
INTRODUCTION

Monoamine oxidase B (MAOB), encoded by Maob  on the X 
chromosome, is located in the outer membrane of mitochondria 
and metabolizes amines in the central nervous system and periph-
eral tissues [1]. MAOB is expressed throughout the brain, includ-
ing the cerebellum, striatum, hippocampus, midbrain, and cerebral 
cortex [2-4]. At the cellular level, MAOB is mostly expressed in 

astrocytes and serotonergic neurons [5-8]. Especially, astrocytic 
MAOB is responsible for synthesizing GABA in the cerebellum [9, 
10] and striatum [8, 9] under physiological conditions. Astrocytic 
GABA can be released from astrocytes via GABA-permeable Be-
strophin-1 (Best1) channel leading to tonic inhibition of neighbor-
ing neurons [10, 11]. Interestingly, MAOB expression is elevated 
in several pathological conditions, such as Alzheimer’s disease [12, 
13], Parkinson’s disease [14, 15], stroke [16], stab wound injury [17], 
obesity [18], and Huntington’s disease [19], with the appearance of 
reactive astrocytes. Lines of evidence have described this patho-
logical role of MAOB as responsible for aberrant tonic GABA syn-
thesis in astrocytes [8, 12, 17]. Although MAOB is expressed not 
only in the brain but also in the peripheral tissues, MAOB null KO 
mice have been used to study the role of astrocytic MAOB [9, 15]. 
Therefore, there is a need for generating genetically engineered 
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mice that target only astrocytic MAOB. 
For conditional KO of gene of interest in a mouse model, genera-

tion of floxed mice with loxP sites flanking the targeted exons is 
needed. Two major gene editing technologies are used to generate 
floxed mice: embryonic stem (ES) cell targeting and CRISPR-Cas9. 
The advent of ES cell-based gene targeting has resulted in advanc-
es in the field of neuroscience [20]. However, this technology is 
time-consuming and requires expensive equipment and technical 
skills such as micromanipulation and microinjection techniques 
[20, 21]. The most conspicuous disadvantage of ES cell target-
ing is its low success rate [22]. After CRISPR-Cas9 gene editing 
technology was adjusted for the engineering of mouse models [23, 
24], it has been used extensively in the generation of floxed mice. 
CRISPR-Cas9 gene editing technology is about three times faster 
and about 30% cheaper than the ES cell targeting process [22]. The 
most important advantage of using the CRISPR-Cas9 approach is 
significantly higher efficiency of 85~95% success rate, compared 
to 50~55% success rate of ES cell targeting [22]. Therefore, we em-
ployed CRISPR-Cas9 to generate Maob floxed mice.

For astrocyte-specific manipulation and temporal control of the 
targeted gene, a mouse line with tamoxifen-inducible CreERT2 
(Cre recombinase with estrogen receptor T2) expression under 
the astrocyte promoter is required, such as hGFAP-CreERT2 [25, 
26] and Aldh1l1-Cre/ERT2 [27] mouse line. Although the mouse 
Aldh1l1 promoter has higher astrocyte specificity in the brain re-
gion than does the human GFAP promoter [25, 27], its application 
in a brain-specific manner is limited due to the high expression of 
Aldh1l1 mRNA in other parts of the body [28]. Because MAOB 
is expressed throughout the body, hGFAP-CreERT2 mouse line 
would be more suitable for generating astrocyte-specific MAOB 
cKO mice than Aldh1l1-Cre/ERT2. Therefore, we crossed Maob 
floxed mice with hGFAP-CreERT2 to generate astrocyte-specific 
MAOB cKO mice. 

In this study, we generated new Maob floxed mice (B6-Maobem1Cjl/
Ibs) using the CRISPR-Cas9 gene editing technique, and fur-
ther produced astrocyte-specific MAOB cKO mice by crossing 
Maob  floxed mice with hGFAP-CreERT2 (B6-Tg(GFAP-cre/
ERT2)13Kdmc). We investigated MAOB and GABA expres-
sion and tonic GABA release in cerebellar and striatal astrocytes 
by performing immunohistochemistry and slice patch-clamp 
recording in astrocyte-specific MAOB cKO mice. Consistent 
with previous studies on MAOB null KO mice, we validated that 
astrocyte-specific MAOB cKO mice showed minimal tonic GABA 
inhibition in the cerebellum and striatum.

MATERIALS AND METHODS

Animals

Mice were given ad libitum access to food and water, maintained 
under a 12:12 hour light-dark cycle, and housed in groups of 3~5 
per cage. All mice were maintained on C57BL/6J strain. All care 
and handling of mice were conducted according to protocols ap-
proved by the directives of Institute for Basic Science (Daejeon, 
Republic of Korea).

