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Abstract

The balance of activity between glutamatergic and GABAergic networks is particularly important for oscillatory
neural activities in the brain. Here, we investigated the roles of GABA; receptors in network oscillation in the oral
somatosensory cortex (OSC), focusing on NMDA receptors. Neural oscillation at the frequency of 8-10 Hz was elicited
in rat brain slices after caffeine application. Oscillations comprised a non-NMDA receptor-dependent initial phase
and a later NMDA receptor-dependent oscillatory phase, with the oscillator located in the upper layer of the OSC.
Baclofen was applied to investigate the actions of GABAg receptors. The later NMDA receptor-dependent oscillatory
phase completely disappeared, but the initial phase did not. These results suggest that GABAg receptors mainly act
on NMDA receptor, in which metabotropic actions of GABAg receptors may contribute to the attenuation of NMDA
receptor activities. A regulatory system for network oscillation involving GABA; receptors may be present in the OSC.
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Introduction

The brain comprises a huge number of neurons, with the
connections between individual neurons via synapses
resulting in the formation of neural networks of various
sizes. Information processing is based on interactions
between neurons through feedback and feedforward sig-
nal communications [1-4]. One strategy for information
processing is thought to involve encoding information
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with neural oscillations as rhythmic or repetitive patterns
of synchronized fluctuations in membrane potential [5—
7]. In neural network dynamics, the balance of activity
between excitatory and inhibitory networks is particu-
larly important for the generation of oscillations [8—10],
and inhibitory networks play a key role in creating brain
rhythms [7, 11, 12].

Actions of inhibitory network system are established
by the neurotransmitter gamma-aminobutyric acid
(GABA) and its two types of receptors, GABA, and
GABAj receptors [13]. GABA, receptors are linked to
Cl” channels and modulate membrane potential [14,
15]. GABAj receptors are coupled with G-proteins and
modulate neural activity by driving intracellular signal-
ing pathways [16—19]. In the course of making rhythms,
GABA, receptor-mediated fast inhibition is crucial
for the mechanisms underlying the synchronization of
neuronal activity in cortical local networks [11, 19, 20].
However, the roles of GABAjy receptors, which provide
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slow synaptic modulation of network oscillations, have
remained unclear.

Previous studies have revealed that GABAy receptors
are expressed at presynaptic terminals, the postsynaptic
spine and extra-synaptic membranes [21-24]. GABAy
receptors are also expressed on interneurons, suggesting
complex functions in multiple pathways [25, 26]. Presyn-
aptic GABAj receptors act to decrease transmitter release
by attenuating voltage-gated Ca®* channel (VGCC) activ-
ities in presynaptic terminals [27] and decreasing spon-
taneous transmitter release by inhibiting adenylyl cyclase
(AC) [26]. Postsynaptic GABAj receptors act to decrease
membrane potential by activating G-protein-activated
inwardly rectifying potassium channels (GIRKs), and by
alleviating the tonic inhibition of TREK2 channels, a type
of two-pore domain potassium channel [26, 28, 29]. Acti-
vation of GABAj receptor also inhibits dendritic VGCCs,
preventing dendritic Ca®* spikes [30]. In addition, activa-
tion of GABAj receptors has been demonstrated to affect
N-methyl-p-aspartate (NMDA) receptors by driving the
intracellular cyclic adenosine monophosphate (cAMP)
pathway [30-33], resulting in reduced Ca*" permeability
of the NMDA receptor [21]. In general, Ca®>" signals orig-
inating from NMDA receptors are especially important
for neural modulation, activating Ca®*-dependent intra-
cellular signaling pathways [34, 35].

NMDA receptors have the important property of pro-
viding voltage-dependent Mg”" blockade, and this ‘volt-
age-dependence’ enables the NMDA receptor to play
a role as a coincident detector of activation between
pre- and postsynaptic neurons [34—36]. This form of
synapse is called a ‘Hebbian synapse, and contributes to
modulation of not only local synapses, but also the over-
all level of network function [37]. NMDA receptors may
thus contribute to synchronization between populations
of neurons. Taking the actions of postsynaptic GABAy
receptors into account, the function of oscillatory net-
works that require NMDA receptor activation is pre-
sumed to change according to the strength of GABAy
receptor activation.

We have previously reported that activity-dependent
stable membrane potential oscillations at 8—10 Hz that
require NMDA receptor activation are inducible in the
somatosensory cortex of rats under caffeine application
[38]. The area of somatosensory cortex we investigated
in previous studies is considered to be the area receiving
sensory inputs from the oral region [39-41], suggesting
that the oral somatosensory cortex (OSC) may include
neural oscillators. In addition, we revealed that the oscil-
latory origin repeatedly delivers oscillatory signals along
horizontal layers, and that the oscillator is equipped in
the upper layer of the OSC [42, 43]. The present study,
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therefore, focused on the OSC to investigate the role of
GABAj; receptors in network oscillation.

