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Thelateral hypothalamicarea (LHA) regulates food intake and energy
balance. Although LHA neurons innervate adipose tissues, the identity of
neurons that regulate fatis undefined. Here we show that GABRAS-positive
neurons in LHA (GABRA5"") polysynaptically project to brown and white
adipose tissues in the periphery. GABRA5""* are a distinct subpopulation of
GABAergic neurons and show decreased pacemaker firing in diet-induced
obesity mouse models in males. Chemogenetic inhibition of GABRAS"MA
suppresses fat thermogenesis and increases weight gain, whereas gene

silencing of GABRAS5 in LHA decreases weight gain. In the diet-induced obesity
mouse model, GABRA5"** are tonically inhibited by nearby reactive astrocytes
releasing GABA, which is synthesized by monoamine oxidase B (Maob). Gene
silencing of astrocytic Maob in LHA facilitates fat thermogenesis and reduces
weight gain significantly without affecting food intake, which is recapitulated
by administration of aMaob inhibitor, KDS2010. We propose that firing of
GABRAS5"MA suppresses fat accumulation and selective inhibition of astrocytic

GABA isamolecular target for treating obesity.

Individuals with obesity have an imbalance in food intake and energy
expenditure (EE), both of which are regulated by neural circuits that
work inside the hypothalamus and extend beyond the hypothala-
mus™*. The hypothalamus consists of anumber of small nuclei, which
include thelateral hypothalamicarea (LHA). Although LHA occupiesan
extended field of the hypothalamus, it is substantially less anatomically
defined®®. A subpopulation of LHA neurons are known to innervate
brown adipose tissue (BAT) and white adipose tissue (WAT) to mediate
thermogenesis in BAT, browning of WAT and energy storage in WAT%,
However, the precise cell types thatinnervate BAT and WAT to mediate
thermogenesis and energy storage are stillunder active investigation.

The LHA contains several cell types expressing different transmitters
and hormones, including neurons expressing melanin-concentrating
hormone (MCH) and hypocretin/orexin’". MCH neurons in LHA nega-
tively regulate BAT activity to suppress EE", whereas orexin neurons
send excitatory projectionstoincrease BAT activity and EE with decreas-
ingin food intake™". In addition, LHA contains other neurons that
express neither MCH nor orexin'*2°. A large population of GABAergic
neuronsinLHA areintrinsically depolarized and distinct from MCH and
orexin®. These GABAergic neurons are defined by the presence of com-
ponents necessary for GABA synthesis and release, including GAD65,
GAD67 and vesicular GABA transporter” >, Due to their locationin LHA,
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these neurons might participate in the regulation of energy balance.
However, the classification and functional characterization of these
GABAergic neuronsin LHA remains to be explored®. Furthermore, how
this heterogeneous population of GABAergic neuronsin LHA interact
with other cell types remains poorly understood.

It has been reported that the extracellular GABA level in the
mediobasal hypothalamusis elevated during chronic over-nutrition?.
However, how this extracellular GABA is synthesized and what causal
roleit playsin the pathogenesis of obesity and related metabolic syn-
drome remainsto be elucidated. We have previously shown that mono-
amine oxidase B (Maob), mainly expressed in astrocytes, synthesizes
astrocytic GABA?*~°, Maob mediates degradation of polyamine putres-
cine, which is a byproduct of toxin degradation, to generate GABA in
astrocytes’®. Notably, a recent study found elevated levels of Maob in
transcriptionally profiled LHA cells of high-fat diet (HFD)-fed mice®.
Astrocytes are known tobe actively involved in the regulatory aspects
of metabolic control, such as feeding and brain glucose uptake®’. In
additiontotheir physiological role, increasing lines of evidence point
to the involvement of hypothalamic astrocytes in the pathogenesis
of diet-induced obesity (DIO)*°. Reactive astrocytes are observed in
several regions of hypothalamus after HFD feeding*'. Consumption of
dietary fats alsoinduces metabolic damagesin hypothalamic neurons,
such as neuronalinjury and areduction of synaptic inputs to LHA**>*,
However, the bridge between this neuronal dysfunction and reactive
astrogliosis in LHA remains a mystery. Furthermore, the role of reac-
tive astrocytes in LHA as the controller of pathological processes by
over-nutrition still remains undetermined.

Theresponsetoreleased GABA from reactive astrocytes, conven-
tionally called tonic GABA, is mediated by extrasynaptic GABA, recep-
tors (GABA,Rs) in neighbouring neurons**. Tonic GABA reduces spike
probability of granule cells in Alzheimer’s disease (AD) mouse mod-
els®. Extrasynaptic GABA,Rs are composed of a5By2, a4 38, a636 and
a1 subunits and are located largely at extrasynaptic sites***’. It has
been previously demonstrated that a5 subunit of GABA,R (GABRAS)
shows moderate expression, whereas & subunit shows faint expres-
sionin LHA*®. It has been further demonstrated that GABRAS5-positive
neurons are distinct from MCH, orexin A and orexin B in LHA*. How-
ever, whether these GABRA5-positive neurons in LHA (GABRA5'"*)
are GABAergic and their physiological role in EE and food intake are
entirely unknown.

Inthis Article, we hypothesized that GABRAS'""* play aregulatory
roleinenergy balance by interacting with astrocytes viagliotransmitter
GABA.Onthebasis of genetic, pharmacological and electrophysiologi-
cal approaches, we found that GABRAS5"M are a distinct subpopula-
tion of pacemaker-firing GABAergic neurons, regulating EE without
affectingfood intake via astrocytic GABA in HFD-fed mice. Giventhese
findings, we suggest that genetic and pharmacological inhibition of
excessive astrocytic GABA synthesis and GABA, receptor containing
the a5 subunit could be effective therapeutic strategies for obesity.

Results
Pacemaker firing in GABAergic GABRA5" is decreased in HFD
To identify and characterize the functional roles of GABRA5""A, we
developed GABRAS promoter-containing virus and injected AAV-
mMGABRAS5-EGFP-Cre into the LHA (Fig. 1a,b). Next, we performed
immunohistochemical staining with antibodies against GABRAS,
orexin A, orexin B, MCH and GABA in LHA-injected slices to confirm
the specificity of the promoter. Most of GABRAS promoter-containing
enhanced green fluorescent protein (EGFP)-positive cells, indicating
GABRAS5-positive neurons, were overlapped with GABRAS and GABA,
but not with orexin or MCH (Fig. 1c,d). These results suggest that the
GABRA5-promoter containing viruses specifically target GABRAS" ™,
which are mostly GABA-producing neurons.

To investigate the intrinsic electrical properties of GABRAS™MA,
we used whole-cell patch-clamp recordings in acute brain slices of

AAV-GABRAS-EGFP-Cre-injected mice (Fig. 1e-g). GABRA5'"M*
showed spontaneous activity and had a resting membrane poten-
tial near =50 mV (Fig. 1h). We measured action potential (AP) wave
forms from EGFP-positive neurons using sustained current injection
(Fig.1i). GABRA5""* were spiking at near-threshold membrane potential
and showed a maximum firing frequency of ~76 Hz during maximal
depolarization (Fig.1j). It has been previously shown that LHA GAD65
cells fallinto four subtypes on the basis of their distinct electrical sig-
natures with evoked firing: fast spiking, late spiking (LS), low-threshold
spiking (LTS) and regular spiking'. On the basis of this categorization,
we characterized the firing patterns of GABRAS'""* before and after a
hyperpolarizing currentstep (Fig. 1k). Approximately 66% of GABRA5™HA
showed increased firing frequency after the step by more than 50% of
that before the step. About 33% of GABRAS"M* did not start firing imme-
diately after the step, but rather showed a slow ramp depolarization,
resulting in a firing rate of less than 50% before the step (Fig. 1k,I).
We found that GABRAS5'"* fell into two major subtypes on the basis of
their evoked firing (Fig. 11). These results indicate that GABRA5"** are
LS and LTS subtypes of GAD65-positive GABAergic neurons in LHA.

To investigate the diet-induced changes in GABRAS"", we per-
formed loose cell-attached patch clamping on GABRAS"* without
disturbing the intracellular ionic concentration in acutely prepared
LHA slices from 8-week-old HFD-fed mice (Fig. 1m). We found that the
GABRA5"" pacemaker firing rate was significantly decreased in HFD
mice (Fig. 1n,0). The decreased firing rate was substantially restored
by treatment with the GABA, receptor antagonist, bicuculline (BIC,
50 pM), in HFD mice (Fig.1p,q). These results implicate GABA-mediated
inhibition in tonically suppressing GABRA5"" pacemaker firing in
HFD mice.

Inhibition of GABRAS5"MA suppresses fat thermogenesis

We next investigated whether neuromodulation of GABRAS"" regulates
body weight and food intake by using chemogenetics to inhibit these
neurons. We expressed the designer receptor exclusively inhibited by
designer drug (DREADD) hM4Di specifically in GABRAS"* by using
a combination of AAV-mGABRAS5-EGFP-cre and AAV-hSyn-DIO-
hM4Di-mCherry viruses (Fig. 2a-c and Extended Data Fig. 1a,b). The
DREADD system was confirmed using electrophysiology (Extended
DataFig.1c,d) and immunohistochemistry (Extended DataFig.1le-h).
Aftervirusinjectionin LHA (Fig. 2a), the mice were fed HFD and admin-
istered clozapine N-oxide (CNO) by drinking for 5 weeks (Fig. 2b).
Inhibition of GABRAS"™A by CNO led to a significant increase in body
weight and food intake 4 weeks after virusinjection (Fig. 2d-f). We then
placed the mice in metabolic cages to enable automated phenotyping
of whole-animal metabolic activity using the comprehensive labora-
tory animal monitoring system (CLAMS). Chemogeneticinhibition of
GABRA5"*led to nosignificant change in total EE (Fig. 2g-i), when using
body weight as a covariant for analysis of covariance (ANCOVA) of EE*.
There was also no significant change in locomotor activity (Fig. 2j,k).
In addition, there was no significant difference in glucose tolerance
(Fig. 21,m), but partially impaired insulin sensitivity (Fig. 2n,0) in
GABRAS5::hM4Di compared with GABRAS::mCherry mice. We next
examined the temperature of the BAT, located in the interscapular
region, and the temperature of the tail (Fig. 2p). Remarkably, the BAT,
but not the tail, temperature of GABRAS5::hM4Di was significantly
decreased compared with GABRAS::mCherry (Fig. 2q,r). Further, we
examined the expression of candidate genes related to thermogenesis
and lipolysis in adipose tissues by reverse transcription quantitative
polymerase chain reaction (RT-qPCR) analysis using reference gene as
18 S ribosomal RNA®~°*, Consistent with the metabolic changes, we
found that GABRAS" " inhibition led to a significant decrease in inter-
scapular BAT (iBAT) messenger RNA levels of the uncoupling protein
Ucpl, Cidea and Dio2, but not Prdm16 or Pgc-1a (Fig. 2s). There was also
asignificant decreasein the expression level of B-adrenergic receptor
3 (Adrb3) ininguinal WAT (iWAT) (Fig. 2t). These genes are important

Nature Metabolism | Volume 5 | September 2023 | 1506-1525

1507


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-023-00877-w

a
d
GABA,R a5 Orexin A
o
<
a
[« 9
[T
O]
w
B
<
[+
o
<
O]
e
Virus injection Ephys.
l Chow (ad libitum) l
(o] 8 [0)
< —
Time (weeks) oS
Qg
E=
f @) €2
Amplifier o 5
=0
0 Q
jol
@
k L
)
-30 pA s
Y X % LTS
° (66.6%)
<
2
LTS 5 LS
n (33.3%)

m
Virus injection

j ,J, LS
‘

HFD (ad libitum)
I 50 mV o 8

Time (week)

Ephys.