Generation of Maob floxed mouse line 

We requested the generation of Maob floxed mouse line to the 
Cyagen Biosciences (Guangzhou, China). Using CRISPR-Cas9 
gene editing technique, Maob floxed allele was constructed. Two 
guide RNAs (gRNAs), which can be bound to 424 base pairs 
(bp) upstream of exon 2 and 429 bp downstream of exon 3, were 
designed with the following spacer sequences: spacer of gRNA1, 
5’-TAAATACTATGTACTCTTAT-3’; spacer of gRNA2: 5’-CA 
CAGAGAAAAGCGCCCCTA-3’. Each of protospacer adjacent 
motif (PAM), AGG, for corresponding gRNA was located on the 
3 bp downstream of each targeted DNA sequences. A cocktail 
of two gRNAs, donor vector containing loxP sites flanking the 
targeted exons along with 5’ and 3’ homology arms, and Cas9 
nuclease mRNA was co-injected into fertilized mouse eggs. After 
each gRNA made a complex with Cas9 nuclease and was bound to 
the targeted DNA sequences in Maob, Cas9 nuclease recognized 
the PAM and caused the double-strand break at 3 bp upstream of 
PAM. Then, homology-directed recombination (HDR) between 
broken DNA and donor vector occurred as double-strand break 
repair mechanism. Finally, Maob  floxed mice had Maob  floxed 
allele which contained two loxP sites in upstream of exon 2 and 
downstream of exon 3. Maob  floxed mice were maintained by 
crossing female heterozygous Maob floxed mice (X’X) with male 
wildtype (WT) mice. According to the nomenclature guideline 
for genetically engineered mouse established by the International 
Committee on Standardized Genetic Nomenclature for Mice, 
Maob floxed mouse line was named as B6-Maobem1Cjl/Ibs. 

Generation of astrocyte-specific MAOB cKO mouse line

Female heterozygous Maob  floxed mice (B6-Maobem1Cjl/Ibs, 
X’X) were crossed with male transgenic hGFAP-CreERT2 (B6-
Tg(GFAP-cre/ERT2)13Kdmc, XY, TG) mice to generate male 
Maob  floxed::hGFAP-CreERT2 (X’Y, TG) mice. Adult (aged 8~10 
weeks) Maob floxed::hGFAP-CreERT2 (X’Y, TG) mice were treated 
with the tamoxifen at 100 mg/kg once per day for 5 days by in-
traperitoneal injection to generate the astrocyte-specific MAOB 
cKO mice. Tamoxifen was dissolved in sunflower oil containing 
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10% ethanol at concentration of 20 mg/ml. For control mice, 
same amount of sunflower oil was injected to the adult Maob 
floxed::hGFAP-CreERT2 (X’Y, TG) mice. Two or three weeks after 
injection, all mice were sacrificed for immunohistochemistry or 
tonic GABA slice recording. 

Genotyping

Digestion of mouse tails was performed overnight at 60℃ using 
1 mg/ml proteinase K (21560025-2, bioWORLD, USA) in tail lysis 
buffer (102-T, Viagenbiotech, USA). On the following day, protein-
ase K was inactivated for 1 hour at 85℃. The supernatant contain-
ing genomic DNA was used for genotyping. The PCR reaction 
mixture contained 2X PCR premix reagent (QM13531, Bioquest, 
Republic of Korea), 1 µl of genomic DNA template, 0.5 µM primer 
sets, and distilled water (DW). For Maob floxed mice, genotypes 
were determined by PCR using the following two pairs of primers 
to target each upstream and downstream loxP sites. 

Pair 1:  Forward #1 (F1), 5’-ATTCAGATTCACGGTCTGTGTTCA-3’ 
Reverse #1 (R1), 5’-ATGAAGAAGCAATGTGGAAGAGAG-3’ 

Pair 2:  Forward #2 (F2), 5’-ATAGCTGACACCCTATTAACCCAC-3’  
Reverse #2 (R2), 5’-CAAAGTGAGAATTCTGGGAAAGCA-3’ 

PCR using F1 and R1 primers for Maob  floxed mice was per-
formed with the following PCR cycling conditions: 94℃ for 3 min, 
30 cycles of 94℃ for 30 s, 60℃ for 35 s, and 72℃ for 35 s, with the 
final elongation step at 72℃ for 5 min. PCR using F2 and R2 prim-
ers for Maob floxed mice was performed with the following PCR 
cycling conditions: 94℃ for 3 min, 35 cycles of 94℃ for 30 s, 60℃ 
for 35 s, and 72℃ for 35 s, with the final elongation step at 72℃ for 
5 min. For GFAP-CreERT2 mice, genotypes were determined by 
PCR using the following two pairs of primers to target each hG-
FAP promoter and CreERT2 transgene based on previous report 
[25]. 

Pair 1:  hGFAP forward, 5’-AGACCCATGGTCTGGCTCCAGGT 
AC-3’ 
BAC reverse, 5’-ATCGCTCACAGGATCACTCAC-3’

Pair 2:  BAC forward, 5’-ACTGACATTTCTCTTGTCTCCTC-3’ 
CreERT2 reverse, 5’-TCCCTGAACATGTCCATCAGGTTC-3’

PCR was performed using both two pairs of primers at one time 
with the following PCR cycling conditions: 95℃ for 5 min, 35 cy-
cles of 95℃ for 30 s, 58℃ for 30 s, and 72℃ for 30 s, with the final 
elongation step at 72℃ for 4 min. The PCR reaction products were 
run on 1% agarose gels (HB0100500, E&S, Republic of Korea) in 
TAE buffer (40 mM Tris, pH 7.6 with 20 mM acetic acid and 1 

mM EDTA) at 100 V for 20 min and visualized using a safe nucleic 
acid staining solution, RedSafe (21141, iNtRON Biotechnology, 
Republic of Korea).