Focusing on the synchronization of neural activities,
Gu et al. reported that an increase in phase synchrony
between two regions is dependent on NMDA receptors,
and the NMDA receptor-dependent phase-locking of
neural oscillation induces plastic changes in communica-
tion between regions [44]. In addition, NMDA receptors
play a key role in controlling oscillation frequency [45].
Thus, the inhibitory network system accompanied by
GABAj receptors is hypothesized to act as a regulator of
network oscillation when the network oscillation requires
NMDA receptor activity. Interestingly, activation of
NMDA receptors regulates surface expression of GABAy
receptors by enhancing the recycling of GABA subu-
nits [21], suggesting that NMDA receptors and GABA
receptors are interdependent. Conveniently, induction
of the caffeine-assisted oscillation is activity dependent,
requiring NMDA receptor activation during the induc-
tion process [38]. The present study examined whether
and how slow synaptic modulation by GABAj receptors
regulates local network oscillation, focusing on NMDA
receptors, using our experimental oscillation model.

Methods

All experiments were approved by the Animal Care
Committee of Tokushima Bunri University (approval no.
KP22-83-4) and Kanazawa Medical University (approval
no. 2012077). Experiments were performed in accord-
ance with the Guidelines for the Ethical Use of Animals
by the Physiological Society of Japan. All efforts were
made to minimize both the number of animals and their
suffering.

Optical recording
The experimental method for slice preparation for the
voltage-sensitive dye (VSD) recordings employed in
this study is basically identical to the method previ-
ously described [46]. Briefly, coronal slices of rat fore-
brain including the somatosensory cortex were prepared.
Wistar rats (28—35 days old) were decapitated under deep
isoflurane anesthesia after perfusion with ice-cold arti-
ficial cerebrospinal fluid (aCSF; 124 mM NaCl, 2.5 mM
KCl, 2 mM CaCl,, 2 mM MgSO,, 1.25 mM NaH,PO,,
26 mM NaHCO;, and 10 mM glucose; pH 7.4) bubbled
with 95% O,/5% CO, gas. Brains were quickly removed
and cooled in aCSE. After cooling for 5 min, forebrain
slices including the OSC were dissected and sliced into
400-pum transverse sections using a vibratome (Leica
VT-12008).

After 1 h of incubation, each slice was stained for
25 min with 100 pl of VSD solution containing 0.2 mM
Di-4-ANEPPS (D-1199, Molecular Probes Inc. OR, USA)
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in 2.5% ethanol, 0.13% Cremophor EL (Sigma), 1.17% dis-
tilled water, 48.1% fetal bovine serum (Sigma), and 48.1%
aCSFE. After washing to remove the VSD, slices were incu-
bated at 28 °C for at least 1 h, then left at room tempera-
ture before imaging by optical recording.

For optical recordings, the Plexiglas ring supporting
each slice was placed in an immersion-type recording
chamber [47]. Slices were continuously perfused with
pre-warmed (31 °C) and oxygenated aCSF (bubbled with
a 95% O,/5% CO, gas mixture) at a rate of 1 ml/min.
The high-speed imaging system provided spatial reso-
lution of approximately 22x22 pym at the objective (96
pixelsx 64 pixels resolution, MiCAMO2, BrainVision,
Inc., Tokyo, Japan). Optical signals referred to in the fol-
lowing sections represent signals filtered in spatial and
temporal dimensions with a Gaussian kernel of 5X5x3
(horizontal X vertical X temporal).

To investigate evoked optical signals, a stimulating
glass electrode filled with aCSF (1 MQ) was placed in
layer IV of the OSC. The duration and intensity of stimuli
were 300 ps and 40-50 V, respectively. We analyzed opti-
cal signals offline using a procedure developed for Igor-
Pro (WaveMetrics Inc, OR, USA). For additional details
on the methods, see Tominaga et al. and Gusain et al.
[46-49].

Field potential recording

The experimental method for slice preparation for field
potential recordings employed in this study was basi-
cally identical to the method previously described [38].
Wistar rats (25—-29 days old) were used for electrophysi-
ological recordings. Before starting these recordings,
rats were decapitated under deep isoflurane anesthesia
and the brain was quickly removed and placed in cold
medium (2-4 °C) containing 124 mM NaCl, 3.3 mM
KCl, 1.25 mM NaH,PO,, 1.3 mM MgSO,, 2 mM CaCl,,
26 mM NaHCO;, and 10 mM D-glucose and saturated
with 95% O,/5% CO,. Brain slices (300-350 pm thick)
including the OSC were prepared using a slicer. Once
cut, slices were left at room temperature for at least 1 h
before starting the recording session.

For field potential recordings, slices were placed in a
submerged-type chamber set on the stage of an upright
microscope (IMT-2; Olympus, Tokyo, Japan), and per-
fused with 30 °C medium at 5 ml/min. Micropipettes
for field potential recordings were filled with 3 M NaCl
and inserted into layer II/III in the OSC. To investigate
evoked field potentials, a bipolar tungsten electrode was
inserted into layer IV in the somatosensory cortex. The
duration and intensity of stimuli were 80 ps and 250-
350 pA, respectively. Synaptic responses were recorded
using a bridge-equipped amplifier (Axoclamp-2B; Axon
Instruments, Foster City, CA, USA), digitized using an
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AD converter (rate, 2.5-5 kHz, Digidata 1200; Axon
Instruments) and stored on a personal computer for
offline analysis. Precise waveform analysis was performed
using Origin8 software (OriginLab Co., Northampton,
MA, USA).