Fig.1| GABAergic GABRA5"" show decreased activity in HFD. a,b, The
experimental scheme (a) and representative image (b) for EGFP neurons
infected with AAV-mGABRAS-EGFP-crein LHA (n =4 mice). Bregma, -1.58 mm
AP.Scalebar,100 um. ITR, inverted terminal repeats; RE, nucleus of reuniens;
ME, medial eminence; opt, optic tract; dm, dorsomedial part; ¢, central part; vl,
ventrolateral part; p, posterior part; fx, columns of the fornix; A13, dopaminergic
Al3 group. ¢, Bar graph representation of quantification of colocalized cellsin
EGFP neurons. GABA,R a5 (89.31+ 6.367,n=9),orexin A (1.795 + 0.7482,n=4),
orexinB (5.9 +1.135,n=4), MCH (3.378 £ 1.326, n = 5) and GABA (82.02 + 5.825,
n=7).d,Immunostaining images of LHA from AAV-mGABRAS-EGFP-cre (green)
virus injected mice co-stained with GABRAS, orexin A, orexin B, MCH and GABA
signals (magenta). Left, representative image with inset of region. Scale bar,

100 pm. Right, magnified images from the boxes in the images on the left. Scale
bar, 50 um. e,f, The timeline (e) and scheme of whole-cell patch clamp recording
in GABRAS'"™ (f). Ephys., electrophysiology; Vemd, command voltage. g, Top,
contrast and bottom, fluorescence micrograph of GABRAS'"* neuron being
recorded. Scale bar, 10 um. h, Quantified resting membrane potentials (mV) of
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3mice). i, Representative traces of non-fast spiking GABRAS""* with depolarizing
currentsteps. j, Maximal firing frequency of GABRA5""* when a maximally
depolarizing current step is applied. GABA R a5(+) cells (76.14 + 7.738, n =12 cells
from 3 mice). k, Representative response of low-threshold spiking (LTS) (top) and
late spiking (LS) (bottom) to the current step. Classification of non-fast spiking
cells by hyperpolarizing current steps. I, Summary of spike ratio calculated from
the X (250 ms) and Y (500 ms) time windows as spike amounts during X/(Y/2)

(n=9 cells from3 mice). m, Timeline for cell-attached patch-clamp recording in
the GABRAS'"" experiment. n, Representative traces of cell-attached recording
in GABRAS"" from chow diet (top) and HFD (bottom) mouse. 0, Quantification
of firing rate between chow and HFD (n =16 cells from 3 mice, n =18 cells from

3 mice). p, Representative traces of cell-attached recording in GABRA5"" from
HFD (top) and HFD with BIC (bottom). q, Quantification of firing rate between
HFD and BIC added (n = 8 cells from 3 mice, respectively). Data are presented as
mean + s.e.m. Pvalues were determined by an unpaired ¢-test (0) or paired ¢-test
(q).*P<0.05,*P<0.01,**P<0.001.
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Fig.2| Chemogeneticinhibition of GABRA5"* suppresses fat thermogenesis.
a,b, Experimental scheme (a) and timeline (b) for GABRAS""* under
chemogeneticinhibition by DREADD hM4Di. ¢, Schematic diagram of
GABRAS::mCherry (top) and GABRAS5::hM4Di (bottom) virus construct before
and after Cre recombination. d, Body weight on HFD with CNO drinking in grams
(n=7mice per group). GABRAS5::mCherry versus GABRA5::hM4Di. e, Body weight
on HFD with CNO drinking in percentage. f, Cumulative food consumption on
HFD with CNO drinking. g, Real-time monitoring curve of EE in GABRA::mCherry
and GABRAS5::hM4Dimice (n =7 mice per group). h, Regression of EE with body
weightin GABRA::mCherry and GABRAS::hM4Di mice. i, Predicted EEwith40 g
body weight for each individual mouse, calculated by regression lines. j, Real-
time monitoring curve of locomotion in GABRAS5::mCherry and GABRAS5::hM4Di
mice with CNO drinking (n = 7 mice per group). k, Quantification of locomotor
activity inlight and dark cycle. 1, Time course of blood glucose levels during the
GTTin GABRAS::mCherry and GABRAS::hM4Di mice (n =10 mice per group).

The mean glucose concentrations during the GTT were compared at different

time points (0, 15,30, 60, 90 and 120 min). m, Quantification of the AOC of GTT.
n, Time course of blood glucose levels during the ITT in GABRA::mCherry and
GABRAS::hM4Dimice (n =10 mice per group). The mean glucose concentrations
during the ITT were compared at different time points (0, 15,30, 60, 90 and

120 min). 0, Quantification of the AOC of ITT. p, Representative infra-red
thermographimages showing the surface temperature of the intrascapular BAT
(Tsar) and the tail temperature (T+,;) in GABRAS::mCherry and GABRAS5::hM4Di
mice (n =8 and 9 mice, respectively). q, Quantification of T, ¥, Quantification
of Tyxr- S, Molecular profiling of iBAT after chemogenetic inhibition of GABRAS"*
(n=6samples per group). t, Molecular profiling of iWAT after chemogenetic
inhibition of GABRAS" (n = 6 samples per group). Data are presented as

mean + s.e.m. Pvalues were determined by two-way analysis of variance (ANOVA)
with Sidak’s multiple comparisons test (d-g, j-1and n), two-sided regression-
based ANCOVA (h), two-tailed Mann-Whitney test (i, s and t) or unpaired ¢-test
(m,0,qandr).*P<0.05,*P<0.01,**P<0.001and ***P< 0.0001.

regulators of thermogenesis, browning and beiging of adipose tissue,
and lipolysis*****>*® To conclude, these results imply that chemogenetic
inhibition of GABRAS""* resulted in an increase in body weight with
elevated food intake and decreased BAT thermogenesis, suggesting
apotential redistribution of EE to tissues other than fat tissues while
maintaining a consistent total EE.

Gene silencing of GABRAS in LHA reduces obesity

To assess whether GABRAS regulates body weight and food intake,
we employed gene silencing of Gabras5 in LHA of HFD mice. We devel-
oped (Extended DataFig. 2a-c) and injected lentivirus-carrying mouse
Gabra5-specific short hairpin RNA (shRNA) into LHA (Fig. 3a-c), the
knockdown efficiency of which was confirmed using immunohis-
tochemistry (Extended Data Fig. 2d-f). Gene silencing of Gabra5
(shGABRAS group) gained significantly lesser body weight 5 weeks
after injection (Fig. 3d), without affecting food intake, as compared
with the control (Scrambled) group (Fig. 3f). To evaluate the changes
in peripheral organs after gene silencing, we dissected key organs
(Fig.3e) and observed the weights of iWAT and perigonadal WAT (pWAT)
were significantly lower in shGABRAS5 mice (Fig. 3g). In contrast, the
weights of liver, kidney, spleen, heart and quadriceps (quads) were
not different in shGABRAS5 mice compared with Scrambled mice
(Fig.3e,g).iBAT wassslightly reduced in shGABRAS5 mice, although it was
notsignificantly different (Fig. 3h). Interestingly, the changes appeared
only in HFD groups but not in chow diet groups (Extended Data
Fig. 3a-1). To investigate the changes at the cellular level, we stained
the adipose tissues with hematoxylin and eosin (H&E). The size of
adipocytes in iWAT and pWAT was significantly smaller in shnGABRAS
mice (Fig. 3i-1).iBAT histology also revealed significantly smaller lipid
droplets of white adipocytes in shGABRAS mice (Fig. 3m,n). To exam-
ine hepatic morphological alteration caused by gene silencing at the

cellular level, we also observed hepatic cells using H&E staining. There
was nosignificantchangeinlipid dropletsinthe hepaticcells (Fig.30,p).
Inaddition, there was no significant differencein glucose tolerance and
insulin sensitivity between shGABRAS and Scrambled groups with HFD
(Extended Data Fig. 3m-q), as well as with chow diet (Extended Data
Fig. 3i-1). We observed that the shGABRAS group had a significantly
higher BAT temperature compared with the Scrambled group with HFD
(Extended Data Fig. 3r-t). Taken together, these results indicate that
gene silencing of Gabra5 prevents the adipose tissue-specific weight
increase due to HFD and chronic over-nutrition.

GABRAS5"A polysynaptically project to BAT and WAT

To determine whether GABRAS5" project to adipose tissues, we
infected iBAT and iWAT with arecombinant pseudo rabies virus (PRV)
that enables retrograde tracing of polysynaptically connected cir-
cuits’, The mice were killed 5 days after injection (Fig. 3q). In previous
studies, several brain regions were found to project to iBAT and iWAT,
including the primary sensory cortex, paraventricular hypothalamus,
periaqueductal grey (PAG), LHA and raphe pallidus nucleus (RPa)*"*¢',
Among these areas, we found that iBAT- or iWAT-projecting neurons
were detected in the medial, central and lateral part of the caudal
LHA (Fig. 3r and Extended Data Fig. 4a). Then, we performed immu-
nohistochemistry to test whether iBAT- or iWAT-projecting neurons
(EGFP positive) overlap with GABRAS-positive neurons within LHA.
We observed that EGFP-positive cells were mainly distributed in the
medial and central parts of LHA rather than the lateral part. Interest-
ingly, we found that -30% of the iBAT-projecting neurons and ~15% of
the iWAT-projecting neurons overlapped with GABRAS throughout
LHA (Fig. 3s-u). Theseresults indicate that there is a heterogeneity in
the distribution of iBAT- and iWAT-projecting neurons within LHA. In
addition, we observed that GABRA5""* extend outside LHA (Extended

Fig.3|Knockdown of Gabra5in LHA, innervating iBAT and iWAT, reduces
obesity. a,b, Experimental scheme (a) and timeline (b) for LHA injection.