Sanger sequencing for loxP sites

Upstream loxP site near the exon 2 was amplified by PCR using 
F1 and R1 primers with same protocol for genotyping. A 312 bp 
of DNA band on agarose gel was extracted using gel extraction kit 
(CMG0112, COSMO GENETECH, Republic of Korea). Sanger 
sequencing of extracted DNA was performed using F1 primer. 
The sequencing results showed a deletion, ∆TATAGGGTT, and an 
insertion, CCTCAGGGAGCTCCCTAGGACGTAAACGGC-
CACAAGTTCGA, at the immediate upstream of loxP sequences. 
Downstream loxP site near the exon 3 was amplified by PCR using 
F2 and R2 primers with same protocol for genotyping. A 204 bp 
of DNA band on agarose gel was extracted using gel extraction kit 
(CMG0112, COSMO GENETECH, Republic of Korea). Sanger 
sequencing of extracted DNA was performed using R2 primer. 
The sequencing results showed a deletion, ∆CTA, and an insertion, 
GTCAGACTGGTCCGAATCCACAATATT, at the immediate 
downstream of loxP sequences. These deletions and insertions oc-
curred at intron regions and did not affect exonic sequences.

Immunohistochemistry

Immunohistochemistry was performed using a modified pro-
tocol from the previous reports [25, 29]. For the slice preparation, 
adult mice were anesthetized with 1~2% isoflurane and perfused 
with 0.1 M phosphate buffered saline (PBS) followed by 4% para-
formaldehyde. Extracted mouse brains were postfixed in 4% para-
formaldehyde at 4℃ overnight and transferred to 30% sucrose 
solution for cryoprotection at 4℃ for more than 24 hours. Both 
sagittal (for cerebellum) and coronal (for striatum) sections were 
sectioned with 30 µm thickness in cryostat microtome (CM1950, 
Leica, USA). For the slice immunostaining, sections were first in-
cubated for 1 hour in a blocking solution containing 0.3% Triton 
X-100 (X100, Sigma-Aldrich), 2% donkey serum (GTX27475, 
Genetex, USA), and 2% goat serum (ab7481, Abcam, UK) in 0.1 M 
PBS. Then, sections were immunostained with suitable mixtures 
of primary antibodies (Mouse anti-MAOB, sc-515354, Santa Cruz 
Biotechnology, USA, 1:100; Chicken anti-GFAP, AB5541, Milli-
pore, USA, 1:500; Rabbit anti-S100β, ab41548, Abcam, UK, 1:200; 
Guinea pig anti-GABA, AB175, Millipore, USA, 1:200) in a block-
ing solution at 4℃ overnight. After extensive washing with PBS, 
sections were incubated with corresponding fluorescent second-
ary antibodies for 2 hours and then washed three time with PBS. 
If needed, DAPI (62248, Thermo Fisher Scientific, USA; 1:1000) 
staining was performed. The secondary antibodies were pur-
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chased from Jackson ImmunoResearch Laboratories (USA). Then, 
sections were mounted on polysine adhesion microscope slides 
(Thermo Fisher Scientific, USA) with a fluorescent mounting me-
dium (S3023, Dako, Denmark) and dried. Finally, fluorescent im-
ages were obtained with a Zeiss LSM900 confocal microscope, and 
Z-stack images in 2-μm steps were processed for further analysis 
using Imaris 9 (Bitplane, UK) software and ImageJ program (NIH, 
USA). Super-resolution images were obtained by Zeiss Elyra 7 
Lattice SIM (Structured illumination microscopy), and obtained 
images were rendered with SIM-processing by Zen black software 
(Carl Zeiss, Germany). 

Image quantification

Fluorescent images from confocal microscopy were analyzed us-
ing the Imaris 9 (Bitplane, UK) and ImageJ program (NIH, USA). 
To measure MAOB and GABA immunoreactivity in GFAP- or 
S100β-positive cells, surface of GFAP or S100β-positive cell was 
reconstructed using Imaris 9, and the volume values of each re-
gion of interest (ROI) and the integrated density values of MAOB 
and GABA intensity in each ROI were collected and analyzed. For 
measurement of MAOB and GABA immunoreactivity in GFAP- 
or S100β-negative areas, GFAP-negative areas were selected as 
each ROI using ImageJ, and MAOB and GABA immunoreactivity 
in every ROI were measured from 8-bit images.

