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Tonic inhibition in the brain is mediated through an activation of
extrasynaptic GABA, receptors by the tonically released GABA,
resulting in a persistent GABAergic inhibitory action. It is one of
the key regulators for neuronal excitability, exerting a powerful
action on excitation/inhibition balance. We have previously
reported that astrocytic GABA, synthesized by monoamine oxi-
dase B (MAOB), mediates tonic inhibition via GABA-permeable
bestrophin 1 (Best1) channel in the cerebellum. However, the role
of astrocytic GABA in regulating neuronal excitability, synaptic
transmission, and cerebellar brain function has remained elusive.
Here, we report that a reduction of tonic GABA release by genetic
removal or pharmacological inhibition of Best1 or MAOB caused
an enhanced neuronal excitability in cerebellar granule cells (GCs),
synaptic transmission at the parallel fiber-Purkinje cell (PF-PC) syn-
apses, and motor performance on the rotarod test, whereas an
augmentation of tonic GABA release by astrocyte-specific overex-
pression of MAOB resulted in a reduced neuronal excitability, syn-
aptic transmission, and motor performance. The bidirectional
modulation of astrocytic GABA by genetic alteration of Best1 or
MAOB was confirmed by immunostaining and in vivo microdialy-
sis. These findings indicate that astrocytes are the key player in
motor coordination through tonic GABA release by modulating
neuronal excitability and could be a good therapeutic target for
various movement and psychiatric disorders, which show a dis-
turbed excitation/inhibition balance.
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roper brain function requires a balanced excitation and in-

hibition in synaptic transmission through regulation of neu-
ronal excitability. Neuronal excitability is regulated by inhibitory
synaptic transmission, which occurs primarily through GABAergic
signaling. It has been reported that interactions between tonically
released GABA and extrasynaptically localized high-affinity GABAA
receptors (GABAARs) mediate tonic inhibition, which effectively
inhibits neuronal excitability (1-5).

Tonic inhibition has been found in various brain regions, in-
cluding cerebellum, hippocampus, and thalamus (3, 5, 6). Among
these brain regions, the role of tonic inhibition in neuronal ex-
citability, synaptic transmission, and brain function has been in-
tensively studied in the cerebellum (3, 7-9). Tonic inhibition
modulates the excitability of cerebellar granule cells (GCs),
which have an exclusive expression of extrasynaptic GABAsRs
(10, 11), and subsequently influences synaptic transmission at
parallel fiber (PF)-Purkinje cell (PC) synapses (3, 7). However,
the relationship between tonic inhibition and motor performance
has not been clearly demonstrated.
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We have previously reported that cerebellar tonic inhibition is
mediated by astrocytic GABA release through bestrophin 1
(Best1) from Bergmann glia and lamellar astrocytes (12). We have
further reported that the astrocytic GABA is synthesized by the
astrocytic mitochondrial enzyme monoamine oxidase B (MAOB)
via the putrescine degradation pathway (13). However, in vivo
function of the astrocytic GABA-mediated tonic inhibition has not
been elucidated. Here, we investigated the modulation of neuro-
nal excitability, synaptic transmission, and motor performance in
the cerebellum by manipulating the level of astrocytic tonic GABA
using various genetic and pharmacological tools.