Protocol for oscillation induction and procedure

for recordings

According to the purposes of the study, caffeine (3 mM)
(purchased from Wako Pure Chemical Industries, Osaka,
Japan) was added to the medium. We have developed a
protocol in which synchronized population oscillation of
synaptic potentials at a frequency of 8—10 Hz is induced
in slices of rat visual cortex [50-52], retrosplenial cor-
tex [52, 53], endopiriform nucleus [54] and somatosen-
sory cortex [38, 42, 43] bathed in caffeine-containing
medium. Low-frequency stimulation at a frequency of
0.3 Hz was continued for approximately 30 min. When
the frequency of stimulation was changed from 0.3 to
0.03 Hz, stable oscillation was induced. The concentra-
tion of extracellular Mg>* is particularly important for
inducing the oscillation, and we precisely investigated
the contribution of Mg*" at concentrations of 0.1 mM,
0.5 mM and 1.3 mM [42, 50, 55]. While the characteris-
tics of oscillation in 0.5 mM Mg** and in 1.3 mM Mg*"
appear almost the same, the induction probability of
oscillation in 0.5 mM Mg?* is markedly higher. Therefore,
to identify the precise location of the oscillatory origin,
we initiated optical recordings in 0.5 mM Mg>", whereas
most recordings using field potential recording were per-
formed in 1.3 mM Mg**.

All synaptic responses for data analysis were elicited
by electrical stimulation at a frequency of 0.03 Hz. Neu-
ral responses were recorded from the area of the soma-
tosensory cortex, as described in the atlas by Paxinos
and Watson [39]. The delineation of area borders was
based on the descriptions by Swanson [40] and Zilles in
Paxinos’ “The Rat Nervous System” [39-41]. According
to the purposes of the experiment, the following chemi-
cals were applied to the extracellular medium: caffeine,
3 mM; D-2-Amino-5-phosphonovaleric acid (p-AP5),
10 pM; 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
20 puM; baclofen, 10 uM, 1 puM, or 0.1 uM; and thapsigar-
gin, 15 pM.

Results

Oscillatory origin and identification of receptors involved
in oscillatory events: applying the optical recording
method

First, we performed optical recordings to identify the site
of oscillatory origin (Fig. 1A). The site of oscillatory ori-
gin was confirmed to be within the OSC (Fig. 1A), and
the time-course response of optical signals obtained at
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Fig. 1 Pharmacological analysis of caffeine-assisted oscillation elicited by intra-cortical stimulation in the OSC, focusing on NMDA receptors.
An optical recording method was applied. All recordings were performed in caffeine-containing medium. A Optical image acquired at a time
latency of 337.0 ms superimposed on the slice illustration. The image includes a high-activity area during one course of oscillation (as shown
in B). Note that a high-activity area that emerged repeatedly is considered the origin of oscillatory activities. Thus, the location of oscillatory origin
was confirmed to be in the upper layer of the somatosensory cortex, as indicated by the arrow. B Time-course responses of the optical signal
obtained at the oscillatory origin (as shown in A). Note that the local area shown in A with the asterisk generated the wave with the asterisk
in B. C Time-course response after application of p-AP5 in caffeine-containing medium. Note that the oscillatory phase completely disappeared,
but the initial wave did not. The initial slope and peak amplitude of the initial wave were almost the same as those before application of b-AP5.
D Time-course response after further application of CNQX in medium containing both caffeine and p-AP5. Note that the initial wave completely
disappeared. E The 3 time-course responses shown in B-D are superimposed, and the temporal axis is expanded

the oscillatory origin are shown in Fig. 1B. A later oscil-
latory phase was NMDA receptor dependent, since appli-
cation of D-AP5 completely abolished later oscillatory
waves, but not the initial wave (Fig. 1C). The residual
initial wave was non-NMDA receptor dependent, since
additional application of CNQX completely abolished
the initial wave (Fig. 1D). In addition, a notable prop-
erty was that the initial slope and peak amplitude of the
residual initial wave were unaffected by p-AP5 applica-
tion (Fig. 1B, C, and E).

In the next experiments, we investigated whether acti-
vation of GABAjy receptors affected caffeine-assisted
oscillation. Figure 2A shows the location of the oscil-
latory origin in the OSC, and Fig. 2B shows the time-
course response of optical signals obtained at the

oscillatory origin. We then confirmed that application of
baclofen (10 pM) abolished later oscillatory waves, but
not the initial wave (Fig. 2C). Interestingly, the NMDA
receptor-dependent oscillatory phase was markedly
blocked by the application of baclofen, suggesting that
activation of GABAj receptors affects the NMDA recep-
tor activity-dependent phase (Figs. 1C, 2C). The residual
initial wave was mainly non-NMDA receptor dependent,
since additional application of CNQX almost abolished
the initial wave (Fig. 1D). In this case, the initial slope and
peak amplitude of the residual initial wave were slightly
reduced by the application of baclofen (Fig. 2E), showing
that the initial wave involving non-NMDA receptors may
be slightly affected by GABAj receptor activation.
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Fig. 2 Pharmacological analysis of caffeine-assisted oscillation elicited by intra-cortical stimulation in the OSC, focusing on GABAg receptors.
An optical recording method was applied. All recordings were performed in caffeine-containing medium. A Optical image acquired at a time
latency of 310.8 ms is superimposed on the slice illustration. The image includes a high-activity area during one course of oscillation (as shown
in B). Note that the high-activity area that emerged repeatedly is considered the origin of oscillatory activities. The location of oscillatory origin
was thus confirmed to be in the upper layer of the somatosensory cortex, as indicated by the indicated by the arrow. B One time-course response
of the optical signal obtained at the oscillatory origin (as shown in A). Note that the local area shown in A with the asterisk generated the wave
with the asterisk in B. C Time-course response after application of baclofen in caffeine-containing medium. Note that the oscillatory phase
completely disappeared, but the initial phase did not. The initial slope and peak amplitude of the initial wave were slightly decreased as compared
with those before the application of baclofen, and slight depolarization continued during the later phase. D Time-course response after further
application of CNQX in medium containing both caffeine and baclofen. Note that most of the initial wave disappeared. E The 3 time-course
responses shown in B-D are superimposed, and the temporal axis is expanded