¢, Schematic diagram of Scrambled (top) and shGABRAS (bottom) virus
constructs. CMV, cytomegalovirus promoter. d, Curves of body weightin
Scrambled and shGABRAS mice with HFD (n = 7 and 8 per group, respectively).

e, Representative images of each organ between Scrambled and shGABRAS
group. Scale bar,1cm. f, Average food intake per day in Scrambled and shGABRAS-
injected mice. g, Quantification of organ weight in Scrambled and shGABRAS
groups (n= 6 per group). h, Average weight of iBAT. i,j, H&E (i) of inguinal WAT
and quantified adipose size (j) of iWAT of Scrambled and shGABRAS group (n=6
mice per group). Scale bar, 100 pm. n =180 and 262 cells, respectively. kI, H&E
(k) of perigonadal WAT, and quantified adipose size (I) of pWAT of Scrambled and
shGABRAS groups (n = 6 mice per group). Scale bar, 100 pm. n =120 and 180 cells,
respectively. m,n, H&E (m) of interscapular BAT and quantified adipocyte size
(n) of iBAT of Scrambled and shGABRAS groups (n = 6 mice per group). Scale bar,

100 pm. n=392and 391 cells, respectively. o,p, H&E (o) of liver and quantified
triglyceride size (p) of liver of Scrambled and shGABRAS groups (n = 6 mice

per group). Scale bar,100 pm. n =732 and 725 cells, respectively. q, Scheme for
identifying LHA neurons that project polysynaptically to iBAT and iWAT.

r, Confocal images for PRV-infected cells in LHA 5 days post-infection of PRV
iniBAT and iWAT. Bregma, -1.58 mm AP. Scale bar, 100 pm. s, Immunostaining
images of LHA from PRV-EGFP-injected (green) mice stained against GABA ,R-a5
(magenta). Top, representative images of immunohistochemistry (IHC) in LHA
regions. Scale bar, 50 pm. Bottom, magnified images from the top, indicated by a
white arrowhead. Scale bar, 10 pm. t,u, Quantification between GABRA5 and PRV
retrogradely labelled from iBAT and iWAT at 5 days post-injection (n =5 slices from
4 mice and 4 slices from 3 mice, respectively). Data are presented as mean * s.e.m.
Pvalues were determined by two-way ANOVA with Sidak’s multiple comparisons
test (dand g), unpaired ¢-tests (fand h) or Mann-Whitney test (j, 1, nand p).
*P<0.05,*P<0.01,**P<0.001and **P < 0.0001.
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Fig.4|Astrocytesin LHA show hypertrophy in response to HFD. a, Timeline
of two different diets; chow diet and HFD group. b, Brain atlas depicting LHA in
the hypothalamus. ¢, Coronal images showing GFAP (green) and s1008 (cyan)
inchow and HFD mouse in LHA. Scale bar, 100 pm. d, Representative images of
GFAP, s100f3 and 3D-GFAP in chow and HFD mice. Scale bar, 20 pm. e, A violin plot
showing the quantification of GFAP intensity in chow and HFD mice (n =152 cells
from 4 chow mice and n =125 cells from 6 HFD mice). f, A violin plot showing the
quantification of S100p intensity (n = 78 cells from 4 mice and 85 cells from

6 mice, respectively). g, Quantification of 3D volumes of GFAP* astrocytes in chow
and HFD mice (n =157 cells from 4 mice and 99 cells from 6 mice, respectively).

h, Representative images for Sholl analysis of an astrocyte in the LHA from the
GFAP-stained image ind. The interval of the concentric circlesis 1 um. i, The
number of process intersections at each radial distance from the soma in GFAP*
astrocytes in the LHA of chow and HFD mice (n = 7 slices from 4 mice and 12 slices
from 6 mice, respectively).j, Number of summarized intersections of GFAP*
astrocytes in chow and HFD mice (n = 381 cells from 4 mice and 409 cells from
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6 mice, respectively). k, The ramificationindex of GFAP* astrocytes in chow and
HFD mice (n =403 cells from 4 mice and 411 cells from 6 mice, respectively).

1, The ending radius of GFAP+ astrocytes in LHA of chow and HFD mice (n = 8 slices
from 4 mice and 12 slices from 6 mice, respectively). m, The number of GFAP* and
s100f" cellsin the LHA of chow and HFD mice (n = 7 slices from 4 mice and

7 slices from 6 mice, respectively). n, Immunostaining for Maob (green) and GFAP
(magenta) in LHA of chow and HFD mice. Top: scale bar, 10 pm; bottom: scale bar,
10 pm. o, Quantification of Maob intensity in GFAP" astrocytes (n =152 cells from
4 mice and 152 cells from 6 mice). p, Immunostaining for GABA (green) and GFAP
(magenta) in LHA of chow and HFD mice. Top: scale bar, 20 pm; bottom: images
of GFAP, GABA and the merged overlay, taken from the boxes in the images on

the top; scale bar, 10 pm. g, Quantification of GABA intensity in GFAP* astrocytes
(n=367 cells from 4 mice and 338 cells from 6 mice). Data ware presented as
mean +s.e.m. Pvalues were determined by Mann-Whitney tests (e, g,j, k, m, 0
and q), unpaired t-tests (fand I) or two-way ANOVA with Sidak’s multiple
comparisons (i). *P < 0.05,*P< 0.01, **P < 0.001and ****P < 0.0001.

Data Fig. 4b-d). This was further supported by the results from the
tissue clearing and light-sheet microscopic images (Supplementary
Video 1). Overall, these results imply that GABRAS""* are involved in
the innervation of iBAT and iWAT polysynaptically.

Reactive astrocytesin LHA inresponse to HFD

Reactive astrocytes are observed in several regions of hypothalamus
of HFD mice, such as arcuate nucleus (ARC), medial preoptic, para-
ventricular and dorsomedial hypothalamus (DMH)*.. Unlike other

hypothalamicregions, reactive astrocytes in LHA are not defined yet.
To determine the degree of astrogliosis in LHA, we made the mouse
model with 20 weeks of HFD exposure. This duration of HFD exposure
was chosenonthebasis of the observation that almost all of the mice had
undergone substantial weight gain, reaching saturated body weights
exceeding 50 g. We examined the expression of astrocyte markers in
LHA after 20 weeks of HFD feeding through immunohistochemistry
(Fig.4a). We found that astrocytes showed significantly hypertrophied
signals in glial fibrillary acidic protein (GFAP) and S100p (Fig. 4b-f).
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GFAP-positive astrocytes are abundantly observed at the edges of LHA,
thatis, inregions facing DMH, zonaincerta (ZI) and internal globus pal-
lidus (GPi) (Fig. 4c). This suggests that there is some degree of heteroge-
neity inreactive gliosisin LHA. The volume of GFAP-positive astrocytes
significantly increased after three-dimensional (3D) renderingin HFD
mice (Fig.4d,g). Sholl analysis of individual astrocytes (Fig. 4h) showed
that the summation of intersects (Fig. 4i,j), ramification index (Fig. 4k)
and endingradius (Fig. 4l), whichis anindicator of astrocytic territory,
increased significantly in HFD compared with control mice. Addition-
ally, the number of astrocytes, either GFAP-positive or SI003-positive
cellsin LHA (Fig.4m), was significantly increased in HFD mice. Further-
more, we examined the astrogliosis after 8 weeks of HFD exposure.
We specifically targeted a condition where the HFD group exhibited a
moderate level of weight gain, approximately 40 g of body weight. The
results showed a significant increase in astrogliosis in the HFD group
after 8 weeks of HFD feeding (Extended Data Fig. 5a-j). Together, these
resultsindicate that the astrocytesin LHA become reactiveinresponse
toaHFD, asevidenced by the prominent morphological hypertrophy.

We have previously reported that AP plaques cause an increase
in the activity of astrocytic Maob, which has been shown to produce
GABA, leading to a decreased neuronal activity in animal models of
AD*. On the basis of this previous report, we hypothesized that the
reactive astrocytes in HFD mice would have high levels of Maob and
GABA. We performed immunostaining in HFD mice and found that
astrocytic Maob signals were significantly increased (Fig. 4n,0). We
also observed that astrocytic GABA in HFD mice was significantly
elevated (Fig. 4p,q and Extended Data Fig. 5e), with no change in neu-
ronal GABRAS level (Extended Data Fig. 5Sk-m). Taken together, these
results indicate that Maob-mediated GABA in reactive astrocytes is
significantly increased in LHA of HFD mice.

Gene silencing of astrocytic Maob in LHA prevents obesity

We then hypothesized whether astrocyte-specific gene silencing
of Maob in LHA can prevent DIO. To establish astrocyte-specific
knockdown of Maob, we used Cre-dependent pSico-shMAOB with
astrocyte-specific GFAP-cre viruses in LHA (shMAOB group) and
Cre-dependent pSico-Scrambled virus as a control (Scrambled group)
(Fig. 5a,c). The knockdown efficiency was previously confirmed by
westernblotin cultured astrocytes by ~60% (ref.30) and confirmed by
immunohistochemistry in LHA (Extended Data Fig. 5n,p). After provid-
ing both groups with HFD ad libitum for 8 weeks (Fig. 5b), we found
shMAOB group gained significantly lesser body weight after 8 weeks of
HFD feeding without affecting food intake (Fig. 5d,f). We next compared
the weights of each organ between shMAOB and the Scrambled groups,
and found that the shMAOB group exhibited significantly lower weight
of iWAT, pWAT and BAT (Fig. 5e,g,h). Consistently, iWAT (Fig. 5i,j), pWAT
(Fig.5k,1) and BAT (Fig. 5m,n) histology revealed smaller lipid droplets

in the shMAOB group compared with the Scrambled group, with no
significant change in the liver (Fig. 50,p). This set of changes was not
observed with chow diet (Extended Data Fig. 6a-h). Gene-silencing
of Maob did not alter EE (Fig. 5q-s) or locomotor activity (Fig. 5t,u).
In addition, there was no significant difference in glucose tolerance
and insulin sensitivity between shMAOB and Scrambled groups with
HFD (Extended Data Fig. 5q-t), as well as with chow diet (Extended
Data Fig. 6i-1). Remarkably, the shMAOB group had a significantly
higher temperature in the BAT, but not in the tail, compared with the
Scrambled group (Fig. 5v-x), suggesting anincreased heat production
from the BAT. We also observed a significant increase in the expres-
sionof Adrb3iniWAT inshMAOB group (Fig. 5y,z). Furthermore, gene
silencing of Maob did not alter the innervation of GABRA5"* to iBAT
(Extended Data Fig. 6m-p). Overall, gene silencing of LHA-specific
astrocytic Maob enhances BAT thermogenesis and sympathetic tone
in WAT, leading to the reductionin fat without compromising appetite
or affecting EE in the HFD group.