Slice recording for tonic GABA

Slice recording was performed using a modified protocol from 
the previous reports [9, 10]. Mice were deeply anesthetized with 
isoflurane and decapitated to remove the brain. The brain was 
quickly excised from the skull and sectioned in an ice-cold su-
crose-based dissection solution (in mM): 212.5 sucrose, 5 KCl, 10 
MgSO4, 1.23 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 10 glucose, pH 7.4. 
After cerebellum region was chopped from the brain, 300 μm sag-
ittal slices for cerebellum and horizontal slices from striatum were 
cut using a vibratome (DSK Linear Slicer, Japan). After slicing, slic-
es transferred to extracellular artificial cerebrospinal fluid (ACSF) 
solution (in mM): 130 NaCl, 24 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 
1.5 CaCl2, 1.5 MgCl2, and 10 glucose, pH 7.4. Slices were incubated 
at room temperature for at least one hour prior to recording. The 
whole solution was gassed with 95% O2 and 5% CO2. For tonic 
GABA recording, whole-cell patch-clamp recordings were made 
from cerebellar granule cells located in lobules 2~5 and medium 
spiny neurons located in dorsal striatum. We used the holding 
potential of -70 mV for tonic GABA recording in medium spiny 
neurons by referring to our previous report [9]. Furthermore, we 
referred to our recent papers [10, 30] to record the tonic GABA in 
the granule cells and used the holding potential of -60 mV. Patch 

electrode (6~8 MΩ) was filled with an internal solution (in mM): 
135 CsCl, 4 NaCl, 0.5 CaCl2, 10 HEPES, 5 EGTA, 2 Mg-ATP, 0.5 
Na2-GTP, 10 QX-314, pH adjusted to 7.2 with CsOH (278~285 
mOsmol/kg). Baseline current was stabilized under treatment of 
50 μM D-AP5 (0106, Tocris), 20 μM CNQX (0190, Tocris). The 
amplitude of GABAA receptor mediated tonic GABA current 
was measured by the baseline shift after 50 μM Gabazine (GBZ; 
1262, Tocris) application for recording in the cerebellum and 50 
μM (-)-Bicuculine methobromide (Bic; 0109, Tocris) application 
for recording in the striatum. The negative values of tonic GABA 
current in the striatum were analyzed as zero. The amplitude of 
full activated GABA current was measured by the current shift 
between current after 5 or 10 μM GABA (A2129, Sigma-Aldrich) 
application and current after 5 or 10 μM GABA with 50 μM GBZ 
or 50 μM Bic application in the cerebellum or striatum, respec-
tively. Electrical signals were amplified using MultiClamp 700B 
(Molecular Devices, USA). Data including membrane capacitance 
(Cm) was acquired by a Digitizer 1550B and pClamp 11 software 
(Molecular Devices, USA). Data were filtered at 2 kHz. Tonic cur-
rent and full activated GABA current were analyzed by Clampfit 
software (Molecular Devices, USA). Frequency and amplitude of 
spontaneous IPSCs were analyzed by Minianalysis software (Syn-
aptosoft). 

Statistical analysis

For all experiments, data normality was analyzed using a 
D’Agostino-Pearson omnibus normality test. For data following 
normal distribution, differences between groups were evaluated 
by unpaired two-tailed t test or Welch’s test. For data not following 
normal distribution, a Mann-Whitney test (Two-tailed) was per-
formed. The significance level is represented as asterisks (*p<0.05; 
**p<0.01; ***p<0.001; ****p<0.0001; n.s., not significant). Outliers 
were excluded by Grubb’s test or ROUT method. GraphPad Prism 
9.3.1 for Windows (GraphPad Software, USA) was used for these 
analyses and to create the plots.

RESULTS 

Generation of Maob floxed and astrocyte-specific MAOB 

cKO mouse lines

Maob of Mus musculus (NC_000086.8) is located on the reverse 
strand of X chromosome (XqA1.2), 16,575,520~16,683,605, and 
consists of 15 exons (Fig. 1A). To generate Maob  floxed mice, a 
Maob floxed allele was constructed using CRISPR-Cas9 gene edit-
ing techniques. Two guide RNAs (gRNAs), which can be bound 
to 424 bp upstream of exon 2 and 429 bp downstream of exon 3, 
were designed (Fig. 1A). A cocktail containing two gRNAs, donor 
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Fig. 1. Generation of Maob floxed and astrocyte-specific MAOB cKO mouse lines. (A) Schematic diagram of Maob location on mouse X chromosome 
(top) and construction of Maob floxed allele using the CRIPSR-Cas9 technique (bottom). (B) Construct of Maob floxed allele in Maob floxed mouse 
(B6-Maobem1Cjl/Ibs) with primer sets for genotyping (F1-R1, F2-R2) and sequencing (F1, R2) for each loxP site. (C) Genotyping result of homozygote, 
heterozygote, WT, and distilled water (DW) as no template control using F1-R1 primer (left) and F2-R2 primer (right). Red dotted boxes and lines in-
dicate extracted DNA bands for sequencing in (D) and (E). (D) Sequencing result of loxP site in upstream of exon 2 using F1 primer. Orange and grey 
sequences indicate deleted and inserted intronic sequences from the original Maob, respectively. (E) Sequencing result of loxP site in downstream of 
exon 2 using R2 primer. Orange and grey sequences indicate deleted and inserted intronic sequences from the original Maob, respectively. (F) Schematic 
diagram showing generation of astrocyte-specific MAOB cKO mice by crossing Maob floxed mice (B6-Maobem1Cjl/Ibs, X’X, WT) with hGFAP-CreERT2 
(B6-Tg(GFAP-cre/ERT2)13Kdmc, XY, TG) (left), and genotyping results of Maob floxed::hGFAP-CreERT2 (X’Y, TG) with F1-R1, F2-R2, and two pairs of 
primers for hGFAP-CreERT2 with no template control of each primer set (middle), and construct of Maob allele in astrocyte-specific MAOB cKO mouse 
(right).
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vector, and Cas9 nuclease mRNA was co-injected into fertilized 
mouse eggs. After each gRNA formed a complex with Cas9 and 
was bound to targeted DNA sequences, Cas9 recognized the pro-
tospacer adjacent motif (PAM) and induced the DNA double-
strand break. Then, the broken DNAs were repaired by homology-
directed recombination (HDR) with the donor vector containing 
two loxP sites, targeted exons, and homology arms (Fig. 1A). Con-
sequently, Maob floxed allele contained two loxP sites upstream of 
exon 2 and downstream of exon 3 (Fig. 1A).