Actions of GABAB receptor on oscillatory events: applying
a field potential recording method

A glass micro-electrode for field potential recording
was placed in layer II/III of the OSC, the site of oscil-
latory origin (Figs. 1, 2, 3A). Figure 3B shows the wave-
forms of field potentials under different conditions.
Marked oscillation was induced under application of
caffeine (Fig. 3B, top). After inducing stable oscillation,
application of D-AP5 completely abolished the later
oscillatory phase (Fig. 3B, middle), and the abolished
phase reappeared after washout of p-AP5 (Fig. 3B,
bottom), showing that the later oscillatory phase was
NMDA receptor dependent. Figure 3C shows the effect
of D-AP5 application on the size of oscillation under

caffeine application, using averaged wavelet numbers.
One-way analysis of variance (ANOVA) (Origin 8;
OriginLab Co., USA) was used to evaluate the statistical
differences and revealed significant differences (n=5,
F=22.96; P=1.1E-5). Scheffe’s post hoc test was then
used to detect differences between pharmacological
manipulations. Oscillation sizes after the application
of D-AP5 were reduced compared with those before
the application of D-AP5 (n=5, F=19.76; P=2.87E-5),
and oscillation size after washout of D-AP5 was recov-
ered compared with those after the application of p-
AP5 (n=5, F=14.23; P=1.97E—4), suggesting that
application of D-AP5 actually reduced oscillation size.
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Fig. 3 Analysis of the initial wave and later oscillatory phase of caffeine-assisted oscillation, focusing on NMDA receptors. A field potential recording
method was applied. A A glass micropipette for field potential recording and an electrode for stimulation are shown in a brain slice illustration. Field
potentials were recorded from layer II/Ill, and electrical stimulation was delivered to layer IV in the OSC. B Waveforms obtained by field potential
recording. Stable oscillation was generated in the caffeine-containing medium (top). Application of p-AP5 blocked the oscillatory phase, but not the
initial phase (middle). After washout of p-AP5, the oscillatory phase reappeared (bottom). C Averages of wavelet number before and during o-AP5
application to caffeine-containing medium, and after washout of b-AP5. D Areal integrated values of the initial wave before and after application

of b-AP5. Representative waveforms before and during o-AP5 application are superimposed and shown in the graph. Note that application of b-AP5
has little effect on the initial wave. Asterisks (*P < 0.005; **P < 0.001) indicate significant statistical differences

We then investigated whether the initial wave is
affected by D-AP5 application. We calculated the area
surrounded by the lines of fluctuation and the base-
line before the emergence of a response. Representative
examples are shown in Fig. 3D. Areal integrated values of
initial waves were plotted before and after application of
D-AP5, finding no significant differences (paired ¢-test,
n=6; P=0.463) (Fig. 3D). In more detail, the initial slope

(See figure on next page.)

and peak amplitude were unaffected by the application of
D-AP5, showing that there was almost no NMDA recep-
tor component in the initial wave.

In the next experiments, we investigated how the acti-
vation of GABAj receptors affected caffeine-assisted
oscillation. Figure 4A1l shows the waveforms of field
potentials. Marked oscillation was induced under caf-
feine application (Fig. 4A1, top). After inducing stable

Fig. 4 Analysis of the initial wave and later oscillatory phase of caffeine-assisted oscillation, focusing on GABA; receptors. Field potential recording
was performed, and electrical stimulation was delivered in the same manner shown in Fig. 3A. A1 Waveforms obtained by field potential recording.
Stable oscillation was generated in the caffeine-containing medium (top). Application of 10 uM baclofen blocked the oscillatory phase, but not the
initial phase (middle). After washout of baclofen, the oscillatory phase reappeared (bottom). A2 Averages of wavelet number before and during
baclofen application to caffeine-containing medium, and after washout of baclofen. A3 Areal integrated values of the initial wave before and after
application of baclofen. Representative waveforms before and during baclofen application are superimposed and shown in the graph. Note

that application of baclofen clearly decreases initial wave size. B1 Averages of wavelet number before and during baclofen (1 uM) application