Genessilencing of astrocytic Maob in LHA reduces tonic GABA

We observed that GABRAS"M* pacemaker firing is suppressed by
GABA-meditated inhibition in HFD mice (Fig. 1n,0). The mode of GABA
action can be either phasic or tonic inhibition®>®, Therefore, we inves-
tigated whether LHA cells were suppressed phasically (synaptically)
or tonically (extrasynaptically). To test this possibility, we performed
whole-cell patch-clamp recordings in the acutely prepared LHA slices
(Fig. 6a). We assessed GABA , receptor-mediated phasic and tonic GABA
currents by measuring the baseline current shift upon application of
GABA R antagonist, BIC (50 M), in the presence ofionotropic glutamate
receptor antagonists, D-2-amino-5-phosphonovaleric acid (APV, 50 pM)
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 uM), as described
previously***. The shMAOB group showed a significant decrease of
tonic GABA current compared with the Scrambled group (Fig. 6b-d),
suggesting gene silencing of Maob reduced tonicinhibition. There was
decreaseinthe GABA-induced full-activation current, whichwasinduced
by 10 uM GABA (Fig. 6e). The amplitude and frequency of spontaneous
inhibitory post-synaptic currents (sSIPSCs) were not significantly altered
(Fig. 6f,g), indicating that phasic or synaptic GABA was not altered. The
capacitance of LHA neurons was not affected by gene silencing of Maob
(Fig. 6h). These results indicate that the action of GABA is mediated by
tonic inhibition and astrocytic-specific gene silencing of Maob signifi-
cantly attenuated the tonic inhibition. To investigate gene silencing of
Maob-reduced astrocytic GABA, we performed immunohistochemistry
inthe shMAOB group. There was a significant reduction of astrocytic
GABAinthe LHA of the shMAOB group (Fig. 6i,m). We also performed a
Shollanalysis ofindividual astrocytes to determine whether gene silenc-
ing of Maob reduces astrocytic reactivity. The Sholl analysis (Fig. 6j,k)
showed that the summation of intersects (Fig. 60) and ramificationindex

Fig. 5| Gene-silencing of astrocytic Maob in LHA prevents obesity.

a,b, Experimental scheme (a) and timeline (b) for LHA injection. ¢, Schematic
diagram of Scrambled (top) and shMAOB (bottom) virus constructs before and
after Cre recombination. d, Curves of body weight in Scrambled and shMAOB
micewith HFD (n = 8 and 7 mice, respectively). e, Representative images of each
organin Scrambled and shMAOB groups (n = 6 per group). Scale bar,1cm.

f, Average food intake per day in Scrambled and shMAOB mice. g, Quantification
of organ weight for each organin Scrambled and shMAOB groups (n = 6 per
group). h, Average weight of iBAT in Scrambled and shMAOB groups. i,j, H&E

(i) of inguinal WAT and quantified adipose size (j) of iWAT of Scrambled and
shMAOB groups (n = 6 mice per group). Scale bar, 100 um. n =138 and 155 cells,
respectively. k,I, H&E (k) of perigonadal WAT and quantified adipose size

(I) of pWAT of Scrambled and shMAOB groups (n = 6 mice per group). Scale bar,
100 pm. n =114 and 147 cells, respectively. m,n, H&E (m) of iBAT and quantified
adipose size (n) of iBAT of Scrambled and shMAOB groups (n = 6 mice per group).
Scale bar,100 pm. n =580 and 641 cells, respectively. o,p, H&E (o) of liver and
quantified triglyceride size (p) of Scrambled and shMAOB groups (1 = 6 mice

per group). Scale bar,100 pm. n =295 and 569 cells, respectively. ¢, Real-time
monitoring curve of EE in Scrambled and shMAOB mice (n = 5and 6 mice,
respectively). r, Regression of EE with body weight in Scrambled and shMAOB
mice.s, Predicted EE with 50 g body weight for each individual mouse, calculated
by regression lines. t, Real-time monitoring curve of locomotion in Scrambled
and shMAOB mice (n = 5and 6 mice, respectively). u, Quantification of locomotor
activity inlight and dark cycles. v, Representative infra-red thermograph images
showing the surface temperature of the intrascapular BAT (Tg,r) and the tail
temperature (7y,;) in Scrambled and shMAOB mice (n = 8 mice per group).

w, Quantification of T, X, Quantification of T+,;. y, Molecular profiling of

iBAT in Scrambled and shMAOB mice (n =4 and 5 samples, respectively).

z, Molecular profiling of iWAT in Scrambled and shMAOB mice (n = 4 and

6 samples, respectively). Data are presented as mean + s.e.m. Pvalues were
determined by two-way ANOVA with Sidak’s multiple comparisons (d, gand u),
unpaired ¢-tests (h, wand x), Mann-Whitney tests (f,j,1,n,p,s,y and z) or
two-sided regression-based ANCOVA (r).*P < 0.05,**P < 0.01, **P < 0.001and
P <0.0001.
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Fig. 6 | Gene silencing of astrocytic Maob reduces tonic GABA in LHA.

a, Scheme and timeline of whole-cell patch-clamp recording of LHA neuronsin
Scrambled or shtMAOB groups with HFD. b,c, Representative traces of GABA,
receptor-mediated currents recorded from Scrambled (b) and shMAOB (c).
Each dot represents one cell; 50 pM of BIC, 10 M of GABA were applied.

d, GABA, receptor-mediated tonic GABA current measured from LHA cellsin
eachgroup (n=11cells from 3 mice and 7 cells from 3 mice). e, GABA-induced
full-activation current measured from LHA neurons in each group (n =11cells
from 3 mice and 7 cells from 3 mice). f,g, Amplitude (f) and frequency (g) of
sIPSC measured from LHA neurons in each group (n =10 cells from 3 mice and

8 cells from 3 mice). h, Capacitance (C) of LHA neuronsin each group (n=11cells
from 3 mice and 7 cells from 3 mice). i, Representative immunostaining for Cre
(mch), GFAP and GABA in LHA in Scrambled and shMAOB groups. Top: images
of Cre; scale bars, 20 um. Middle: merged images of Cre, GFAP and GABA; scale
bars, 20 pm. Bottom: images of GFAP, GABA and merged overlay, taken from the
boxed areas in the middle; scale bars, 10 pm. j, Representative images of Sholl
analysis for an astrocyte (top), and representative 3D-GFAP images from the
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middle section of (i) for both Scrambled and shMAOB groups. k, The number of
process intersections at each radial distance from the soma in GFAP" astrocytes
in LHA (n = 5slices from 3 mice and 6 slices from 3 mice). I, Quantification of
GFAP intensity of GFAP* astrocytes in Scrambled and shMAOB groups (n = 560
cells from 3 mice and 318 cells from 3 mice). m, Quantification of GFAP intensity
of GFAP" astrocytes in each group (n = 697 cells from 3 mice and 339 cells from

3 mice). n, Quantification of 3D volumes of GFAP* astrocytes in each group
(n=207 cells from 3 mice and 342 cells from 3 mice) o, Number of summarized
intersections of GFAP* astrocytes in Scrambled and shMAOB groups (n =336 cells
from 3 mice and 325 cells from 3 mice, respectively). p, Quantification of

the ramification index (n =334 cells from 3 mice and 319 cells from 3 mice).

q,r, The ending radius of GFAP" astrocytes (q) and the number of GFAP*
astrocytes (r) in LHA of Scrambled and shMAOB groups (n = 5 slices from 3 mice
and 6 slices from 3 mice, respectively). Data are presented as mean + s.e.m.
Pvalues were determined by Mann-Whitney tests (d-f, hand I-r), unpaired ¢-test
(g) or two-way ANOVA with Sidak’s multiple comparisons (k). *P < 0.05, **P < 0.01,
***P<0.001and ***P < 0.0001.

(Fig. 6p) were significantly decreased in the shMAOB group compared
with the Scrambled group. However, the expression of GFAP (Fig. 61), the
volume (Fig. 6n), ending radius (Fig. 6q) and the number of GFAP-positive

astrocytes (Fig. 6r) were not significantly changed. Taken together, these
results indicate that astrocyte-specific gene silencing of Maob reduces
astrogliosis and tonic GABA inhibition in LHA.
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we fed HFD to 6-week-old C57BL/6) mice for 15 weeks till they reached
near 50 ginbody weight, after which they were treated with arecently
developed highly selective and reversible Maob inhibitor, KDS2010
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Fig. 7| Reducing GABA production via Maob reduces obesity. a, Four groups
of different diets with drug treatment: chow diet with distilled water, chow diet
with KDS2010, HFD with distilled water and HFD with KDS2010. b, Experimental
timeline. ¢, Representative images of a mouse from each group before killing.
Scale bar,3 cm. d, The average body weight of the four groups (n =8 mice per
group). e, Curves representing the kinetics of change inbody weight among
chow, chow with KDS2010, HFD and HFD with KDS2010 mice over the 22 weeks
of HFD treatment. The light-blue shaded box indicates the duration of KDS2010
treatment (n = 8 mice per group). f, Cumulative food intake in chow, chow with
KDS2010, HFD and HFD with KDS2010 mice over the 22 weeks of observation
(n=8mice pergroup). g h, Quantification of percentage change of fat mass

(g) and lean mass (h) before (at 15 weeks) and after (at 22 weeks) KDS2010
treatment. i,j, Quantification of organ weight (i) and average weight of iBAT (j)
of chow, chow with KDS2010, HFD and HFD with KDS2010 group (n =6, 5,7 and
6 mice, respectively). k, Representative H&E images of iWAT, pWAT, iBAT and
liver. Scale bar,100 pm. I-0, Quantified adipose size of iWAT (n = 388, 488,208
and 319 cells) (1), pWAT (n = 244,296,176 and 254 cells) (m), iBAT (n = 561,394,
417 and 439 cells) (n) and liver (n =508, 371,1,238 and 677 cells) (0) of chow,
chow with KDS2010, HFD and HFD with KDS2010 groups (n =6, 5,7 and 6 mice,

respectively). p, Real-time monitoring curve in chow, chow with KDS2010, HFD
and HFD with KDS2010 mice (n =11,11,12 and 10, respectively). q, Regression of
EE with body weight in HFD and KDS2010-treated HFD mice (n =12 and 10 mice,
respectively).r, Predicted EE with 60 g body weight for each individual mouse,
calculated by regression lines (n =12 and 10 mice, respectively). s, Regression
of EE with body weight in chow and KDS2010-treated chow mice (n =11 mice

per group). t, Predicted EE with 40 g body weight for each individual mouse,
calculated by regression lines (n =11 mice per group). u, Time course of blood
glucose levels during the GTT of chow, chow with KDS2010, HFD and HFD with
KDS2010 mice (n =7,7,10 and 10 mice, respectively). v, Quantification of AOC of
GTT.w, Time course of blood glucose levels during the ITT of chow, chow with
KDS2010, HFD and HFD with KDS2010 mice (n =7, 7,10 and 10 mice, respectively).
X, Quantification of AOC of the ITT. Data are presented as mean + s.e.m. Pvalues
were determined by one-way ANOVA with Tukey’s multiple comparisons tests

(d, vand x), two-way ANOVA with Sidak’s multiple comparisons (g-i), Kruskal-
Wallis tests (j, I-0, vand x), two-sided regression-based ANCOVA (q and s),
two-tailed Mann-Whitney tests (r and t) or two-way ANOVA with Tukey’s multiple
comparisons test (uand w). *P<0.05,*P< 0.01, **P< 0.001and ***P< 0.0001.

