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test this possibility, we measured the tonic inhibition current from 
granule cells in cerebellar slices by measuring the baseline current 
shift upon GABAAR antagonist (50 μM GABAzine). We detected 
a significant decrease in tonic inhibition current from cerebellar 
granule cells of GIT1 KO mice compared to WT (Fig. 3A). Tonic 
inhibition current of GIT1 KO was significantly decreased by 85% 
of WT level (Fig. 3B, left). There was no significant difference in 
the full activation current which was induced by 5 μM GABA (Fig. 
3A, B, middle). However, the % of full activation, which was cal-
culated by dividing the tonic inhibition current by full activation 
for each recorded cell, showed a significant reduction in GIT1 KO 

mouse compared to WT (Fig. 3B, right). The % of full activation is 
a good indicator of the GABA release component. Therefore, the 
results indicate that there was a significant decrease in the tonic 
GABA release from cerebellar glial cells including Bergmann glia 
in purkinje cell layer and lamellar astrocyte in granule cell layer 
in GIT1 KO mice, without affecting the GABAAR level in granule 
neurons. In contrast, we could not find any significant change in 
the spontaneous inhibitory post-synaptic current (sIPSC) ampli-
tude and frequency between WT and GIT1 KO (sIPSC amplitude: 
16.2±2.2 pA (WT); 14.2±1.1 pA (KO), sIPSC frequency: 0.2±0.04 
Hz (WT); 0.2±0.02 Hz (KO)), indicating that the synaptic GABA 

Fig. 2. Representative confocal microscope 
images of immunohistochemistry in cer-
ebellum of WT (A, C) and GIT1 KO (B, D) 
at 20X (A, B) and 40X (C, D); Arrowhead 
indicates GFAP-negative cells and black as-
terisks indicates GFAP-positive cells. Scale 
bar indicates 50 μm in (A, B) and 20 μm in 
(C, D). (DAPI : Blue, GFAP : Green, GABA 
: Red). The GFAP intensity of (A) and (B) 
were quantified in (E). Both GFAP intensity 
and GABA intensity in GFAP-negative cells 
shows no significant difference between 
WT and GIT1 KO mice. However, GABA 
intensity in GFAP-positive cells shows 
significant decrease in the GIT1 KO mice 
(n=22; from 4 mice of WT and 4 mice of 
KO, ***p<0.005).
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release was not changed in the GIT1 KO mice.

DISCUSSION

As the ADHD is complex disorder affected by both genetic 
and environmental factors, the availability of appropriate animal 
models is a big step towards understanding the mechanism of the 
disorder [14]. Therefore, molecular and cellular studies using ani-

mal models for the pathological states will help us to understand 
related mechanisms in human. In this study, we suggest an involve-
ment of glial GABA in GIT1 KO mice, in that there is a decreased 
GABA level in astrocytes of the cerebellum, which results in less 
tonic inhibition current mediated by diminished tonic GABA re-
lease, leading to an increase of E/I ratio and hyperactivity (Fig. 4).

In this study, the HPLC experiment from cultured astrocytes had 
not revealed a siginificant difference in GABA level between WT 

Fig. 3. (A) Representative traces of whole cell patch clamp recordings from granule cells in cerebellar slices in WT (Left) and GIT1 KO (Right). 5 μM of 
GABA is treated on the slices for the full activation of the all GABA receptors. The tonic current was measured as a blocked current by 10 μM GABAzine 
treatment (black arrow). The measurements are summarized in (B). Tonic current is significantly decreased in KO mice. The full activation current with 
5μM of GABA is not different between WT and KO (n=18; from 4 mice of WT and 5 mice of KO, *p<0.05, **p<0.01).

Fig. 4. Comparable schematic diagram of 
cerebellar cortex in WT and GIT1 KO mice. 
Reduced GABA in the astrocytes was ob-
served in GIT1 KO compared to WT (Fig. 
2E). This reduced astrocytic GABA induced 
less tonic GABA less tonic currents mediated 
by tonic GABA release via Best1 channels. 
Conclusively, attenuation of tonic inhibition 
make increase of E/I balance and can explain 
hyperactivity for ADHD. BG, Bergmann glia; 
GC, Granule cell; LA, Lamellar astrocyte; PF, 
Parallel fiber.
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and KO (Fig. 1). These results might reflect the environmental dif-
ference between cultured cells grown in culture and acute cerebel-
lar slices. Another possibility is that the discrepancy might be due 
to the age of culture (P0-P2) and acute cerebellar slice (P42-P49). 
Another reason for no significant change in GABA level between 
WT and KO could be due to the low sensitivity in GABA from 
culture media by HPLC. The level of GABA detected from the 
culture media is expected to be extremely low at the concentration 
range of picomolar to subnanomolar.

We have demonstrated that the cerebellar tonic GABA current is 
significantly reduced in GIT1 KO compared to WT (Fig. 3). Tonic 
inhibition is shown to be mediated by constant accumulation of 
GABA, which is released from glial cells, in the extracellular space 
[13]. Because of its sustained nature, tonic inhibition can regulate 
the excitability of the neurons in the brain [13]. Moreover, altered 
tonic inhibition in cerebellum can induce motor impairments [12]. 
Because the cerebellum is known to control the motor function [7, 
23], the increased E/I ratio in GIT1 KO reflects the decreased tonic 
GABA and causes hyperactivity in ADHD.

We have provided new lines of evidence that there is a mecha-
nism for neuron-glia interaction which controls E/I ratio in 
ADHD model mouse. Such mechanism can be useful for studying 
the role of astrocytic GABA in physiological conditions as well 
as pathophysiological conditions. These conditions include vari-
ous psychiatric disorders such as depression, seizure and autism, 
in which the E/I balance has been compromised. In this study, we 
have focused on the involvement of cerebellar glial cells in the 
hyperactivity. These new ideas enlighten us to better understand 
the etiology of ADHD possibly in terms of involvement of glial 
cells and neurons and neural circuits of the cerebellum [5, 24]. In 
light of the recent observation showing the astrogliosis in basal 
ganglia pathway in GIT1 KO mouse [22], it would be interesting 
to see if there is also tonic inhibition current increase and astro-
cytic GABA increase in basal ganglia. Many ADHD studies in the 
past have focused on the neural circuits including frontostriatal 
circuits; this circuits include prefrontal cortex to basal ganglia. 
Based on the current study, cerebellar cicuits should be included in 
ADHD studies. Both cerebellum and basal ganglia might play an 
important role in motor function in ADHD [10]. Future investiga-
tions will allow us to determine how cerebellar dysfunction and/or 
basal ganglia is involved in ADHD.
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