to caffeine-containing medium, and after washout of baclofen. B2 Areal integrated values of initial wave before and after application of baclofen.
Note that application of baclofen tends to decrease the initial wave size. B3 Averages of wavelet number before and during baclofen (0.1 uM)
application to caffeine-containing medium, and after washout of baclofen. B4 Areal integrated values of initial wave before and after application
of baclofen. Note that application of low-concentration baclofen does not seem to affect initial wave size. Asterisks (*P < 0.005; **P < 0.001) indicate
significant statistical differences
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oscillation, application of baclofen (10 pM) completely
abolished later oscillatory waves (Fig. 4A1, middle), and
the abolished phase reappeared after baclofen washout
(Fig. 4A1, bottom), showing that the activation of GABA;
receptors occurs in the later oscillatory phase. Figure 4A2
shows the effects of baclofen application on the size of
the oscillation under caffeine application, using aver-
aged wavelet numbers. One-way ANOVA (Origin 8) was
used to evaluate statistical differences, revealing signifi-
cant differences (n=5, F=26.91; P=3.67E-5). Scheffe’s
post hoc test was then used to detect differences between
pharmacological manipulations. Oscillation sizes after
baclofen application were reduced compared with those
before baclofen application (n=5, F=22.0; P=9.68E-5),
and oscillation size after baclofen washout was recovered
compared with that p-AP5 application (n=5, F=18.18;
P=2.33E—4), suggesting that the application of baclofen
actually reduced oscillation size. We then investigated
whether the initial wave was affected by baclofen appli-
cation. We calculated the area surrounded by the lines
of fluctuation and the baseline before the emergence of
response. Representative examples are shown in Fig. 4A3.
Areal integrated values of initial waves were plotted
before and after baclofen application, showing a signifi-
cant difference between these waves (paired-¢ test, n=>5;
P=0.0158) (Fig. 4A3), showing that a component affected
by GABAj receptor activation was included in the initial
wave.

In the same manner, we investigated whether these
actions of baclofen are dependent on the concentration
of baclofen. Figure 4B1 shows the effects of baclofen
application on the size of oscillation under application
of a lower concentration of baclofen (1 uM), using aver-
aged wavelet numbers. One-way ANOVA (Origin 8)

A
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E
(o]}
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©
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04 y
o Q
©
202l 010 ooo
0.0 T T T
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was used to statistically evaluate comparisons, reveal-
ing significant differences (n=5, F=40.75; P=4.47E-6).
Scheffe’s post hoc test was then used to detect differences
between pharmacological manipulations. In the case of
1 uM baclofen, oscillation sizes after baclofen applica-
tion were reduced compared with those before applica-
tion (n=>5; F=36.75; P=7.64E—6). Oscillation size after
baclofen washout was recovered compared with those
with baclofen application (n=5, F=22.69; P=8.37E—4)
(Fig. 4B1). However, in the case of 1 uM baclofen, no sig-
nificant differences in the magnitude of the initial wave
were evident between before and after baclofen applica-
tion (paired-t test, n=>5; P=0.05331) (Fig. 4B2). Next,
in case of 0.1 pM baclofen, no significant differences
were evident in oscillation size (one-way ANOVA, n=5,
F=0.928; P=0.417) (Fig. 4B3). In this case, no signifi-
cant differences in the magnitude of the initial wave were
identified between before and after baclofen application
(paired-t test, n=5; P=0.649) (Fig. 4B4).

The above-mentioned results suggest that the effects
of baclofen on caffeine-assisted oscillation depended
on the concentration of baclofen. First, we investigated
the relationship between the ratio of wavelet number
(after/before) and baclofen concentration. Sigmoid fit-
ting revealed that oscillation size was markedly depend-
ent on the dose of baclofen (F=156.29, R?=0.925,
P=2.68E-9) (Fig. 5A). Second, we investigated the
relationship between the ratio of the initial wave mag-
nitude (after/before) and baclofen concentration. Sig-
moid fitting revealed that the magnitude of the initial
wave was dependent on the dose of baclofen (F=250.9,
R*=0.437, P=2.08E—10), but this dose dependence was
weak (Fig. 5B). Thus, the effects of baclofen on the size of
caffeine-assisted oscillation and on the magnitude of the

o

o o
S 1.0 g )
[
> (o] o
0 0.8 k
@®
= o
© 0.64 o
E
5 044
T
X 0.2

0.0

T T T

0.1 1 10
Bacrofen (uM)

Fig. 5 Dose-dependent effects of baclofen. A Ratios of wavelet number before and after application of o-AP5 are plotted according

to concentration of baclofen, followed by sigmoid curve fitting. Note that attenuation of oscillation by baclofen appears strongly dose dependent
(R*=0.925). B Ratios of areal values of the initial wave before and after application of baclofen are plotted according to the concentration

of baclofen, followed by sigmoid curve fitting. Note that attenuation of initial wave size by baclofen appears weakly dose dependent (R?=0.437)
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initial wave are dependent on the dose of baclofen. These
results suggest that the functions of oscillatory networks
that require NMDA receptor activation are changeable
according to the strength of GABAj receptor activation.

Postsynaptic intracellular Ca2* and NMDA
receptor-assisted oscillation

GABA; receptors may regulate postsynaptic Ca®*
dynamics by way of NMDA receptors. If that is indeed
the case, Ca’"-induced Ca?" release (CICR) may be
affected, resulting in the attenuation of oscillatory activi-
ties. We then investigated how depletion of intracellular
Ca®" stores affects NMDA receptor-dependent oscilla-
tory activities. Figure 6A shows the waveforms of field
potentials under different conditions. Marked oscillation
was induced under caffeine application (Fig. 6A, top).
After inducing stable oscillation, application of thapsi-
gargin completely abolished the later oscillatory phase,
but the initial and second waves remained (Fig. 6A, mid-
dle), and the abolished phase reappeared after thapsigar-
gin washout (Fig. 6A, bottom), showing that appearance
of the later oscillatory phase required Ca>" release from
intracellular Ca* stores.