Results

To test whether the genetic deletion of the GABA-releasing channel
Bestl leads to an alteration of tonic inhibition, we measured the
GABAzine-sensitive tonic current in cerebellar GCs from the acutely
prepared cerebellar slices of Bestl knockout (KO) mice and com-
pared with the wild-type (WT) mice as previously described (12, 13)
(Fig. 14). GCs, but not PCs, are known to express the high-affinity,
nondesensitizing, extrasynaptic GABARs composed of a6, B,
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and & subunits in the cerebellum (10, 11, 14). The successful
deletion of Bestl in Bestl KO mice was confirmed by a sig-
nificant reduction of Best] immunoreactivity in GFAP-positive
lamellar and Bergmann glial cells (SI Appendix, Fig. S1). There
was no significant difference in GFAP level between WT and
Best1 KO mice (SI Appendix, Table S1). Bestl KO mice showed
a significant reduction of tonic current by about 70% compared
with WT mice in cerebellar GCs (Fig. 1 B-D). This was con-
sistent with our previous findings based on the astrocyte-specific
acute gene-silencing system using a Bestl-specific shRNA (12).
This reduction of tonic current was not due to changes of
extrasynaptic GABAAR expression in Bestl KO mice, as evi-
denced by no significant difference in amplitude of the tonic
current obtained in the presence of the saturating concentration
of GABA at 5 pM (15) (Fig. 1 E-G) or 0.5 pM THIP [4,5,6,7-
tetrahydroisoxazolo(5,4-c)pyridin-3-ol], a specific agonist for a
§-subunit—containing GABAAR (16, 17) (SI Appendix, Fig. S2 B
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and C). There was no significant difference between WT and Best1
KO in the amplitude and frequency of spontaneous inhibitory syn-
aptic currents, whose representative decay kinetics showed compa-
rable values to those of previous studies utilizing similarly aged
animals (10, 17, 18) (SI Appendix, Fig. S2 D-F and Table S2).
Recently, we reported that unlike the GABAergic neurons uti-
lizing glutamic acid decarboxylase, the astrocytes in the cerebellum,
as well as the reactive astrocytes in the diseased hippocampus,
synthesize GABA using MAOB (1, 13, 19). To test whether in-
creasing the MAOB expression level in astrocytes affects the degree
of tonic inhibition, we utilized the doxycycline-dependent MAOB
overexpression mouse system under the astrocyte-specific GFAP
promoter (GFAP-MAOB; Fig. 1H) (20). Compared with the off-
doxycycline condition (—Dox), astrocyte-specific overexpression of
MAOB by doxycycline (+Dox) significantly enhanced the tonic
current in cerebellar GCs by about 30% (Fig. 1 I-K). However,
there was no difference in the 5-uM GABA-induced tonic current

Best1 KO
C (Balb/C) DA 30
GBZ g
c 20
o
5
o 10
‘c
o
[
0
WT KO
F GBZ G
+ GABA

80

40

L
N
N :
kel
>
Tonic current (pA)
1) S

10s WT KO

A

(C57BL/6)

GBz

+ Dox

Tonic current (pA)
o o 8 8 B8

-Dox +Dox

+ GABA

ns

80

40

Tonic current (pA)
) S

-Dox +Dox

Fig. 1. Suppression of tonic inhibition by genetic deletion of Best1 and enhancement by overexpression of MAOB. (A) Schematic illustration for tonic current

recording in cerebellar GCs by whole-cell patch clamp. (B, C, E, and F) Representative traces of tonic current in cerebellar GCs from WT mice (B and E) and
Best1 KO mice (Balb/C strain) (C and F). +GABA indicates the adding of 5 pM GABA in the recording solution. (D and G) The magnitude of 50-uM GABAzine-
sensitive tonic current as indicated (unpaired t test). (H) Schematic showing doxycycline (Dox)-dependent MAOB overexpression in astrocytes. (/, J, L, and M)
Representative traces of tonic current from GFAP-MAOB mice (C57BL/6 strain) in —Dox (/ and L) and +Dox (J and M) conditions. +GABA indicates the adding of
5 uM GABA in the recording solution. (K and N) The magnitude of GABAzine-sensitive tonic current as indicated (unpaired t test). Error bars are SEM; *P <
0.05; ***P < 0.001; ns indicates P > 0.05. BG, Bergmann glia; GBZ, GABAzine; GCL, GC layer; IHC, immunohistochemistry; MF, mossy fiber; ML, molecular layer;
PCL, PC layer; Rec., recording pipette; rtTA, reverse tetracycline responsive transactivator; TET, tetracycline-responsive promoter.
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Fig. 2. Modulating tonic inhibition regulates excitability in GCs, but not in
PGs. (A and F) Schematic illustration for measurement of excitability in GCs (A)
and PCs (F) by current injection. BG, Bergmann glia; GCL, GC layer; MF, mossy
fiber; ML, molecular layer; PCL, PC layer; Rec., recording pipette. (B, D, G, and /)
Representative traces of excitatory postsynaptic potentials from WT and Best1
KO mice and GFAP-MAOB mice in —Dox and +Dox conditions. (C, E, H, and J)
Summary data of firing frequency in GCs and PCs upon varying the injected
current (unpaired t test). Error bars are SEM; *P < 0.05; **P < 0.01.

