.
S100B secretion from hippocampal (HP) slices is quantified in the presence of various pharmacological reagents. The measured S100B protein amounts are normalized to the corresponding
control experiments. A, KA (400 nM) significantly increases S100B release compared with control (n ⫽ 8; ###p ⬍ 0.001 vs control; Tukey–Kramer test). KA-induced S100B release is blocked
by the sodium channel blocker TTX (1 M; n ⫽ 7) and the calcium channel blocker Cd (100 M;
n ⫽ 9). S100B secretion further drops below the control level by the V-ATPase blocker Baf (1
M; n ⫽ 6). B, KA-induced S100B release is blocked by mGluR3 antagonist ␤NAAG (100 M;
n ⫽ 5) in HP slices. Conversely, mGluR3 agonist NAAG (200 M) enhances S100B release
without neural activity by TTX incubation (n ⫽ 5; #p ⬍ 0.05 vs control; two-tailed paired t test).
All data are mean ⫾ SEM; ***p ⬍ 0.001 vs KA; Tukey–Kramer test.

significant increase of extracellular S100B level (130 ⫾ 19%;
n ⫽ 4; p ⬍ 0.05 vs control; two-tailed paired t test).
A previous study reported that metabotropic glutamate receptor 3 (mGluR3) agonist induced S100B release in cultured astrocytes (Ciccarelli et al., 1999). To determine whether mGluR3
activation is essential for S100B release, we applied KA and the
mGluR3 antagonist ␤NAAG (Lea et al., 2001) to the hippocampal slices. ␤NAAG (100 M) blocked the KA-induced S100B release (91 ⫾ 110%; n ⫽ 5; p ⬍ 0.001 vs KA; Tukey–Kramer test)
(Fig. 5B). Conversely, application of the mGluR3 agonist NAAG
(200 M) resulted in a significant increase of extracellular S100B
(200 ⫾ 110%; n ⫽ 5; p ⬍ 0.05 vs control; two-tailed paired t test).
These results suggest that mGluR3 activation is critical to S100B
release.
Next, we questioned if the release of S100B is mediated by
astrocytic connexin 43 hemichannels. We examined the effect of
the connexin mimetic peptide, Gap 26, which was known to be a
connexin 43 hemichannel blocker (Chaytor et al., 1997). Surprisingly, Gap 26 (100 M) significantly enhanced the KA-induced
S100B (3100 ⫾ 1400%; n ⫽ 4; p ⬍ 0.001 vs KA; Tukey–Kramer
test). The result suggests that S100B is not released through connexin 43 hemichannels of astrocytes (see Discussion).
Involvement of RAGE activation by S100B in amplitude
enhancement of KA-induced gamma oscillations
S100B has been reported to work as a ligand for RAGE receptor
family (Hofmann et al., 1999). We investigated if activation of
RAGE is a component of kainate-induced gamma oscillations by
measuring the local field potential in RAGE(⫺/⫺) mice (Fig. 6).
Similar to WT animals, the gamma oscillations appeared after
systemic administration of 10 mg/kg KA (Fig. 6 A, C); however,
the amplitude of the gamma-band local field potential was significantly attenuated in RAGE(⫺/⫺) after KA administration (n ⫽
8; p ⬍ 0.001) (Fig. 6 B, D). The gamma-band local field potential
power did not differ in control condition ( p ⫽ 0.34) (Fig. 6 B). To
further test if RAGE activation by S100B is involved in the modulation of the gamma oscillations, we blocked the RAGE by applying mouse monoclonal anti-RAGE antibody (0.2 mg/ml) in
WT mice and monitored the resulting development of KA-
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gamma oscillations (n ⫽ 8; before KA injection, p ⬎ 0.5 for all pairs; 45 min after
KA injection; IgG vs S100B, p ⬍ 0.01;
S100B vs S100B plus anti-RAGE antibody,
p ⬍ 0.05; Tukey’s test) (Fig. 7D). The result shows that the antibody application is
an effective means to functionally block
RAGE in the presence of exogenous
S100B. Together, these experiments demonstrate that S100B is the most potent ligand for RAGE that enhances the KAinduced gamma oscillations.