Figure 6B shows the effect of applying thapsigargin on
the size of oscillation under caffeine application, using
averaged wavelet numbers. One-way ANOVA (Origin
8) was used to evaluate statistical differences, reveal-
ing significant differences (n=4, F=26.91, P=3.67E-5).
Scheffe’s post hoc test was then used to detect differences
between pharmacological manipulations. Oscillation

A

Ly
Caff
p Nk - L Lh L_.,
Caff + Thapsi
(15 M)
e
Caff
(WO of Thapsi)
0.5mV
100 ms

Fig. 6 Attenuation of caffeine-assisted oscillation by depletion of intracellular Ca®*

Wavelet number
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sizes after thapsigargin application were reduced com-
pared with those before thapsigargin application (n=4,
F=22.0; P=9.68E-5), and oscillation size after baclofen
washout was recovered compared with those before
thapsigargin application (n=4, F=18.18; P=2.33E—4),
suggesting that the application of thapsigargin actually
reduced oscillation size.

Discussion

Summary of present results

Caffeine-assisted oscillation was comprised an ini-
tial non-NMDA receptor-dependent phase and a later
NMDA receptor-dependent oscillatory phase (Figs. 1,
3, 7A1). GABA; receptor agonist, baclofen, markedly
abolished the NMDA receptor dependent later oscil-
latory phase, whereas, slightly attenuated the non-
NMDA receptor-dependent initial phase (Figs. 2, 4,
7A2). The effects of baclofen on caffeine-assisted oscil-
lation depended on the concentration of baclofen, sug-
gesting that the functions of oscillatory networks that
require NMDA receptor activation are changeable
according to the strength of GABAj receptor activa-
tion. In addition, depletion of intracellular Ca>" store
by thapsigargin markedly abolished the NMDA recep-
tor dependent later oscillatory phase (Fig. 6), suggest-
ing that CICR may be deeply involved in induction of
caffeine-assisted oscillation. Thus, Ca*" signals may
play important roles in controlling by GABAB receptor.
Presumed downstream of GABAj receptor and NMDA
receptor based on the present experiments is illustrated

*% *%

Caff + Thapsi  Caff (WO of Thapsi)
(15 uM)

stores. Field potential recordings were performed, and electrical

stimulation was delivered in the same way as shown in Fig. 3A. A Waveforms obtained by field potential recording. Stable oscillation was generated
in the caffeine-containing medium (top). Application of 15 uM thapsigargin blocked the later oscillatory phase, but the initial and second waves
remained (middle). After washout of baclofen, the oscillatory phase reappeared (bottom). B Averages of wavelet number before and during
thapsigargin application to caffeine-containing medium, and after washout of thapsigargin. Asterisks (**P < 0.001) indicate significant statistical

differences
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via increase in NMDA receptor activity and CICR. Application of baclofen attenuated transmitter release at presynaptic site, and inhibited oscillatory
phase via downregulation of NMDA receptor at postsynaptic site. Pharmacological actions of o-AP5 and thapsigargin are also illustrated. A7-R
Adenosine A1 receptor, Ry-R ryanodine receptor, AC adenylyl cyclase
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in Fig. 7B. In the following paragraphs, we will discuss
how GABAj receptor regulates oscillatory activities at
presynaptic and postsynaptic sites.

Contribution of inhibitory network on regulation
of membrane potential oscillation
GABA, receptors are coupled with CI™ channels and
mediate fast synaptic inhibition within the excitatory
network. GABA, receptor-mediated inhibition enables
the generation of synchronized excitation between pop-
ulations of excitatory neurons [11, 19, 56], and different
durations of inhibition could be associated with the pro-
duction of different frequencies of oscillation [11]. Within
neural networks, interneurons play an important role
in allowing synchronization. The induction and mainte-
nance of synchronized network oscillations may depend
not only on GABA, receptor-mediated inhibition, but
also on the recruitment of interneuron firing by excita-
tion of the glutamatergic network [11]. In the present
study, application of caffeine increased excitatory net-
works, particularly NMDA receptor-mediated synaptic
transmission. One of the major pharmacological actions
of caffeine is blockade of GABA, receptors at high
doses [57]. Since we used high doses of caffeine (3 mM),
GABA, receptor-mediated inhibition seems unlikely to
have contributed to the generation of synchronization.
Unlike GABA , receptor-mediated fast synaptic inhibi-
tion, GABAj receptor-mediated slow synaptic inhibition
is achieved by way of intracellular mechanisms. However,
the contribution of GABAj receptors to network oscilla-
tions is less understood. Recently, the roles of interneu-
rons in synchronization, focusing on GABAj receptors,
have been demonstrated. In the case of hippocampal
theta and gamma oscillations induced by carbachol
application, the activation of GABA receptors following
baclofen application diminished the generation of oscil-
latory waves [25]. Under those circumstances, activation
of presynaptic GABAj receptors uncoupled somatosta-
tin-expressing interneurons from oscillatory networks,
resulting in the disappearance of oscillatory activity.
Interneurons were thus revealed to play a role in the
generation of synchronization, and presynaptic GABAg
receptors regulate network oscillation by acting on
interneurons. Somatostatin-expressing interneurons also
exist in the somatosensory cortex, controlling cortical
information processing [58, 59]. Further, GABA; recep-
tors are expressed on somatostatin interneurons in the
somatosensory cortex, and modulate network activities
[60]. Presynaptic GABAj receptors might, therefore, play
a role in achieving synchronization by way of interneu-
rons in the somatosensory cortex. In the present study,
however, predicting the roles of interneurons in achiev-
ing synchronization is difficult, based on the present
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data. In the case of caffeine-assisted oscillation, further
experiments are required, focusing on interneurons and
presynaptic GABAj receptors.