We then genotyped Maob floxed mice (B6-Maobem1Cjl/Ibs) using 
two sets of primers to detect the insertion of two loxP sites in the 
upstream region near exon 2 and in the downstream region near 
exon 3 (Fig. 1B). When we performed PCR using the forward #1 
(F1) and reverse #1 (R1) primers to check loxP insertion in the up-
stream regions, Maob floxed allele produced a DNA band of 312 
bp and WT allele produced a DNA band of 246 bp. We observed 
three genotypes in the mice: homozygote (homo) with one band 
of 312 bp, heterozygote (hetero) with two bands of 312 bp and 246 
bp, and WT with one band of 246 bp (Fig. 1C). In addition to the 
upstream loxP site, we further genotyped mice using forward #2 
(F2) and reverse #2 (R2) primers to detect loxP insertion in the 
downstream regions (Fig. 1B). We observed a 204 bp DNA band 
for Maob floxed allele and 146 bp DNA band for WT allele with 
three genotypes: homozygote (homo) with one band of 204 bp, 
heterozygote (hetero) with two bands of 204 bp and 146 bp, and 
WT with one band of 146 bp (Fig. 1C). Moreover, we found that 
both upstream and downstream loxP sequences were located at 
the targeted sites and had original 34 bp sequences without any 
mutation, by performing DNA sequencing for each band of the 
Maob  floxed allele (Fig. 1D, E). However, there were inadvertent 
deletions and insertions immediately upstream or downstream of 
each loxP site (Fig. 1D, E). These deletions and insertions occurred 
at intron regions and did not affect exonic sequences.

Next, to generate astrocyte-specific MAOB cKO mice, Maob 
floxed mice were crossed with hGFAP-CreERT2 (B6-Tg(GFAP-cre/
ERT2)13Kdmc), resulting in the production of Maob floxed:: hG-
FAP-CreERT2 mice. Since Maob is located on the X chromosome, 
female heterozygous Maob floxed mice (X’X for Maob floxed, WT 
for CreERT2) and male transgenic (TG) hGFAP-creERT2 (XY for 
Maob floxed, TG for CreERT2) were crossed to obtain male homo-
zygous mice for Maob  floxed (X’Y) with transgenic for CreERT2 
(Fig. 1F). These mice were genotyped using the F1-R1 and F2-R2 
primer sets for Maob floxed, and the protocol for hGFAP-CreERT2 
based on our previous report [25]. Intraperitoneal injection of 
tamoxifen (100 mg/kg/day) for 5 consecutive days into the Maob 
floxed::hGFAP-CreERT2 (X’Y for Maob  floxed, TG for CreERT2) 
caused CreERT2 translocation to the nucleus, followed by excision 

of loxP-flanked exon 2 and 3 under the control of human GFAP 
promoter, resulting in the generation of astrocyte-specific MAOB 
cKO mice (Fig. 1F). 

MAOB and GABA levels in the cerebellum are reduced in 

astrocyte-specific MAOB cKO mice

We have previously reported that cerebellar glial cells, such as 
Bergmann glia and lamellar astrocytes, express MAOB and con-
tain GABA [9, 11]. Thus, we first examined whether MAOB and 
GABA levels can be reduced in cerebellar glia of astrocyte-specific 
MAOB cKO mice. To measure MAOB and GABA levels in the 
cerebellum, we injected 100 mg/kg tamoxifen for 5 consecutive 
days into Maob floxed::hGFAP-CreERT2 mice to induce astrocyte-
specific MAOB ablation (Fig. 2A). After 2~3 weeks, we performed 
immunostaining of cerebellar sagittal slices with antibodies against 
MAOB and GFAP, an astrocyte marker, and obtained confocal 
microscopy images in the granule cell layer (GCL) and molecular 
layer (ML) of the cerebellum (Fig. 2B). As a result, the intensity of 
MAOB immunoreactivity in GFAP-positive cells was significantly 
decreased in the GCL and ML of tamoxifen-injected MAOB cKO 
mice, compared to MAOB control mice injected with sunflower 
oil (Fig. 2C, D). In contrast, MAOB immunoreactivity in GFAP-
negative areas showed no difference between two groups (Fig. 2E, 
F). The immunostained cerebellar slices were also imaged using 
Lattice SIM to visualize MAOB in more detail at ultrastructural 
resolution. Consistent with the results of confocal microscopy, 
we observed that MAOB levels, shown as green dots, decreased 
in astrocyte-specific MAOB cKO mice (Fig. 2G). Moreover, we 
measured GABA levels in cerebellar astrocytes using antibod-
ies against GABA and GFAP under confocal microscopy (Fig. 
2H). We found significantly reduced GABA immunoreactivity in 
GFAP-positive cells in the GCL and ML of the astrocyte-specific 
MAOB KO mice (Fig. 2I, J), but not in GFAP-negative areas (Fig. 
2K, L). Interestingly, there was a more striking reduction in astro-
cytic GABA content in the GCL than in the ML (Fig. 2I, J). These 
findings indicate that GABA in lamellar astrocytes in the GCL is 
mainly synthesized by MAOB, whereas GABA in Bergmann glia 
in the ML is partially synthesized by MAOB. Taken together, we 
validate that the newly generated astrocyte-specific MAOB cKO 
mice show a significant reduction in astrocytic MAOB expression 
and GABA content in the cerebellum. 