between +Dox and —Dox conditions (Fig. 1 L-N), indicating no
difference in the extrasynaptic GABARs. In addition, there was no
significant change in synaptic responses between +Dox and —Dox
conditions (SI Appendix, Table S2). The increased level of astrocytic
GABA in +Dox mice was independently confirmed by immuno-
histochemistry using a GABA-specific antibody (S Appendix, Fig.
S3 A-C). There was no significant difference in GFAP level between
+Dox and —Dox conditions (S/ Appendix, Table S1). These results
strongly support that the astrocytic GABA is synthesized by MAOB,
and the cerebellar tonic inhibition is mediated by the tonic release of
astrocytic GABA through Best1.

The tonically released astrocytic GABA should exert a strong
inhibitory effect on the neighboring neurons, resulting in the
change of neuronal excitability and synaptic transmission. To test
this possibility, we first measured the intrinsic excitability of GCs
and PCs in Bestl KO and GFAP-MAOB mice. We found that
the frequency of the current injection-induced action potential
firing (Fig. 2B) was steadily increased by increasing the amount
of injected current (Fig. 2C). In Bestl KO mice, we found a
significantly higher firing rate compared with WT littermates at
high injected currents (Fig. 2C). These results are consistent with
the previous report that pharmacologically inhibited tonic in-
hibition increased the excitability of GCs (3). In contrast, we
found the opposite results in GFAP-MAOB mice, with a lower
firing rate from +Dox condition compared with —Dox condition
(Fig. 2 D and E). Interestingly, the intrinsic excitability of PCs
was not different in both types of mice (Fig. 2 G-J), consistent
with the fact that PCs do not have high-affinity, extrasynaptic
GABAARs. There was no difference in the resting membrane
potential of GCs in these mice [WT, —67.8 = 1.93 mV; Bestl
KO, —-64.64 + 2.18 mV (P = 0.29) and —Dox, —65 + 2.32 mV;
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+Dox, —64 + 1.91 mV (P = 0.24)]. These results demonstrate that
the astrocytic GABA exerts a strong inhibitory effect on the in-
trinsic neuronal excitability of GCs.

Next, we measured the frequency of synaptically induced
action-potential firing in PCs—the sole output neuron of the
cerebellar cortex and whose activity is controlled by GCs through
the PF input (21)—upon electrical stimulation of the mossy fiber
(MF) or PF at various stimulation frequencies, as previously
described (3) (Fig. 3 4 and F). In Bestl KO mice, we found a
significantly higher firing rate over most of the stimulation frequencies
compared with WT littermates (Fig. 2C). These results are consistent
with the previous report that pharmacologically inhibited tonic in-
hibition increased the excitability of PCs (3). However, we found the
opposite results in GFAP-MAOB mice, with a lower firing rate from
+Dox condition compared with —Dox condition (Fig. 3E). There was
no difference in the resting membrane potential of PCs in these mice
[WT, —62 + 141 mV; Bestl KO, —61 + 145 mV (P = 047)
and —Dox, —65 + 2.32 mV; +Dox, —64 + 1.91 mV (P = 0.75)]. We
found very similar results with electrical stimulation of the PF (Fig. 3
G-J). To test if tonic inhibition is the cause of the difference in
synaptically induced action-potential firing in PCs, we performed
the same experiments in the presence of the GABAAR antagonist
GABAzine (Fig. 4 A and F). We found that GABAzine enhanced
PC firing induced by stimulation of MF or PF in WT mice, but not
in Bestl KO mice (Fig. 4 E and J), indicating that tonic GABA
causes a strong inhibitory action on PCs at the PF-PC synapse.