Intracellular Ca%* signal and oscillation

In general, caffeine acts on ryanodine receptors expressed
at intracellular Ca*" store, resulting in enhancement of
release of stored Ca?* [57]. In addition, an important
characteristic of NMDA receptor is Ca®" permeabil-
ity [34—36]. Therefore, Ca*" dynamics may underlie the
caffeine-assisted oscillation, and should be taken into
account in considering actions of GABAj receptor.

A recent study demonstrated that GABAy receptors
inhibit the Ca?" permeability of NMDA receptors to
decrease Ca”" signals in postsynaptic spines [31]. The
underlying mechanisms are as follows. GABAj receptors
are G-protein coupled receptors, and once the GABA,
receptor is activated, the AC is inhibited. This results in a
reduced cAMP level, inducing the attenuation of NMDA
receptor activity through decreases in protein kinase A
(PKA) [33]. Thus, activation of GABAj receptors selec-
tively modulates Ca®* permeability of the NMDA recep-
tor. An important function of the NMDA receptor is that
Ca?" influx through the NMDA receptor triggers CICR,
resulting in the induction of various synaptic changes.
When NMDA receptor activity is attenuated by baclofen,
intracellular Ca?" release from Ca?" stores may be
reduced.

Regarding Ca®* signals, we have already reported that
depletion of intracellular Ca®>* prevented the induction
of caffeine-assisted oscillations in the visual cortex [38,
42, 43]. In addition, CICR is required for the induction of
caffeine-assisted oscillation [50, 55]. Thus, with synchro-
nized oscillation that is related to NMDA receptor activ-
ity through downstream GABAj receptors and NMDA
receptors, Ca®" signals may play important roles in the
generation and regulation of synchronized oscillation.

In the present study, we confirmed that depletion of
intracellular Ca®" stores by thapsigargin attenuated oscil-
lation size, particularly for the later oscillatory phase
(Fig. 6). In addition, our previous study demonstrated
that co-application of caffeine and ryanodine prevented
induction of caffeine-assisted oscillations [42]. These
results led us to the strong certainty that GABA; recep-
tors can control CICR via the modulation of NMDA
receptor function.

NMDA receptors are also expressed at presynaptic ter-
minals, and Ca®* influx through NMDA receptors con-
tributes to synaptic function. However, increases in Ca®*
concentration at presynaptic terminals for transmitter
release are predominantly caused by the opening of volt-
age-gated Ca’" channels [61, 62]. Indeed, functional Ca®*
stores exist in synaptic terminals and the stored Ca*"
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can be released either spontaneously or by Ca®* influx
through VGCCs. Actually, inhibition of evoked neuro-
transmitter release by GABAj receptors is generally asso-
ciated with inhibition of VGCCs via released Gy, which
inhibits Ca®* influx at the synaptic terminals [26]. Con-
versely, postsynaptic GABAj receptor activation robustly
suppresses NMDA receptor Ca®* signals, independent of
any effects on presynaptic release [30]. Taking these find-
ings into account, Ca®* depletion of intracellular Ca®*
stores with the administration of thapsigargin may pre-
dominantly influence postsynaptic function under the
present conditions. Indeed, Ca*" influx through VGCCs
also triggers CICR [63], but, in the case of caffeine-
assisted oscillation, Ca** influx through NMDA recep-
tors seems to represent the main cause of CICR, since
the later oscillatory phase is completely contingent on
NMDA receptor activation (Fig. 1).

Mechanisms underlying interactions between NMDA
receptors and GABAB receptors
NMDA receptors are expressed at both the postsynap-
tic dendritic spine and the extra-synaptic membrane, as
synaptic NMDA receptors and extra-synaptic NMDA
receptors, respectively. Since the GIuN2B subunit is
present in extra-synaptic NMDA receptors, voltage-
dependent Mg”*" block at the NMDA receptor is reduced
[64-66], and one characteristic of the extra-synaptic
NMDA receptor is the low threshold of Ca®* entry.
Hyper-excitation of the extra-synaptic NMDA recep-
tor may, therefore, induce a pathological condition [67].
An important role of synaptic NMDA receptors is co-
incidence detector between pre- and post-synaptic activ-
ity, in which voltage-dependent Mg*" block enables the
induction of synaptic plasticity [34, 37, 68, 69]. In terms
of the local network level of caffeine-assisted oscilla-
tion, we previously reported that repetitive activation of
NMDA receptors enhances non-NMDA receptor activ-
ity in the visual cortex, which seems to represent one of
local network synaptic plasticity [52, 70]. This is consist-
ent with a previous study in which Lu et al. demonstrated
that selective activation of synaptic NMDA receptors
induced insertion of new non-NMDA receptors onto the
membranes of excitatory synapses [71]. Therefore, dur-
ing the induction process for caffeine-assisted oscillation,
synaptic NMDA receptor activity may be the main form
enhanced, not extra-synaptic NMDA receptor activity.
Focusing on adenosine receptors in the neocortex, Al
receptors, as one subtype of adenosine receptor, nega-
tively influence transmitter release from presynaptic
terminals by inhibiting AC [57]. Caffeine is a nonspe-
cific adenosine receptor antagonist, but acts predomi-
nantly on the Al receptors of glutamatergic synapses in
the cortical regions and positively influences presynaptic
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transmitter release via the blockade of Al receptors [72,
73]. Considering these pharmacological actions, synap-
tic NMDA receptors rather than extra-synaptic NMDA
receptors appear predominantly engaged in the emer-
gence of caffeine-assisted oscillation.