(ref. 65) (Fig. 7a,b). We measured body weight (Fig. 7c-e) and food intake
(Fig. 7f) of chow, KDS2010-treated chow, HFD and KDS2010-treated
HFD mice every week. We observed a significant and drastic decrease
inbody weightin KDS2010-treated HFD mice to the level of chow mice
within 8 weeks (Fig. 7e) without any change in their food intake (Fig. 7f).
In contrast, administration of anirreversible Maob inhibitor, selegiline,
showed only atransient reductionin the body weight (Extended Data
Fig. 7a-d). We then examined the body composition of each group
using an EchoMRI for measurement of fat and lean mass. There was a
significant reduction only in fat mass (Fig. 7g), but anincrease in lean
mass (Fig. 7h). These results implicate that fat-specific weight loss is
duetothe Maob inhibitionby areversible Maob inhibitorinthebrain.

Consistent with the fat mass reduction, we observed that the
weights of iWAT, isWAT, pWAT and iBAT in KDS2010-treated HFD mice
(Extended Data Fig. 7e) were significantly reduced compared with
that of chow mice (Fig. 7i,j). In addition to the reduction of fat mass,
KDS2010 also reduced the weight of liver, which was increased by
long-term treatment of HFD (Fig. 7i). Further, we examined the tissues
at the cellular level using H&E staining. Consistent with the weight of
each organ, histology of iWAT, pWAT and iBAT revealed asignificantly
reduced size of white adipocytes in KDS2010-treated HFD mice com-
pared with HFD mice (Fig. 7k—-n). Previous studies have shown that
HFD induces non-alcoholic fatty liver disease®®. There was asignificant
increaseintriglycerides in theliver in HFD mice, similar to the pheno-
type of fatty liver, which was significantly reduced in KDS2010-treated

HFD mice (Fig. 70). Taken together, pharmacological inhibition of
Maob with KDS2010 effectively and rapidly reduces obesity without
affecting food intake.

To determine whether pharmacological Maob inhibition can
promote EE, we measured metabolic parameters using CLAMS.
KDS2010-treated HFD mice showed no significant change in EE
(Fig. 7p-t) or locomotor activity (Extended Data Fig. 7f-h) compared
with HFD mice. Furthermore, we observed that KDS2010-treated HFD
mice showed significantly improved glucose level at every time point
(Fig. 7u) but no significant difference in glucose tolerance (Fig. 7v)
compared with HFD mice. KDS2010-treated HFD mice also showed
significantly improved insulin sensitivity compared with HFD mice,
which exhibited symptoms of insulin resistance (Fig. 7w,x). Overall,
these results imply that pharmacological inhibition of Maob leads
to a body weight decrease with improved insulin sensitivity, without
compromising appetite or affecting EE.

Areversible Maob inhibitor restores decreased activity

Weinvestigated whether GABRAS™* are tonically inhibited in HFD mice
after administration of KDS2010. To test this possibility, we performed
whole-cell patch-clamprecordingsinthe acutely prepared LHA slices
(Fig. 8a). HFD mice showed asignificantincrease of tonic GABA current
compared with chow mice, which wasreduced by KDS2010 treatment
(Fig. 8b-f). There was no significant difference in the GABA-induced
full-activation current, which was induced by 10 pM GABA (Fig. 8g).

Fig. 8| Areversible Maob inhibitor reduces tonic GABA and restores decreased
activity inLHA. a, Scheme of whole-cell patch-clamp recording in LHA neurons.
b-e, Representative traces of GABA, receptor-mediated currents recorded from
chowdiet (b), KDS2010-treated chow diet (c), HFD (d) and KDS2010-treated

HFD (e).f, GABA, receptor-mediated tonic GABA current measured from LHA
cellsineach group: 50 pM of BIC, 10 pM of GABA were applied (n =23,15,30 and
14 cells from 6, 3, 8 and 3 mice, respectively). g, GABA-induced full-activation
current measured from LHA neuronsin each group (n =20, 8,27 and 16 cells from
6,3,8and 3 mice, respectively). h,i, Frequency (n =20, 8,30 and 17 cells) (h) and
amplitude (n =20, 8,28 and 16 cells) (i) of sIPSC measured from LHA neuronsin
eachgroup (n=6,3,8and 3 mice, respectively).j, Capacitance of LHA neuronsin
eachgroup (n=23,8,30and 17 cells from 6, 3, 8 and 3 mice, respectively).

k, Representative immunostaining images for GABA (green) and GFAP (magenta)
in LHA of chow, chow with KDS2010, HFD and HFD with KDS2010 groups (top).
Scale bar, 20 um. Magnified images taken from the boxed areas in the top images
with3D-rendering, showing GFAP colocalized with GABA immunostaining
(bottom). Scale bar, 10 um. I, The number of process intersections at each radial
distance from somain GFAP" astrocytesin eachgroup (n=6,3,4 and 3 slices from
6,3,4 and 3 mice, respectively). m,n, Quantification of GFAP intensity (n = 438,

222,248 and 112 cells, respectively) (m) and GABA intensity (n =104, 91,130 and
113 cells, respectively) (n) in GFAP* astrocytes in each group (n = 6, 3,4 and 3 mice
per group, respectively). 0-q, Quantification for 3D volumes (n =89, 69,166 and
117 cells, respectively) (0), the number of summarized intersections (n =128,
94,169 and 205 cells, respectively) (p) and quantification of the ramification
index (n=98,100,173, 211 cells, respectively) (q) in GFAP" astrocytes in each
group (n=6,3,4and 3 mice per group, respectively).r,s, The ending radius (r)
and the number (s) of GFAP* astrocytesin LHA (n = 6,3, 4 and 3 slices from 6, 3,4
and 3 mice, respectively). t, Timeline for cell-attached patch-clamp recordingin
GABRAS'"" of HFD or KDS2010-treated HFD mice. KDS2010 is administered
peros (P.0.). u, Scheme of whole-cell patch-clamp recording of LHA neurons.

v, Representative traces of cell-attached recording in GABRAS"* from HFD (top)
and KDS2010-treated HFD (bottom). w, Quantification of firing rate between
HFD and KDS2010-treated mice (n = 9 and 10 cells, respectively, from 3 mice per
group). Data are presented as mean + s.e.m. Pvalues were determined by one-way
ANOVA with Tukey’s multiple comparisons tests (f-j and n-p), two-way ANOVA
with Sidak’s multiple comparisons (I), one-way ANOVA with Kruskal-Wallis test
(mand gq-s) or Mann-Whitney test (w). *P < 0.05, **P < 0.01, **P < 0.001and
P < (0.0001.

Nature Metabolism | Volume 5 | September 2023 | 1506-1525

1517


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-023-00877-w

The amplitude and frequency of sSIPSCs were not significantly altered,
indicating that phasic or synaptic GABA was not altered (Fig. 8h,i). The
capacitance of LHA neurons was not affected by HFD (Fig. 8j). These
results indicate that the reversible Maob inhibitor KDS2010 signifi-
cantly attenuated the tonic inhibition.

To examine the reactivity of astrocytes and astrocytic GABA
levels after KDS2010 treatment, we performed immunostaining in
LHA. We observed that GFAP signals (Fig. 8k,m) and GFAP-positive
astrocyte volume (Fig. 80) were significantly reduced in the LHA of
KDS2010-treated HFD mice compared with HFD mice. Sholl analysis
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Maob expression in astrocytes was significantly reduced in the LHA
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is aMaob inhibitor that hardly crosses the blood-brain barrier (BBB)
(Extended Data Fig. 8a—c). As a result, KDS1524 did not reduce the
increased astrocytic GABA and astrocytic reactivity in LHA (Extended
Data Fig. 8g-o0) but slightly reduced the body weight (Extended Data
Fig. 8d-f). These effects by KDS2010 appear to be mainly through
Maob inhibition in the brain rather than the peripheral system. To
investigate the administration of KDS2010 changes to the firing rate
in GABRA5"" we performed loose cell-attached patch clamping on
GABRAS5"M inacutely prepared LHA slices from KDS2010-treated HFD
mice (Fig. 8t,u). We found that the GABRAS5""* pacemaker firing rate was
significantly restored in KDS2010-treated HFD mice (Fig. 8v,w). Taken
together, these results indicate that Maob inhibition by the reversible
inhibitor KDS2010 reduces astrocytic reactivity and GABA levels in
LHA, thereby attenuating tonicinhibitionand restoring the firing rate
of GABRAS""*in HFD mice.

Discussion

Inthe present study, we have discovered the existence of aunique popu-
lation of fat-burning neuronsin LHA. These neurons uniquely express
the high-affinity extrasynaptic GABA, receptor containing the GABRAS
subunit and are also GABA producing, that is, GABAergic GABRAS*
(Fig. 1). Although GABAergic, these neurons appear to be projec-
tion neurons, projecting polysynaptically to iBAT and iWAT (Fig. 3).
These neurons show unique electrical properties of low-threshold spik-
ing and pacemaker firing at a firing frequency of around 5 Hz (Fig. 1).
The presence of the high-affinity GABRAS subunit allows sensing of
tonically released low concentrations of extrasynaptic GABA, which has
beenrecently characterized to be synthesized by Maob and released
byreactive astrocytes under pathological conditions suchasin AD and
Parkinson’s disease*>*°. Our study unveils a causal relationship between
reactive astrocytes and thermogenesis/fat storage in DIO mouse model
viathe complex GABA signalling in LHA. On the basis of our findings,
we propose thatanincrease inastrocytic tonic GABA causes activation
of neuronal GABA, receptors containing the a5 subunit, whichleads to
areductionin pacemaker firing in GABRAS'", attenuation of thermo-
genesis and augmentation of fat storage in peripheral adipose tissues
(Extended Data Fig. 9). This cascade of events in the DIO model can
be observed by activation of Gi-DREADD expressed in GABRA5*** and
reversed by pharmacological inhibition or gene silencing of Maob to
reduce astrocytic GABA, as well as by gene silencing of GabraStoreduce
tonic GABA-induced inhibition in GABRA5"" (Extended Data Fig. 9).
Strikingly, this reversal of DIO can be achieved without compromising
appetite. Our study highlights the pathological role of glia-neuron
interactions via astrocytic GABA and neuronal GABRAS in LHA and
its contribution to thermogenesis/fat storage and DIO with minimal
contribution to food intake.