Astrocyte-specific MAOB cKO mice show a significant  

reduction in tonic GABA inhibition in the cerebellum 

We have previously demonstrated that MAOB null KO mice 
showed a significant reduction in tonic GABA release from gran-
ule cells in the cerebellum [9, 10]. Moreover, astrocyte-specific 
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Fig. 2. MAOB and GABA levels in the cerebellum are reduced in astrocyte-specific MAOB cKO mice. (A) Experimental scheme and timeline using Maob 
floxed::hGFAP-CreERT2 mice. (B) Representative confocal images of MAOB (green), GFAP (magenta) and DAPI (blue) fluorescence in sagittal slices of the 
cerebellum in sunflower oil-injected MAOB control and tamoxifen-injected MAOB cKO mice. ML, molecular layer; GCL, granule cell layer. (C, D) Quan-
tification of MAOB intensity in GFAP-positive cells in the GCL (C; MAOB control, 2186 voxels; MAOB cKO, 695 voxels; Mann-Whitney test, p<0.0001) 
and in the ML (D; MAOB control, 3455 voxels; MAOB cKO, 9916 voxels; Mann-Whitney test, p<0.0001). (E, F) Quantification of MAOB intensity in 
GFAP-negative areas in the GCL (E; MAOB control, 27 pixels; MAOB cKO, 22 pixels; Mann-Whitney test, p=0.8034) and in the ML (F; MAOB control, 22 
pixels; MAOB cKO, 19 pixels; Mann-Whitney test, p=0.1084). (G) Representative SIM images of MAOB (green) and GFAP (magenta) in sagittal slices of 
cerebellum in MAOB control (left) and astrocytic MAOB cKO mice (right). White boxes, magnified regions. Insets, magnified and rotated 3-dimensional 
(3D) images. (H) Representative images for GABA (green) and GFAP (magenta) in sagittal slices of cerebellum in MAOB control and astrocytic MAOB 
cKO mice. (I, J) Quantification of GABA intensity in GFAP-positive cells in the GCL (I; MAOB control, 73 voxels; MAOB cKO, 84 voxels; Mann-Whitney 
test, p<0.0001) and in the ML (J; MAOB control, 68 voxels; MAOB cKO, 63 voxels; Unpaired t test, p<0.05). (K, L) Quantification of GABA intensity in 
GFAP-negative areas in the GCL (K; MAOB control, 20 pixels; MAOB cKO, 22 pixels; Mann-Whitney test, p=0.1508) and in the ML (L; MAOB control, 26 
pixels; MAOB cKO, 33 pixels; Mann-Whitney test, p=0.5119). In violin plots, the center line denotes the median value, while upper and lower lines denote 
the first quartile and third quartile, respectively. Data are presented as mean±SEM. ****p<0.0001; *p<0.05; n.s., not significant.
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Fig. 3. Astrocyte-specific MAOB cKO mice show a significant reduction in tonic GABA inhibition in the cerebellum. (A) Schematic diagram of a 
cerebellar slice from Maob floxed::hGFAP-creERT2 mice (top) and magnified image of a whole-cell patch-clamped region in the cerebellar layers (bot-
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LA, Lamellar astrocyte; PF, Parallel fiber. (B) Representative tonic current traces from sunflower oil-injected MAOB control mice (top) and tamoxifen-
injected MAOB cKO mice (bottom). Full activated GABA current (IGABA, brown arrow) and ambient GABA current (ITonic, red arrow) were measured by 
serial application of GABA 5 µM (orange dash) and GBZ 50 µM (purple dash). (C) Summarized scatter bar graphs of tonic current from MAOB control 
mice and astrocytic MAOB cKO mice (MAOB control, n=8; MAOB cKO, n=15; Unpaired t test, p<0.0001). (D) Summarized scatter bar graphs of full 
activated GABA current (MAOB control, n=6; MAOB cKO, n=7; Mann-Whitney test, p=0.1807). (E) Summarized scatter bar graphs of percentage of 
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tude (MAOB control, n=8; MAOB cKO, n=15; Unpaired t test, p=0.2423). (G) Summarized scatter bar graphs of sIPSC frequency (MAOB control, n=8; 
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rescue of Maob restored tonic GABA inhibition in the cerebellum 
[9]. Thus, we tested whether astrocyte-specific MAOB cKO mice 
show elimination of tonic inhibition in the cerebellum by record-
ing tonic GABA currents from cerebellar granule cells (Fig. 3A), 
according to the same timeline as Fig. 2A. The GABAA receptor-
mediated tonic currents were measured as a current shift during 
treatment with the GABAA receptor antagonist, Gabazine (GBZ; 
50 μM) (Fig. 3B). The GBZ-sensitive tonic GABA current was sig-
nificantly decreased by 74.6% in tamoxifen-injected MAOB cKO 
mice, compared to sunflower oil-injected MAOB control mice (Fig. 
3C). This abolishment of the tonic GABA current was not due to 
altered extrasynaptic GABAA receptor expression, as evidenced 
by the absence of significant change in the 5 µM GABA-induced 
full activation current (Fig. 3D). Moreover, the percentage of full 
activation, calculated by dividing the tonic GABA current by the 
full GABA current, was significantly lower in astrocyte-specific 
MAOB cKO mice (Fig. 3E). These results indicate that MAOB in 
cerebellar astrocytes is required for tonic inhibition in the cer-
ebellum. In contrast, we found no alteration in the amplitude and 
frequency of spontaneous inhibitory postsynaptic current (sIPSC) 
(Fig. 3F, G), indicating that synaptic GABA release was not changed 
in astrocyte-specific MAOB cKO mice. Furthermore, patched cells 
in each group had similar membrane capacitance (Cm) (Fig. 3H), 
suggesting that the reduction in tonic GABA current in astrocyte-
specific MAOB cKO mice was not due to changes in neuronal cell 
size. Taken together, we confirm that the astrocyte-specific MAOB 
cKO mice exhibit a major reduction in tonic GABA inhibition in 
the cerebellum. 