Discussion

Figure 6. Power of KA-induced gamma-band activity at CA1 stratum radiatum is attenuated by deletion of RAGE. Traces for WT
and RAGE(⫺/⫺) are shown in blue and red, respectively. A, Representative traces show that gamma oscillations in CA1 stratum
radiatum after KA injection are smaller in RAGE(⫺/⫺) animal. The traces are local field potential recordings in CA1 stratum
radiatum. B, Group comparison of the gamma-band (30 – 80 Hz) local field potential amplitudes shows similar amplitudes in
5–15 min before KA injection (left; mean ⫾ SEM; WT, n ⫽ 9; RAGE(⫺/⫺), n ⫽ 8; p ⫽ 0.34) but reduced amplitudes in
RAGE(⫺/⫺) animals 40 –50 min after KA injection (right; mean ⫾ SEM; **p ⬍ 0.001). C, Time course of the gamma-band
amplitude is plotted for WT and RAGE(⫺/⫺) animals (mean ⫾ SEM). For each experiment, the gamma-band amplitude is
normalized to the averaged magnitude during control period. D, Power spectra from 30 to 50 min after KA injection in WT and
RAGE(⫺/⫺) animals (mean ⫾ SEM). Note that a gamma peak frequency is ⬃40 Hz (arrow), which is significantly attenuated in
RAGE(⫺/⫺) mice (*p ⬍ 0.01).

induced gamma oscillations. Similar to the application of antiS100B antibody, the amplitude of KA-induced gamma oscillations decreased by the antibody blockade of RAGE (n ⫽ 7; before
KA injection, p ⫽ 0.43; 45 min after KA injection, p ⬍ 0.05;
two-tailed paired t test) (Fig. 7A). Local infusion of the RAGE
antibody in RAGE(⫺/⫺) mice had no effect in KA-induced
gamma oscillations (n ⫽ 7; before KA injection, p ⫽ 0.90; 45 min
after KA injection, p ⫽ 0.43; two-tailed paired t test) (Fig. 7B).
These results suggested that activation of RAGE has a role in
enhancing the gamma oscillations.
As RAGE is known to be a multiligand receptor, it is possible
that other ligands activated RAGE to modulate the gamma oscillations. To examine if S100B is an effective ligand for RAGE to
modulate gamma oscillations, we performed the following two
experiments. First, for negative control, we applied goat antiRAGE antibody (0.2 mg/ml), which was known to functionally
block RAGE activation (Mitola et al., 2006), to S100B(⫺/⫺) mice
to check the effect of the antibody in the absence of extracellular
S100B. In S100B(⫺/⫺) mice, anti-RAGE antibody per se did not
modulate the gamma oscillations (n ⫽ 5; before KA injection,
p ⫽ 0.24; 45 min after KA injection, p ⫽ 0.78; two-tailed paired t
test) (Fig. 7C). The result suggests that other ligands are not involved in the modulation of the gamma oscillations. Next, coapplication of S100B (10 M) and goat anti-RAGE antibody (0.2
mg/ml) in S100B(⫺/⫺) mice abolished the effect of S100B on the

KA-induced gamma oscillation amplitude
is attenuated in S100B(⫺/⫺) animals in
vivo (Sakatani et al., 2007). In the current
study, we explored factors that contribute
to the reduced gamma oscillations. We
identified that the primary factor of the
gamma oscillation reduction was the absence of extracellular S100B in knock-out
animals. We observed that the release of
S100B was neural activity dependent and
that the release mechanism involves activation of mGluR3. Furthermore, we demonstrated that the S100B receptor RAGE
plays a significant role in gamma oscillation modulation. Together, our findings
provide the first physiological demonstration that extracellular S100B-mediated
signaling is reflected in neural dynamics
measured as local field potential in live animals (Fig. 8).