In addition to action potential measurement, we also exam-
ined the paired-pulse ratio (PPR) in PCs by stimulating the PF.
We found a lower PPR in Best1 KO mice (SI Appendix, Fig. S4 B
and C), indicating that the presynaptic release probability at the
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Fig. 3. Modulating tonic inhibition regulates synaptic transmission at MF-
PC and PF-PC synapses. (A and F) Schematic illustration for measurement of
excitability in PCs by electrical stimulation (Stim.) of MF (A) and PF (F). BG,
Bergmann glia; GCL, GC layer; ML, molecular layer; PCL, PC layer; Rec., re-
cording pipette. (B, D, G, and /) Representative traces of excitatory post-
synaptic potentials from WT and Best1 KO mice and GFAP-MAOB mice in
—Dox and +Dox conditions (at 50-Hz stimulation). (C, E, H, and J) Summary
data of firing frequency in PCs at various stimulation frequencies (unpaired
t test). Error bars are SEM; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. Astrocytic GABA regulates synaptic transmission at MF-PC and PF-PC
synapses. (A and F) Schematic illustration for measurement of excitability in
PCs by electrical stimulation (Stim.) of MF (A) and PF (F). BG, Bergmann glia;
GCL, GC layer; ML, molecular layer; PCL, PC layer; Rec., recording pipette. (B,
D, G, and /) Representative traces of excitatory postsynaptic potentials from
WT and Best1 KO mice with or without treatment of GABAzine (GBZ)
(50 pM, at 50-Hz stimulation). Ctrl, control. (C, E, H, and J) Summary data of
firing frequency in PCs at various stimulation frequencies (unpaired t test).
Error bars are SEM; *P < 0.05; **P < 0.01; ***P < 0.001.

PF-PC synapse in Best1 KO mice was higher than in WT due to a
disinhibitory effect in Bestl KO by tonic GABA. We found that
first excitatory postsynaptic potential amplitude was significantly
enhanced in Bestl KO mice (SI Appendix, Fig. S4D), indicating
that synaptic transmission is enhanced in Bestl KO mice and
that tonic GABA is inhibitory at the PF-PC synapse. We mea-
sured the synaptic plasticity in terms of long-term potentiation
(LTP) at the PF-PC synapse in WT and Best]l KO mice using the
widely used stimulation protocol at this synapse (1 Hz, 5 min,
90 stimuli) (22). In WT mice, the LTP was not induced in the
absence of inhibitors for GABARs. However, the same stimu-
lation protocol induced a significant LTP in Bestl KO mice (S
Appendix, Fig. S4 F and G). These results support that the
astrocytic GABA exerts a strong inhibitory effect on the synaptic
transmission, as well as on synaptic plasticity at PF-PC synapses.

To determine the in vivo level of the astrocytic GABA, we
directly measured the amount of extracellular GABA using in
vivo microdialysis from the cerebellum of freely moving mice
(Fig. 54) and the subsequent analysis of the microdialysates by
HPLC or mass spectrometry as previously described (1). We
found that the extracellular GABA was significantly decreased in
both Bestl] KO and MAOB KO mice, but slightly increased in
+Dox GFAP-MAOB mice compared with WT or —Dox GFAP-
MAOB mice (Fig. 5B). In contrast, there was no difference in the
level of putrescine [the substrate for GABA synthesis (13)], or
glutamate (Fig. 5 C and D).

Woo et al.

Lastly, we tested the in vivo function of the astrocytic GABA
by performing the rotarod test (Fig. 64), which is a well-known
cerebellum-dependent behavior test for motor coordination (23—
25). We found that the latency to fall was significantly higher in
Best1l KO and MAOB KO mice compared with WT mice (Fig. 6
C and D). In addition, we utilized selegiline (Fig. 6B), which is a
selective irreversible MAOB inhibitor and has been previously
shown to effectively decrease both the tonic inhibition current in
acutely prepared slices and the astrocytic GABA in histological
sections (1). We found that the selegiline-treated mice similarly
showed a significantly higher latency to fall compared with
control mice (Fig. 6E). In contrast, +Dox GFAP-MAOB mice
showed a significantly lower latency to fall compared with —Dox
mice (Fig. 6F). These results indicate that the level of astrocytic
GABA correlated inversely with the degree of motor coordination.
Furthermore, compared with control mice, we found a tendency of
increased latency to fall and maximum velocity to stay on the
rotarod in both Bestl KO and MAOB KO mice, and a significantly
decreased latency to fall and maximum velocity in +Dox GFAP-
MAOB mice (SI Appendix, Fig. S5), consistent with the inverse
correlation between tonic inhibition and motor performance.