MAOB and GABA levels in the striatum are reduced in 

astrocyte-specific MAOB cKO mice

In addition to the cerebellum, tonic inhibition has been reported 
in the medium spiny neurons (MSNs) of the striatum [9, 31, 32]. 
Therefore, we investigated the MAOB and GABA levels in the stri-
atum of MAOB control and astrocyte-specific MAOB cKO mice. 
To assess MAOB and GABA levels in the striatum, we injected 
tamoxifen and performed immunohistochemistry, according to 
the same timeline as in the experiment for the cerebellum (Fig. 
4A). After 2~3 weeks of injection, we performed immunostaining 
of striatal coronal slices with antibodies against MAOB and S100β 
(Fig. 4B), instead of GFAP, because of the low expression of GFAP 
in striatal astrocytes [33]. Compared to sunflower oil-injected 
MAOB control mice, tamoxifen-injected MAOB cKO mice 
showed significantly reduced MAOB intensity in S100β-positive 
cells under confocal microscopy (Fig. 4C), but not in S100β-
negative areas (Fig. 4D). Furthermore, we found that MAOB levels 
decreased in astrocyte-specific MAOB cKO mice from Lattice 

SIM images (Fig. 4E), consistent with the results of confocal mi-
croscopy. In addition to MAOB, we observed a significant reduc-
tion of GABA immunoreactivity in S100β-positive cells in the 
astrocyte-specific MAOB KO mice from confocal microscopy im-
ages (Fig. 4F, G), but not in S100β-negative areas (Fig. 4H). These 
results indicate that the newly generated astrocyte-specific MAOB 
cKO mice exhibit a significant reduction in astrocytic MAOB ex-
pression and GABA content in the striatum.

Astrocyte-specific MAOB cKO mice show a significant  

reduction in tonic GABA inhibition in the striatum

We have previously reported that tonic GABA release in the 
striatum can be decreased in the MAOB null KO mice [9]. More-
over, reduced tonic GABA currents from hGFAP-CreERT2 mice 
injected with lentivirus carrying pSicoR-MAOB shRNA were 
restored by the rescue of astrocytic MAOB by treating tamoxifen 
[9]. Thus, we examined the contribution of astrocytic MAOB to 
GABAA receptor-mediated tonic currents in the striatal region 
of astrocyte-specific MAOB cKO mice using another GABAA 
receptor antagonist, bicuculline (Bic; 50 μM) (Fig. 5A, B). The Bic-
sensitive tonic GABA current was significantly reduced by 76.8% 
in tamoxifen-injected MAOB cKO mice, compared to sunflower 
oil-injected MAOB control mice (Fig. 5C), while there was no 
significant change in 10 µM GABA-induced full activation cur-
rent in either group (Fig. 5D). Moreover, the percentage of full 
activation in astrocyte-specific MAOB cKO mice was significantly 
lower than that in the MAOB control mice (Fig. 5E). In contrast, 
the GABAA receptor-mediated sIPSC amplitude, frequency, and 
membrane capacitance did not differ between astrocyte-specific 
MAOB cKO and MAOB control mice (Fig. 5F~H). Consequently, 
these results indicate that astrocyte-specific MAOB cKO mice 
show a major reduction in tonic GABA inhibition in the striatum.

DISCUSSION

We have successfully generated the Maob  floxed mice (B6-
Maobem1Cjl/Ibs) using the CRISPR-Cas9 gene editing technique 
and crossed these mice with hGFAP-CreERT2 to generate astro-
cyte-specific MAOB cKO mice. As expected, these mice showed 
minimal tonic GABA inhibition with reduced levels of MAOB 
expression and GABA content in astrocytes of the cerebellum and 
striatum (Fig. 6). Our study strengthens the established theory that 
astrocytic MAOB is critical for synthesizing GABA for tonic inhi-
bition, independent of phasic inhibition. This new mouse model 
should prove to be useful for elucidating the role of astrocytic 
MAOB under various physiological and pathological conditions.