Neural-activity-dependent release of
S100B from astrocytes
We attempted to determine whether the
gamma oscillations were attributable to
intracellular or extracellular presence of S100B. Our results show
that extracellular presence of S100B is the primary factor that
gives rise to the phenomena. The release mechanism and release
sites of S100B have remained mostly unexplored in the context of
neuron– glia communications. Detection of extracellular S100B
by ELISA in acute hippocampal slices shows that S100B is indeed
secreted after introduction of KA. A large part of the secretion is
dependent on the presence of neuronal action potentials (Fig. 5).
Although KA has some influence on electrophysiological membrane properties of astrocytes (Steinhäuser and Seifert, 2002),
direct effect of KA on astrocytic release of S100B has been reported to be negligible (Tramontina et al., 2006). Our experiments with blockade of presynaptic transmitter release by Cd or
Baf support that astrocytic S100B release is dependent on presynaptic release of neurotransmitter. Indeed, exposing astrocyte culture to glutamate was demonstrated to be sufficient to increase
the S100B secretion.
Action potential dependent neurotransmitter release is
blocked by Cd, and Baf further inhibits spontaneous release of
neurotransmitters. As a matter of fact, Baf application resulted in
reduced S100B release in comparison with Cd, which could be
attributed to a contribution by spontaneous release of neurotransmitters. It should be noted, however, that Baf may also block
vesicular release of substances from astrocytes (Araque et al.,
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As the gamma oscillation reduction is most pronounced in
stratum radiatum (Sakatani et al., 2007), and glutamate is the
major transmitter in stratum radiatum, we asked a possible influence of mGluR3 activation, which has been previously reported
to play a role in S100B release in dissociated astrocyte culture
(Ciccarelli et al., 1999). Our data further confirm the significant
role of mGluR3 activation in S100B release in preserved neuron–
glia circuitry. Previous immunohistochemical studies reported
abundance of mGluR3 in cortical and hippocampal glial cells
(Ohishi et al., 1993; Tanabe et al., 1993; Petralia et al., 1996). The
molecular cascades that mediates S100B release upon the activation of astrocytic mGluR3 remains to be explored, but a previous
study reported a close association of mGluR3 and aquaporin 4
water channels (Shigemoto et al., 1999), which suggests a possible
volume change of astrocytes as a consequence of mGluR3 activation. Increased levels of S100B have been reported in epileptic
patients (Griffin et al., 1995) and experimental animals after seizures (Oses et al., 2004). It is conceivable that glutamate spills
over the synaptic cleft during seizures and activates mGluR3s in
peri-synaptic astrocytic processes, resulting in a facilitation of
S100B release. Interestingly, mGluR2 and 3 are highly expressed
in hippocampal astrocytes of patients with temporal lobe epilepsy
(Tang and Lee, 2001) and are known to be upregulated in animals
with kainate model of temporal lobe epilepsy (Aronica et al.,
2000; Ferraguti et al., 2001).