Discussion

Here, we have demonstrated that the astrocytic tonic GABA
release can control motor coordination by tonically inhibiting
cerebellar neuronal excitability (SI Appendix, Fig. S6B). We
found an inverse correlation between the amount of astrocytic
GABA and motor performance. Our study raises a possibility of
a dynamic control of motor coordination via selective modula-
tion of the release, synthesis, and clearance of astrocytic GABA
(SI Appendix, Fig. S64).

In the cerebellar circuit, signals enter the cerebellum via MFs,
which excite GCs and Golgi cells, which are the sole inhibitory
interneuron in the input layer (21). GCs receive inhibitory signals
(i) from the Golgi cells through the phasic GABA release, with
an activation of synaptic GABAARs on GCs (3, 11, 26), and (ii)
from the astrocytes through the tonic GABA release, with an
activation of extrasynaptic GABAARSs containing a §-subunit on
GCs (4, 11-13). GCs have been shown to have exclusive ex-
pressions of those extrasynaptic GABAARs (10, 11) along their
soma, dendrites, and PFs (27). Those extrasynaptic GABAARs
should be readily activated by GABA released from lamellar astro-
cytes in the GC layer and Bergmann glial cells along the PFs. In our
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study, we identified a role of astrocytic tonic GABA in the powerful
control of GCs’ excitability, which synaptically influences the excit-
ability of PCs, the sole source of the cerebellar output. Our results
elucidate a mechanism of dynamic regulation of the cerebellar output
by controlling the synaptic strength at the PF-PC synapses via tonic
inhibition of GCs through the astrocytic tonic GABA release. One
can consider the possibility that astrocytic tonic GABA is somehow
transiently and locally suppressed, disinhibiting the local GCs in the
vicinity and thus allowing particular PF-PC synapses to be activated.
This exciting possibility needs future investigations.

We have confirmed that the majority of tonic GABA (70%) is
derived from astrocytes through a series of studies using genetic,
pharmacological, and molecular tools (12, 13). Nevertheless, there
is an unaccounted, remaining portion of tonic GABA current of
about 30%. In a very recent study, it has been reported that there is
a direct inhibitory signal of PCs to GCs in the forms of both phasic
and tonic inhibition modes of action (28). These lines of evidence
suggest that PCs can also be a potential source of tonic GABA in
GCs. Future studies are needed to test this possibility.

Contrary to our previous and current findings of the Bestl-
mediated tonic GABA release, Diaz et al. (29) reported that the
Bestl channel does not mediate tonic GABAergic current in
cerebellar GCs based on only pharmacological evidence using
NPPB [5-nitro-2-(3-phenylpropylamino)benzoic acid] as a Bestl
channel blocker. However, NPPB is not a specific blocker of
Best1 and has many side effects such as inhibiting some potassium
and calcium channels (30, 31). Using the cell type-specific gene-
silencing method by lentiviral sShRNA for Best1 (12) and Bestl KO
mice, we unequivocally demonstrate the Bestl-mediated tonic
GABA release.

We have demonstrated that there was a positive correlation
between tonic GABA detected by electrophysiology and extra-
cellular GABA detected by microdialysis, whereas there was no
correlation between synaptic GABA and extracellular GABA.
These results imply that what we measure in in vivo microdialysis
experiments is the level of extracellular tonic GABA rather than
synaptically released GABA. Likewise, the extracellular gluta-
mate detected by microdialysis is most likely the level of tonic
glutamate, rather than synaptic glutamate, which should be taken
up by glutamate transporters in adjacent astrocytes within a couple
of seconds (32, 33). It has been reported that ambient glutamate is
mediated mostly by the cystine/glutamate antiporter (34). This is
probably why we did not detect a significant difference in the level
of extracellular glutamate in Bestl KO via in vivo microdialysis.
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Based on our study, we propose that in vivo microdialysis could be
a useful tool to measure the tonic level of extrasynaptic glio-
transmitters such as GABA, glutamate, and D-serine.