MAOB null KO mice have yielded limited understanding of the 
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Fig. 4. MAOB and GABA levels in the striatum are reduced in astrocyte-specific MAOB cKO mice. (A) Experimental scheme and timeline using Maob 
floxed::hGFAP-CreERT2 mice. (B) Representative confocal images of MAOB (green), S100β (magenta) in coronal slices of striatum in sunflower oil-
injected MAOB control and tamoxifen-injected MAOB cKO mice. (C) Quantification of MAOB intensity in S100β-positive cells in the striatum (MAOB 
control, 130316 voxels; MAOB cKO, 89368 voxels; Mann-Whitney test, p<0.0001). (D) Quantification of MAOB intensity in S100β-negative areas in the 
striatum (MAOB control, 75 pixels; MAOB cKO, 73 pixels; Mann-Whitney test, p=0.5655). (E) Representative SIM images of MAOB (green) and S100β 
(magenta) in coronal slices of striatum in MAOB control (left) and astrocytic MAOB cKO mice (right). White boxes, magnified regions. Insets, magni-
fied and rotated 3D images. (F) Representative images for GABA (green), S100β (magenta) and DAPI (blue) in coronal slices of striatum in MAOB con-
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exact role of astrocytic MAOB in the brain, because these mice do 
not express MAOB throughout the body from the developmental 
stage. Thus, another enzyme, diamine oxidase (DAO), as an alter-
native GABA-synthesizing enzyme [13, 34], might be recruited to 
compensate for MAOB deficiencies. Therefore, DAO elevation by 
compensatory mechanisms could lead to the synthesis of GABA 
from putrescine, resulting in a relapse of GABA production in 
MAOB null KO mice. In terms of tonic inhibition, astrocyte-spe-

cific MAOB cKO mice showed a 74.6% reduction in tonic GABA 
currents from granule cells in the cerebellum (Fig. 3C) and a 76.8% 
reduction from MSNs in the striatum (Fig. 5C), while MAOB 
null KO showed 60~65% and 50~55% reduction, respectively [9]. 
Therefore, compensatory mechanisms might explain the greater 
reduction in tonic inhibition in astrocyte-specific MAOB cKO 
than in MAOB null KO mice [9]. In addition, other studies have 
reported that developmental adaptations during brain maturation 
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to sunflower oil-injected MAOB control mice.



170 www.enjournal.org https://doi.org/10.5607/en22016

Jung Moo Lee, et al.

in MAOB null KO mice may result in a phenotype different from 
that elicited by acute pharmacological intervention in adult WT 
mice [35]. Such a paradoxical finding might be the result of devel-
opmental compensation in MAOB null KO mice. The problem 
of turning on compensatory mechanisms can be circumvented 
by using our new mouse model, with temporal and regional (cell 
type-specific) control of MAOB ablation. Thus, future behavioral 
experiments, such as motor coordination [10] and anxiety-like be-
havior [35], are needed to determine the role of astrocytic MAOB 
and GABA in behavior and cognition using this new mouse 
model. In addition, we have previously reported that the astrocytic 
GABA exerts an inhibitory effect on the neuronal excitability of 
granule cells in the cerebellum [10] and dentate gyrus neurons in 
the hippocampus [12]. Therefore, it will be of great interest to ex-
amine whether astrocyte-specific MAOB cKO mice show altered 
spike probability and synaptic plasticity in the future investigation.

We have previously reported the astrocyte specificity of hGFAP-
CreERT2 mouse line in several brain regions, by crossing this 
mouse line with Ai14 (RCL-tdTomato) and quantifying the pro-
portion of co-labeled S100β- and tdTomato-positive cells in the 
total number of S100β-positive cells [25]. In this report, hGFAP-
CreERT2 showed about 90% astrocyte specificity in the cerebellum 
and striatum [25], indicating that hGFAP-CreERT2 can be utilized 
to manipulate the gene of interest selectively expressed in astro-
cytes. Therefore, minimal tonic GABA inhibition in the cerebel-
lum and striatum of astrocyte-specific MAOB cKO mice (Figs. 
2~5) is mainly due to astrocytic MAOB ablation without neuronal 
effect. Although astrocytic MAOB ablation markedly reduced ton-
ic inhibition, we observed some amount of remaining GABA im-
munoreactivity and about 25% of remaining tonic GABA current 
in astrocyte-specific MAOB cKO mice (Figs. 2~5). The remaining 
GABA might be synthesized by endogenous DAO as an alterna-
tive GABA-synthesizing enzyme [34]. 

In summary, we generated a new astrocyte-specific MAOB cKO 
mouse line with minimal tonic GABA inhibition, which can sub-
stitute for the MAOB null KO mice to investigate the role of cell 
type-specific MAOB in the brain. We expect that this new mouse 
model will be used extensively in various neurodegenerative and 
neurological diseases to improve understanding of the pathophys-
iological roles of astrocytic MAOB.
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