Recentresearch highlights that the LHA lacksinhibitoryinterneu-
rons with locally ramifying axons®’. This suggests that the GABAe-
rgic neurons in the LHA project to regions outside LHA rather than
locally inhibit the nearby neurons. The LHA contains a large number
of GABAergic neurons expressing GAD65, GAD67 and vesicular GABA
transporter'®***$°_These neurons are likely to be highly diverse and
subdivided into many subpopulations with distinct characteristics
and functions. In the current study, we have identified that GABAe-
rgic GABRA5"™ project to outside LHA and polysynaptically inner-
vate peripheral adipose tissue, iBAT and iWAT. LHA regulates both
thermogenesis and lipolysis in brown adipocytes through the sym-
pathetic nervous system®**”"72_ LHA also regulates lipolysis of iWAT
through the sympathetic nervous system>*’>”, Intriguingly, iBAT-
and iWAT-projecting neurons were heterogeneously distributed in
the medial and central parts of LHA, where HFD-induced reactive
astrocytes also displayed robust GFAP expression. These findings
imply that HFD-induced astrocytic GABA tonically inhibits iBAT- and
iWAT-projecting GABRAS"M* in the medial and central parts of the
LHA. Inhibited GABRA5"" thereby attenuate BAT thermogenesis and

suppression of fat accumulation. It has been reported that in mice
injected with PRV into iBAT, PRV-infected neuronsin LHA overlap with
MCH and orexin”™. However, there still remains an undefined popula-
tion of LHA neurons that innervate both iBAT and iWAT. We propose
that the GABAergic GABRAS™™ constitute a part of this remaining
population. In previous studies, orexin neurons in LHA were shown
to project to rostral RPa (rRPa) in the brainstem®'*, which is known to
house sympathetic premotor neurons to control sympathetic output
and activate iBAT”. Consistently, viral tracing evidence further dem-
onstrates that sympathetic nerves that innervate subcutaneous WAT
originate from rRPa’, which then project to sympathetic preganglionic
neurons in the spinal intermediolateral nucleus”. Our results from
the tissue clearing and light-sheet microscopic images suggest that
GABAergic GABRAS™ might project to PAG before reaching to rRPa
(Extended Data Fig. 4). We propose that GABAergic GABRA5™™, just
like orexin neurons in LHA, may also project to rRPa, possibly after
passing through PAG, and innervate iBAT and iWAT through the inter-
mediolateral nucleus and sympathetic ganglion. Future investigations
areneeded to determine the exact polysynaptic circuits for GABAergic
GABRAS5""™ projecting to iBAT and iWAT.

Our study sheds light on the missing link between the reactive
astrogliosis and obesity, delineating the molecular and cellular mecha-
nisms of how Maob-dependent production of GABA leads to inhibi-
tion of thermogenesis and facilitation of fat storage. Elevated activity
of Maob and elevated levels of Maob-dependent GABA released via
BEST1 have been highly implicated in the reactive astrocytes that
are found in various neuroinflammatory diseases such as AD, Par-
kinson’s disease, epileptic seizure, a stab-wound injury model and
inflammation-induced anxiety*>’*®. The growing list of reports all
point to acommon molecular mechanism of how resting astrocytes
transform into reactive astrocytes via the putrescine-degradation
pathway involving Maob under the conditions of aversive stimulations
such as toxin challenges and viral infections, which usually accompany
neuroinflammation®, In the current study, we report the presence of
the common molecular mechanism of reactive gliosis at work in LHA
to cause the production of GABA in aMaob-dependent fashion. Inter-
estingly, we have previously reported the hypertrophy of astrocytes
with elevated GABA content in ARC after chronic HFD feeding®?, asin
LHA. Unexpectedly, we observed that the increased astrocytic GABA
synthesis was compensated by increased GABA clearance by GAT1,
leaving the tonic GABA inhibition unaltered in ARC. These results sug-
gest that the level of tonic inhibition in LHA may play a critical role in
maintaining the established obesity. What then could be the toxin that
turnson thismechanismin LHA? Ithasbeen reported that chronic HFD
induces hypothalamicinflammation, which s associated with reactive
astrocytesin the hypothalamus?, raising the possibility that the high-fat
nutritionitself could be the trigger for reactive gliosis and GABA pro-
duction.Indeed, we have previously reported that astrocytesin culture
start to produce GABA when challenged with elevated levels of fatty
acids®. Consistent with our findings, it has been reported that after
chronic over-nutrition, levels of extracellular neurotransmitters such
as GABA become elevated in the mediobasal hypothalamus?. In this
study, we have further demonstrated that the Maob-dependent astro-
cytic tonic GABA induces a strong neuronal inhibition in GABRAS",
Interestingly, a recent study has reported astrocytic calcium activity
in the hypothalamus of obese mice®*. The astrocytic calcium activity
was significantly increased in PVN and ARC, but not the ventromedial
hypothalamus. On the basis of these findings, it is possible that LHA
may also have increased astrocytic calcium activity in obese mice and
may induce more tonic GABA release viaincreasing activity of the Bestl
channel®. These possibilities need to be investigated in the future. In
addition to Maob-dependent GABA, Maob-dependent H,0, has been
recently implicated in neurodegeneration and brain atrophy in AD%.
In line with this, we expect that the reactive astrocytes in LHA would
produce excess amount of toxic H,0, in a Maob-dependent fashion,
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further exacerbating the reactive astrogliosis. The excessive toxic
H,0, would cause neuronal death on neighbouring neurons in LHA
under a chronic obesity condition. Indeed, consumption of dietary
fats induce apoptosis of neurons and a reduction of synaptic inputs
in LHA*. This possibility of H,0,-induced neurodegeneration in LHA
awaits future investigation.

Our study contributes an additional dimension to the existing
anti-obesity drugs. It hasbeen reported in previous studies that drugs
for weight loss have a significant history of safety risks, including
cardiovascular and psychiatric complications®***”. Most of the obesity
drugs that target neurons in the hypothalamus are known to suppress
appetite®. On the basis of our study, we identify that selective inhibi-
tion of Maob as a potential molecular target for treating obesity while
overcoming the limitations of neuron-target obesity drugs. By using
three pharmacological inhibitors, KDS2010, KDS1524 and selegiline,
with differential properties, we have gained useful insights about
designing effective therapeutic strategies. Comparison betweenirre-
versible inhibitor selegiline and reversible inhibitor KDS2010 showed
that KDS2010 had long-lasting effects compared with selegiline, imply-
ing that reversibility of the Maob inhibitor is critical for long-lasting
efficacy. These results are consistent with our previous reports on
the superior effect of reversible Maob inhibitors on animal models
of AD and Parkinson’s disease®>*°. Furthermore, the BBB-permeable
KDS2010 was more efficient in maintaining body weight as compared
withtheless BBB-permeable KDS1524 (Extended DataFig. 8),implying
that Maob in the brain is a better target for developing anti-obesity
drugs than the peripheral Maob. Inhibition of Maob can also affect
other organs or other hypothalamic regions, such as ARC and the
paraventricular hypothalamus, where reactive astrocytes are read-
ily observed after HFD*, which could account for the rapid effect of
KDS2010 administration on weight loss after HFD (Fig. 7 and Extended
Data Fig. 8). KDS2010 treatment could also be ameliorating reactive
astrogliosis and aberrant tonic GABA inhibition throughout various
hypothalamic regions, thus eliminating the undesirable inhibition of
neuronal activity. It would be interesting to investigate the existence
and physiological roles of GABRAS5-positive neuronsin other hypotha-
lamicregions. We, therefore, conclude that Maob-meditated GABA in
the whole brain may play a causative role in obesity, evidenced by the
complete elimination of obesity through pharmacological inhibition
of Maob by KDS2010 (Fig. 7). In contrast, the astrocytic Maob-mediated
GABAinLHA s critical for maintaining established obesity, evidenced
by the reduced body weight at 8 weeks after gene silencing of Maob
(Fig.5). The differencein the long-termefficacy between selegiline and
KDS2010 (Extended Data Fig. 7) has been mechanistically explained
by how reversible and irreversible inhibitors differentially act on the
Maob enzyme; irreversible inhibitors such as selegiline covalently
modify the Maob enzyme and destroy the enzymeitselfto turnonthe
compensatory expression of enzyme diamine oxidase, which continues
to produce GABA, whereas reversible inhibitors occupy the active site
of Maob competitively, resulting in an intact Maob enzyme with no
compensatory mechanism®. Importantly, both reversible and irre-
versible selective inhibition of Maob does not affect food intake and
appetite. These distinctive features of Maob inhibitors will help in the
development of improved anti-obesity drugs in the future.

While our study provides valuable insights into GABRAS'"", reac-
tive astrocytes and fat tissues in DIO mice, we exclusively used male
mice. The incorporation of female mice would have enabled a more
comprehensive understanding of the observed findings, including
potential sex-specific differences or the influence of female hormo-
nal factors. In our experimental design, we deliberately included two
specific time points to capture different stages of weight gain: one
representing amoderate level of weight gainand the other represent-
ing advanced or severe weight gain. The inclusion of additional time
points would have facilitated a more detailed characterization of the
temporal dynamics and progression of astrogliosis in relation to the

experimental conditions. Furthermore, our understanding of therole
of Bestl, a mechanism responsible for releasing astrocytic GABA, in
theregulation of obesity is unexplored. While GABA is synthesized by
Maob, Bestl serves as the secretion channel for GABA. Further inves-
tigation is warranted to fully elucidate the intricate mechanisms by
which Bestl-mediated GABA release contributes to the regulation of
obesity. In summary, we identify GABRA5"M as distinct GABAergic
projecting and pacemaker-firing neurons that facilitate BAT thermo-
genesis and suppress fat accumulation in WAT. Our findings establish
the GABRAS"** askey players involved in the astrocyte-neuron interac-
tionmediated by GABA in the hypothalamus of a DIO mouse model. Our
study raises promising molecular targets to combat obesity without
compromising appetite.

Methods

Animals and housing

All animal experiments were performed according to procedures
approved by the Institutional Animal Care and Use Commiittee of the
Institute for Basic Science (IBS; Daejeon, Republic of Korea) and Korea
Institute of Science and Technology (KIST; Seoul, Republic of Korea).
Allmice were maintained in aspecific pathogen-free controlled animal
facility. These conditions included a12 hlight-dark cycle with lights on
at8:00 AM atatemperature of 21 °C, and a humidity range of 40-60%.
The mice were allowed free access to water and food. All experiments on
the DIO mouse model were conducted using the C57BL/6) background
from either the Jackson Laboratory (USA, stock number 000664) or
DBL (Republic of Korea). Six-week-old male C57BL/6) mice were fed a
HFD (60% kcal fat, D12492, Research Diets Inc.) or chow (Teklad, 2018S,
Envigo) for -6-23 weeks. All experiments were done with age-matched
controls.