The GABAj receptor is a heterometric G-protein-cou-
pled receptor, and is divided into GABAg; and GABAg,
classes. The GABAjy; subunit contains the ligand-bind-
ing domain, while GABAj, couples to the G-protein to
downregulate AC [17, 32, 74, 75]. GABAj receptors are
abundantly expressed on the plasma membrane of glu-
tamatergic synapses [76—79]. In particular, GABAg; and
GABAy, co-localize mostly at postsynaptic sites [80].
Kantamneni et al. reported that selective activation of
synaptic NMDA receptors increases the surface expres-
sion of GABAy, and GABAy, by enhancing the recycling
of GABAj subunits [21]. In contrast, global activation of
synaptic and extra-synaptic NMDA receptors causes the
loss of surface GABAj receptors due to endosomal traf-
ficking [15]. In case of caffeine-assisted oscillation, syn-
aptic NMDA receptor activity may be predominantly
activated, as mentioned above. Consequently, GABA,
receptors comprising GABAj; and GABA}, subunits are
expressed at postsynaptic spines. Baclofen would thus
presumably dramatically depress the NMDA receptor-
dependent oscillatory phase.

Under the ‘caffeine+baclofen’ condition (Fig. 2C),
membrane potential during the later phase was mark-
edly decreased compared with the ‘caffeine-only’ con-
dition (Fig. 2B). This suggests the following possibility.
Depletion of the later oscillatory phase may be caused
by voltage-dependent Mg>" block, but not via intra-
cellular mechanisms that involve the down-regulation
of AC. If that is the case, inward current through the
NMDA receptor is reduced by enhancing voltage-
dependent Mg>" block due to insufficient depolarization
caused by the inhibitory effect of the GABA; receptor,
such as opening K* channel (e.g., GIRKs) and induc-
ing a decrease in Ca*" influx through NMDA receptors.
As a result, caffeine-assisted oscillations that require an
increase in intracellular Ca** might be attenuated.

Regarding this, notable findings were demonstrated.
Chalifoux et al. reported that GABAj receptors selec-
tively modulate the Ca®" permeability of NMDA recep-
tors, and changes in ‘Mg”* block’ cannot explain these
effects of GABA; receptors on the Ca?" signaling of
NMDA receptors [30]. This finding provides the idea that
regulation of the oscillatory phase is mainly caused by
an intracellular AC pathway, but not by voltage-depend-
ent Mg?" block. However, the reason the residual sus-
tained slow depolarization after baclofen application was
much smaller remains unclear (Fig. 2E). Sustained slow
depolarization must be produced by NMDA receptor
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component, since no non-NMDA receptor-dependent
component is included in the later phase, suggesting that
inward current through the NMDA receptor remains.
Indeed, the ratio of Ca*" current against total current is
difficult to detect, but intracellular Ca** dynamics must
hold the key to answering this question. To elucidate the
precise mechanisms by which GABAj receptors regulate
NMDA receptor-dependent oscillation, future studies
should focus on the spatiotemporal dynamics of intracel-
lular Ca*".

Regarding the OSC

Finally, the present study focused attention on the OSC,
demonstrating that one role of GABAj receptors is
the regulation of network oscillation. Indeed, multiple
tooth-losses during the developmental period prevent
the emergence of caffeine-assisted oscillation in the OSC
[81]. Under those conditions, the conduction of various
kinds of sensory information from the peripheral oral
region to the OSC may be decreased. As mentioned
earlier, we have previously reported that the medial and
lateral secondary visual cortex [51, 52, 70, 82], retrosple-
nial cortex [42, 52] and endopiriform nucleus [54] equip
neural oscillators. These areas that include reciprocal
connections are considered to have associative proper-
ties [83, 84]. The OSC may thus likewise represent an
association area. Considering that activation of NMDA
receptors regulates GABAj receptor surface expression
by enhancing the recycling of GABAj subunits [21], the
OSC may have a protection system against hyper-excita-
tion that involves GABAj receptors.

Conclusion

This study investigated the role of GABAj receptors in
the regulation of network oscillation, focusing on NMDA
receptors. Increased neural activities with the applica-
tion of caffeine generated 8- to 10-Hz oscillations in the
OSC. These caffeine-assisted oscillatory events com-
prised a non-NMDA receptor-dependent initial phase
and a later NMDA receptor-dependent oscillatory phase.
The later oscillatory phase occupied most of one course
of an oscillatory event. Emergence of the later oscilla-
tory phase was intracellular Ca**-dependent, and appli-
cation of baclofen, a GABAy receptor agonist, markedly
abolished the later oscillatory phase, but not the initial
phase. Since intracellular signal pathways are operated
by GABAj receptors, NMDA receptor function may be
modulated by the metabotropic actions of GABAj recep-
tors, resulting in decreased oscillatory activities. Thus,
the local network in the OSC includes a down-regulatory
system accompanied by GABA receptors.
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