Figure 7. S100B is an effective ligand of RAGE that enhances the gamma oscillations. A, Time
courseofKA-inducedgammaoscillationdevelopment(left)showsthatlocalapplicationofanti-RAGE
antibody (0.2 mg/ml) in WT mice (n ⫽ 7) significantly attenuates the gamma oscillations. Group
comparison of the normalized gamma-band amplitudes shows similar amplitudes in 0 –10 min before KA injection (center) but decreased amplitudes in anti-RAGE infusion side 40 –50 min after KA
injection(rightgraph;*p⬍0.05;two-tailedpairedttest).B,Localapplicationofanti-RAGEantibody
(0.2 mg/ml) in RAGE(⫺/⫺) mice (n ⫽ 7) did not have a significantly effect on the amplitude of
KA-inducedgammaoscillations(beforeKA,0 –10minbeforeKAinjection;afterKA,40 –50minafter
KA injection). C, Local application of anti-RAGE antibody (0.2 mg/ml) in S100B(⫺/⫺) mice per se
does not affect the amplitude of KA-induced gamma oscillations (left; n ⫽ 5). Group comparison of
the normalized gamma-band amplitudes shows similar amplitudes in both 0 –10 min before KA
injection(center)and40 –50minafterKAinjection(right;two-tailedpairedttest).D,Coapplicationof
S100B (10 M) and anti-RAGE antibody (0.2 mg/ml) in S100B(⫺/⫺) mice abolished the effect of
S100B on the gamma amplitude (left; n ⫽ 8 for all cases). Group comparison of the normalized
gamma-bandamplitudesshowssimilaramplitudesin0 –10minbeforeKAinjection(center;p⬎0.5
forallpairs;Tukeytest).TheenhancedgammaamplitudebyS100Bisinhibitedbyanti-RAGEantibody
in 40 –50 min after KA injection (right graph; *p ⬍ 0.05, **p ⬍ 0.01; Tukey’s test). All the plots and
bars are represented as mean ⫾ SEM.

2000). Therefore, although circumstantial evidence supports that
S100B release is likely to be synaptic activity dependent, our
experiments also suggests a possibility that S100B release from
astrocytes may be vesicular release.

Cx43 in S100B secretion
Release mechanism of S100B from astrocytes remains unclear to
date. One of the potential release mechanisms is through the
astrocytic hemichannel Cx43, which is known to be permeable to
relatively large molecules compared with other connexin
hemichannel family (Sáez et al., 2003; Harris, 2007). Surprisingly,
the blockade of astrocyte dominant Cx43 hemichannels by
Gap 26 resulted in a drastic enhancement of KA-induced S100B
release. The result indicates that the Cx43 hemichannels have
inhibitory effects on S100B secretion. Among gliotransmitters,
ATP has been known to be released from astrocytic connexin
hemichannels (Stout et al., 2002). Extracellular ATP is hydrolyzed and dephosphorylated to adenosine, resulting in a reduction of transmitter release frequency from presynaptic terminals
(Scholz and Miller, 1992). Such a presynaptic inhibitory mechanism of glutamate through the astrocytic hemichannel release of
ATP can explain the inhibitory effect of Cx43 hemichannels on
S100B secretion. Regardless of the mechanism for the enhancement of S100B secretion by Cx43 blockade, our data clearly show
that the release of S100B is not mediated by Cx43 hemichannels.
In human monocytes, interleukin-1-like or classical vesicular release of S100 protein has been shown to be negative, yet protein
kinase C activation and microtubule network has been demonstrated to be involved in S100 release (Rammes et al., 1997).
Potential role of RAGE in gamma oscillation
amplitude modulation
S100B has been reported to be a ligand for RAGE among other
known ligands including advanced glycation end products, amyloid ␤ peptide, ␤-sheet fibrils, amphoterin (HMGB-1), and S100
family proteins (Hofmann et al., 1999). As both genetic deletion
of RAGE (Fig. 6) and antibody blockade against RAGE (Fig. 7A)
resulted in a decrease of gamma oscillation amplitude, a possible
interaction of released S100B with the RAGE was demonstrated.
Subsequent experiments with S100B(⫺/⫺) animals showed that
S100B is the most significant ligand of the RAGE for the gamma
oscillation modulation (Fig. 7C,D). The dissociation constant of
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edged that neuron– glia communications
occur via amino acids or purines (Nedergaard et al., 2002; Haydon and Carmignoto, 2006). To our knowledge, this is the
first demonstration that a small molecular
weight protein, such as S100B, functions as
a gliotransmitter. The mGluR3-mediated
release of S100B protein and the subsequent
activation of RAGE add another pathway to
the neuron– glia communications.
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