Stereotaxicinjection

Mice were anaesthetized using isoflurane anaesthesia (induction 3-4%
and maintenance 1.5-2%) and placed into stereotaxic frames (Kopf).
Thescalpwasincised and ahole was drilled into the skullabove the LHA
(anterior/posterior, —1.58 mm; medial/lateral, -1.0 or +1.0 mm from
bregma). Coordinates were identified using the Allen mouse brain
atlas. For characterization studies, C57BL/6) mice were injected with
1.0 pl of AAV-mGABRAS-EGFP-cre virus on both sides of the LHA. For
GABRAS knockdown studies, C57BL/6) mice were injected with 1.0 pl
of Lenti-pSicoR-GABRAS5-shRNA-mCherry or Lenti-Scrambled-
mCherry virus on both sides of the LHA. For chemogenetic studies,
AAV5-mGABRA5-EGFP-Cre with AAV5-hSyn-DIO-hM4Di-mCherry
(inhibition) or AAV5-hSyn-DIO-mCherry (control virus) were injected
onbothsidesofthe LHA. For astrocyte-specific Maob knockdown stud-
ies, AAV-GFAP-Cre-mCherry with Lenti-pSico-Scrambled-GFP or
Lenti-pSico-shMAOB-GFP virus were used on both sides of the LHA.
Theviruswasloaded into astainless needle and injected bilaterally into
the LHA (dorsal/ventral, =5.0 mm) at a rate of 0.1 pl min™ for 10 min
using a syringe pump (KD Scientific). At the end of the infusion, the
needle wasleftinthe brainforanother 10 mintoreduce backflow of the
virus. Shortly after surgery, mice were translocated to their home cages.

Slice preparation for electrophysiology

Mice were deeply anaesthetized with vapourized isoflurane and then
decapitated to isolate the brain. The isolated brains were quickly
excised fromthe skulland submergedinice-cold N-methyl-D-glucamine
(NMDG) recovery solution containing 93 mM N-methyl-D-glucamine,
93 mM HCI, 30 mM NaHCO;, 20 mM HEPES, 25 mM glucose, 5 mM
sodium ascorbate, 2.5 mM KCl and 1.2 mM NaH,PO, (pH 7.4.). All the
solutionwas gassed with 95% O, and 5% CO,. The brain was glued onto
the stage of a vibrating microtome (Linear Slicer Pro7, D.S.K.) and
250-um-thick coronal slices were prepared. For stabilization, slices
were incubated in room temperature for at least 1 h in extracellular
artificial cerebrospinal fluid (aCSF) solution containing 130 mM NacCl,
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3.5 mM KCl, 24 mM NaHCO,, 1.25 mM NaH,PO,, 1.5 mM CacCl,, 1.5 mM
MgCl, and 10 mM D-(+)-glucose, pH 7.4, and simultaneously equili-
brated at 25 °C. Slices were transferred to a recording chamber that
was continuously perfused with aCSF solution.

Patch-clamp recording

For the characterization of GABRAS5"™ cells, electrophysiological
experiments were conducted with reference to a previous study®.
Patch electrodes (4-8 MQ) were filled with an intrapipette solution
containing 120 mM potassium gluconate, 10 mM KCI, 1 mM MgCl,,
0.5 mM ethyleneglycol bis(2-aminoethyl ether)-N,N,N’,N’ tetraacetic
acid (EGTA), and 40 mM HEPES (pH 7.2 adjusted with KOH). Resting
membrane potential (mV) was measured at/= 0 soon after membrane
rupture. Step current was injected in current clamp mode to measure
maximum firing frequency (Hz), whichis the reciprocal of the average
of the first four peak intervals (ISI) calculated after the highest injected
current beforethe occurrence of spike inactivation. The spike ratio was
determined by calculating X/(Y¥/2) from the number of spikes before
(500 ms window, ¥) and after (250 ms window, X) hyperpolarization by
the negative current step. Classification of cells, which is late spiking
for <0.5, regular spiking for between 0.5 and 1.5 and low-threshold
spiking for >1.5, followed a previous study”. For the measurement of
spontaneous spike activity in GABRA5™, a cell-attached patch was
conducted as previously described®®. Patch electrodes (4-8 MQ) were
filled with normal aCSF solution. The slice chamber was mounted on
the stage of an upright microscope and viewed witha 60x waterimmer-
sion objective (numerical aperture 0.90) with infra-red differential
interference contrast optics. Cellular morphology was visualized by a
complementary metal oxide semiconductor camera and the Imaging
Workbench software (INDEC BioSystems, ver. 9.0.4.0.).

Tonic GABA recording

Whole-cell patch-clamp recording was conducted as previously
described*®. The holding potential was —60 mV. Pipette resistance
wastypically 6-8 MQand the pipette was filled with an internal solution
consisting of 135 mM CsCl, 4 mM Nacl, 0.5 mM CacCl,, 10 mM HEPES,
5mM ethyleneglycol bis(2-aminoethyl ether)-N,N,N’,N’ tetraacetic acid,
2 mM Mg-ATP, 0.5 mM of Na,-GTP and 10 mM of QX-314, pH-adjusted
to 7.2 with CsOH (278-285 mOsmol). Before measuring the tonic
current, the baseline current was stabilized with D-AP5 (50 uM) and
CNQX (20 uM) toisolate GABA, receptor current fromthe AMPAR and
NMDAR. Electrical signals were digitized and sampled at 10 msintervals
with the Digidata 1550 data acquisition system and the Multiclamp
700B Amplifier (Molecular Devices) using pClamp10.2 software. Data
were filtered at 2 kHz. The amplitude of the tonic GABA current was
measured by the baseline shift in response to the bath application
of bicuculline (50 uM) using Clampfit software (ver. 10.6.0.13.). The
frequency and amplitude of spontaneous inhibitory post-synaptic
currents before BIC administration was detected and measured by
Mini Analysis (Synaptosoft, ver. 6.0.7.)

Immunohistochemistry

Mice were deeply anaesthetized with isoflurane and transcardially
perfused with 0.9% saline followed by ice-cold 4% paraformaldehyde.
Excised brains were postfixed overnight at 4 °C and transferred to 30%
sucrose for48 hand cut withafrozen microtomein coronal 30 pm sec-
tions. Brain sections were translocated into 24-well plates filled with
blocking solution (0.3% Triton X-100 and 3% Donkey Serum in 0.1 M
phosphate-buffered saline (PBS)). Primary antibodies were added to
blocking solution at desired dilution and slices were incubated in a
shaker at4 °C overnight. Primary antibodies forimmunostaining were
anti-GABRAS (rabbit, 1:500), Orexin A (rabbit, 1:100), Orexin B (rab-
bit, 1:500), MCH (rabbit, 1:200), GABA (rabbit, 1:200), GFAP (chicken,
1:500), S100 (rabbit, 1:200), Maob (mouse, 1:100), NeuN (mouse or
guinea pig, 1:500) and c-FOS (rabbit, 1:500). Antibody details can be

foundin the Supplementary Table 1. Unbound antibodies were washed
offusing PBS, followed by corresponding secondary antibody incuba-
tion (in blocking solution) for 1or 2 hat room temperature. Unbound
antibodies were washed with PBS and 4,6-diamidino-2-phenylindole
(DAPI) was added to PBS (1:1,500 dilution) in the second step to visu-
alize the nuclei of the cells. Sections were mounted with fluorescent
mounting medium (Dako) and dried. A series of fluorescent images
was obtained by aZeiss LSM900 confocal microscope usinga20x, 40x
or 63x objectives. Zstackimages were processed using the ZEN Digital
Imaging for Light Microscopy blue system (Zeiss, ver. 3.2) and Image)
(NIH, ver.1.52s.) software.

Image quantification

Confocal microscopic images were obtained to quantify the num-
ber of colocalized cells, and the expression was analysed using the
Image]J (NIH) program. Fluorescence intensities were calculated by
determining the mean intensity value of each fluorescence pixel in
the marker-positive area. The marker-positive area was defined by
thresholding and converted into a binary mask. The mean intensity
ofimmunostained pixelsin the binary mask was then calculated. Sholl
analysis was performed on serially stacked and maximally projected
confocal images over 20 pmstacks, as previously described®. Confocal
images of brain sectionsimmunostained with the GFAP antibody were
used for Sholl analysis. The Sholl analysis plugin, applied in IMARIS
software (version 9.0.1, Oxford Instruments) constructs serially con-
centric circles at 10 um intervals from the centre of the GFAP signal
(soma) to the end of the most distal process of each astrocyte. The
number of intercepts of GFAP-positive processes at each circleand the
radius of the largest circle intercepting the astrocyte are then analysed.
To measure the GFAP-positive volume of astrocytes, the GFAP signals
were reconstructed into a 3D object using IMARIS software (version
9.0.1, Oxford Instruments).

Tissue isolation and histological analysis

Mice were deeply anaesthetized with isoflurane, and the organs were
immediately isolated from the mice bodies. We isolated inguinal WAT
(iWAT), interscapular WAT (isWAT), perigonadal WAT (pWAT), mesen-
teric WAT (mWAT), liver, quad muscle, kidney, spleen and heart. After
measuring the weight of each organ, iBAT, iWAT, pWAT and liver tissues
were fixed with 4% paraformaldehyde (Sigma-Aldrich) overnight and
then conducted further processes. Histological changes of lipid drop-
lets were examined by H&E staining. As a counterstain, Mayer’s hema-
toxylin was used for every slide. H&E images were obtained with an
Eclipse TI-E microscope and analysed using the ImageJ (NIH) program.

Tissue clearing and light-sheet imaging

Mice underwent transcardial perfusion with ice-cold PBS followed by
the SHIELD perfusion solution (Passive clearing, Lifecanvas, 500 ml
kit, cat. no. PCK-500), as described previously’. The dissected brains
were thenimmersed in the same perfusionsolutionand keptat 4 °C for
48 h.Subsequently, they were transferred to the SHIELD-OFF solution
andincubated at4 °C for 24 h. After that, the brains were placed in the
SHIELD-ON solution andincubated at 37 °Cfor 24 h. The SHIELD-fixed
brains were passively cleared for a few weeks (10-14 days at 45 °C for
amouse brain hemisphere) inabuffer solution. Once the tissues were
delipidated, they were incubated in Protos-based immersion media
until the tissue became transparent without any visible haze at the tis-
sue-medium interface. Finally, 3D light-sheet images were captured
using Zeiss Light sheet Fluorescence microscopy.

Metabolic analysis

For metabolic analysis, mice were measured using the CLAMS
(Columbus Instruments, PhenoMaster, TSE systems). All mice for
metabolic analysis were maintained in an animal facility underal2 h
light-dark cycle (lights onat 7:00 AM) at atemperature of 21 °C and
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allowed free access to water and food. The mice were individually
acclimated to the metabolic chamber cage before measuring EE for at
least 3 days, and then data were collected from days 3-5and analysed.
Using direct calorimetry, EE was assessed by the direct measurement
of the body’s heat production in a calorimeter®. Then, the EE data
were analysed by ANCOVA using body weight as a covariant, as previ-
ously described*. The ANCOVA analysis for EE was analysed using
MedCalc software (ver. 20.218), which could discriminate between
mass-dependent and mass-independent EE. The predicted EE at body
weight was calculated using the regression line equation,y=ax + b.
For the glucose tolerance test (GTT), mice were fasted overnight
(18 h) before intraperitoneal injection of D-glucose (2 g kg™ body
weight). Subsequently, the clearance of plasma glucose was moni-
tored following glucose administration. For the insulin tolerance
test (ITT), mice were fasted for 4 h before intraperitoneal injection
of 0.75 U kg™ body weight of insulin for chow, KDS2010-treated
chow mice, HFD and KDS2010-treated HFD mice. For all other ani-
mal models, 1U kg™ body weight of insulin was intraperitoneally
injected. All glucose levels were examined with tail-vein blood at
indicated intervals (15,30, 60,90 and 120 min) after injection using
aglucometer. After that, the areas of the curve (AOCs) for GTT and
ITT were analysed as described previously®. For analysing metabolic
parameters, insulin (90080, Crystal Chem) was determined. For
body composition measurement, fat and lean mass of each mousein
this study were measured by an EChoMRI100V, quantitative nuclear
resonance system (Echo Medical Systems).