Although it has been suggested that GCs’ excitability and the
synaptic transmission between PF and PCs are strongly modu-
lated by tonic inhibition (3, 7, 9), there has been controversy over
the effect of GCs’ excitability and PF-PC synaptic transmission
on cerebellar motor performance. For example, Egawa et al. (9)
recently reported that decreased tonic inhibition in GCs result-
ing in an increase of GCs’ excitability caused a dysfunction of
motor performance in a mouse model of Angelman syndrome.
However, the authors did not measure PF-PC synaptic trans-
mission and tested only the unidirectional manipulation of GCs’
excitability. On the other hand, Galliano et al. (8) demonstrated
that silencing the majority of PF-PC synaptic transmission
through the deletion of P/Q-type Ca>* channels did not affect
motor performance. Despite these lines of experimental evi-
dence, the relationship among GCs’ excitability, PF-PC synaptic
transmission, and motor performance has not been clearly
demonstrated. In the current study, we show a clear positive
relationship among motor performance, PF-PC synaptic trans-
mission, and GCs’ excitability, which are inversely modulated by
the astrocytic tonic GABA. We provide multiple lines of evi-
dence from various genetic and pharmacologic mice models
through the bidirectional manipulation of GCs’ excitability. We
clearly demonstrate that less tonic inhibition by genetic removal
or pharmacological inhibition of Bestl or MAOB causes an
enhanced GC excitability, synaptic transmission in PF-PC syn-
apse, and motor performance, whereas higher tonic inhibition by
MAOB overexpression in astrocytes caused a reduced GC ex-
citability, synaptic transmission, and motor performance. Our
results are consistent with a previous report demonstrating the
inverse correlation between tonic inhibition and sensory-evoked
spike output in the cerebellum, although the authors did not
show PF-PC synaptic transmission nor motor performance (35).

Many studies have focused on manipulating the extrasynaptic
GABAAR, the molecular target for the tonically released
GABA, to investigate the functional role of tonic inhibition in
the brain (36-38). However, due to a variety of GABAAR sub-
units, consisting of 16 subunits and the pentameric composition
plus each subunit’s differential regional expression pattern (4,
39), it has been extremely difficult to study the in vivo function of
the tonic inhibition. Through a series of previous papers, we have
demonstrated that the cerebellar tonic inhibition is mediated by
the astrocytic GABA, synthesized by astrocyte-specific MAOB
enzyme, and released via the GABA-permeable Bestl channel
(1, 12, 13). The molecular, genetic, and pharmacological tools
that we have characterized in this study should make it possible
to selectively manipulate tonic inhibition without disturbing
phasic inhibition. These tools will prove useful for studying the
role of astrocytic GABA and tonic inhibition in physiological
conditions as well as in pathophysiological conditions, including
psychiatric disorders such as depression, seizure, stress, schizo-
phrenia, and autism, in which the excitation/inhibition balance
has been compromised.

Conclusions

We have reported that the cerebellar tonic inhibition is critically
dependent on both MAOB-dependent GABA synthesis and
Bestl-mediated GABA release. By utilizing this mechanistic in-
sight, we have demonstrated the role of astrocytic GABA in
cerebellar motor function by modulating neuronal excitability
and synaptic transmission (SI Appendix, Fig. S6B). We suggest
that astrocytes are one of the key components for regulating the
cerebellar circuit and output and motor coordination through
the tonic release of GABA from astrocytes.
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Methods

Animals. Adult (~8 to 10 wk) male and female WT of Best1 KO (Balb/C
background), MAOB KO (129 background), and GFAP-MAOB (C57BL/
6 background) mice (20) were used. All experimental procedures described
below were performed in accordance with Korea Institute of Science and
Technology (approval no. 2016-051) and Dankook University (approval no.
DKU-17-022) Animal Experimentation Guidelines.

Slice Recording. Cerebellar slicing and slice recording were performed as pre-
viously described (12, 13), within a normal artificial cerebrospinal fluid (ACSF)
solution that contained 130 mM NaCl, 24 mM NaHCOs, 1.25 mM NaH,PO,,
3.5 mM KCl, 1.5 mM CaCl,, 1.5 mM MgCl,, and 10 mM b(+)-glucose, pH 7.4.

Statistical Analysis. The significance of data for comparison was assessed by
Student’s two-tailed unpaired t test. Data are presented as mean + SEM.
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