Temperature measurement

Temperatures of both the BAT (73,;) and tail (7+,;) were obtained using
athermal infra-red camera (E6, Teledyne FLIR). To measure Ty,y, the
hair ontheinterscapular BAT was removed 3 days before measurement
and three to four images were captured from each animal. T, was
determined from the average temperature of aspherical area centred
in BAT region and T+,; was defined by spot measurement using FILR
software (FLIR tools, Teledyne FLIR). Data from three images in each
animal were averaged and compared among groups.

DREADD experiments

For DREADD experiments, 6-7-week-old mice wereinjected with either
AAV-hSyn-DIO-mCherry or AAV-hSyn-DIO-hM4Di-mCherry with
AAV-mGABRA5-EGFP-Cre (3.8 x 10" GC ml™) into the lateral hypo-
thalamus of C57BL/6). Following a recovery period of 3 weeks, mice
were given 5 mg kg™ day™ CNO in drinking and HFD food (TD 06414,
Envigo) for 5 weeks to measure body weight and food consumption
every week. CNO was dissolved in distilled water and protected from
thelight.

RT-qPCR
RT-qPCR was carried out using SYBR Green PCR Master Mix as
described previously®. Briefly, reactions were performed in triplets
in a total volume of 10 pl containing 10 pM primer, 4 pl cDNA and 5 pl
power SYBR Green PCR Master Mix (Applied Biosystems). The mRNA
level of each gene was normalized to that of 185 mRNA. Fold change was
calculated using the 27" method. The following primer sequences
were used for RT-qPCR:
18Sforward: 5- TGGCTC ATTAAATCAGTTATGGT -3/
18Sreverse: 5- GTCGGCATGTATTAGCTCTAG -3/
UcplIforward:5’- ACTGCCACACCTCCAGTCATT -3’
Ucplreverse:5- CTTTGCCTCACTCAGGATTGG -3’
Cideaforward: 5- TTCAAGGCCGTGTTAAGGAATC -3’
Cideareverse:5’- CCAGGAACTGTCCCGTCATC-3’
Prdmiéforward: 5- CAGCACGGTGAAGCCATTC-3’
Prdmiéreverse:5- GCGTGCATCCGCTTGTG -3’
Pgclaforward: 5’- AACCACACCCACAGGATCAGA -3’
Pgclareverse:5- TCTTCGCTTTATTGCTCCATGA -3/

Dio2forward: 5 - CCACCTGACCACCTTTCACT -3/
Dio2reverse:5- TGGTTCCGGTGCTTCTTAAC -3’
Adrb3forward: 5- CGACATGTTCCTCCACAAATCA -3’
Adrb3reverse:5’- TGGATTCCTGCTCTCAAACTAACC-3’

Preparation of gene-specific shRNA and shRNA virus
The shRNA sequences for Scrambled and Maob were adopted from
previous studies®>**. The shRNA sequence for Gabra$ was designed
with BLOCK-iT RNAi Designer (Invitrogen) and cloned into pSicoR
lentiviral vectors as previously described”. pSicoR vectors were uti-
lized for plasmid-based shRNA expression in vitro. GABRAS shRNA
was prepared from human embryonic kidney 293T (HEK293T) cell pur-
chased from ATCC (CRL-3216, ATCC). Cells were cultured in Dulbecco’s
modified Eagle medium (Gibco) supplemented with 25 mM glucose,
4 mM L-glutamine, 1 mM sodium pyruvate, 10% heat-inactivated foe-
tal bovine serum (10082-147, Gibco) and 10,000 units ml™ penicil-
lin-streptomycin (15140-122, Gibco). Cultures were maintained at
37 °Cinahumidified atmosphere containing 95% air and 5% CO,. Cells
were transfected with a DNA clone by transfection reagent (Effectene,
301425, Qiagen). Every construct was verified with sequencing after
cloning. Cloned shRNA constructs were packaged into lenti viruses
in the IBS Virus Facility (http://ibs.re.kr/virusfacility) and KIST Virus
Facility (http://virus.kist.re.kr).

Sequence of Scrambled shRNA for control: 5-TCGCATAGC
GTATGCCGTT-3’

Antisense sequence of shRNA target for Maob: 5-AATCGTAAGATA
CGATTCTGG-3

Antisensesequence of shRNAtarget for GABRAS:5’-CTTAAACCGCA
GCCTTTCATC-3’

PRVinoculation

Recombinant PRV inoculation was performed in a biosafety level-2
operating room. For polysynaptic and retrograde circuit mapping
from interscapular BAT and inguinal WAT, mice were anaesthetized
with vapourizedisoflurane and settled inabrain stereotaxic apparatus
(RWD Life Science Co.). After the interscapular BAT or inguinal WAT
were exposed, two 500 nl injections of a PRV-CAG-EGFP were made
into the brown fat or white fat on one side using a Hamilton syringe
(KD Scientific). Shortly after surgery, mice were translocated to their
home cages. After 5 days of microinjection, the animals were deeply
anaesthetized and then transcardially perfused and processed for
immunohistochemistry.

Drug administration

KDS2010, aMaob inhibitor, was synthesized as previously described®.
To test the effect of KDS2010 in HFD mice, we administered KDS2010
for 7-8 weeks through dissolving the compound in drinking water. The
amount of KDS2010 was calculated as 20 mg kg™ daily. Selegiline was
dissolved in drinking water as calculated at 10 mg kg™ daily as previ-
ously described®. To compare the effect of KDS1524 with KDS2010,
mice were orally administered 30 mg kg™ of each drug for 15 days.

Statistics and reproducibility

Allanalyses were done blindly. The numbers and individual dots refer
tothe number of cells unless otherwise clarified in figure legends. The
key findings of the paper were confirmed by multiple complementary
experiments. All experiments were conducted with a sufficient number
of animals that exhibited consistent effects. For data presentation
and statistical analysis, GraphPad Prism (GraphPad Software) was
used. For electrophysiology analysis, Minianalysis (synaptosoft) and
Clampfit (Molecular Devices) were used. For CLAMS analysis, Oxymax
for Windows software was used. For image analysis, ImageJ (NIH, ver.
1.52s.) and IMARIS (Version 9.0.1, Oxford Instruments) software were
used. Statistical significance was set at *P < 0.05, **P < 0.01, **P < 0.001
and ***P<0.0001.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The accession numbers are listed in Supplementary Table 1. The
sequences of the shRNAs used in this study have been provided in the
supplementary figures. The viruses used in this study were provided
byand are available fromthe IBS Virus Facility (https://www.ibs.re.kr/
virusfacility) and Korea Institute of Science and Technology Virus Facil-
ity uponrequest (http://virus.kist.re.kr). Microscopy datareportedin
this paper will be shared by the lead contact upon request. This paper
doesnotreportany original code. Any additional information required
to reanalyse the data reported in this paper is available from the lead
contactuponrequest. Source data are provided with this paper.
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attached patch-clamp recording of GABRAS""* under chemogenetic inhibition.
Representative traces of cell attached recording in GABRAS5::mCherry (top)

and GABRAS::hM4Di (bottom) in LHA. Both groups were treated of CNO (5 pM)
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Extended Data Fig. 3| Knockdown of Gabra5 in LHA with normal chow diet
and HFD. a,b, Experimental scheme and timeline for LHA injection. ¢, Schematic
diagram of Scrambled (top) and shGABRAS (bottom) virus constructs.d, Curves
of bodyweight in Scrambled and shGABRAS mice with chow diet (n=9, 9 mice
per group). e, Representative images of each organ between Scrambled and
shGABRAS group with chow diet. Scale bar, 1 cm. f, Average food intake per day
inScrambled and shGABRAS group (n =7, 8 mice per group). g, Quantification

of organ weightin Scrambled and shGABRAS group with chow diet (n=6 mice
per group). h, Average weight of iBAT (n = 6 mice per group). i, Time course of
blood glucose levels during the glucose tolerance test (GTT) in Scrambled and
shGABRAS group with chow diet (n =7, 8 mice per group).j, Quantification of area
of curve (AOC) of GTT. k, Time course of blood glucose levels during the insulin
tolerance test (ITT) in Scrambled and shGABRAS group with chow diet (n=7,8

mice per group).l, Quantification of area of curve (AOC) of ITT.m, Timeline
ofthe experiment. n, Time course of blood glucose levels during the glucose
tolerance test (GTT) in Scrambled and shGABRAS group with HFD (n=8,

8mice per group). 0, Time course of blood glucose levels during the insulin
tolerance test (ITT) in Scrambled and shGABRAS group with HFD (n =8, 8 mice
per group). p, Quantification of area of curve (AOC) of GTT. q, Quantification
ofareaof curve (AOC) of ITT. r, Representative infra-red thermograph images
showing the surface temperature of the intrascapular brown adipose tissue
(Tgar) and the tail temperature (T,;) in Scrambled and shGABRAS group (n=9,8
mice, respectively). s, Quantification of Tg,r. t, Quantification of Ty, Data were
presented as mean + SEM. p values were determined by Two-way ANOVA with
Sidak’s multiple comparisons test (d,g,i,k,n,0), Unpaired t-test (f,p,q,s,t), or
Mann Whitney test (h,j,1). *, p<0.05; **, p < 0.01; ***, p < 0.001; ****, p< 0.0001.

Nature Metabolism


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-023-00877-w

a Anterior <«

AP -1.34

iBAT-inject

iWAT-inject

MGABRAS promoter Ji_EGFP PolyA

Extended Data Fig. 4 | Expression of iBAT or iWAT innervating neurons in
LHA and expression of GABRAS5'"A, Related to Supplementary Movie S1.
a, Fluorescence images of serial sections along the AP axis of LHA from mice
injected with PRV-EGFP virus in iBAT and iWAT 5 days after injection. Sections
from AP -1.34 mm to AP -1.94 mm were stained with DAPI (blue). Scale bar,

P Posterior
AP -1.94

100 pm. b, Experimental scheme of AAV-mGABRAS-EGFP-Cre virus injection and
sagittal view of the mouse brain. ¢, Ventral view of the mouse brain from 3D Allen
brain atlas. LHAis colored green and PAG is colored magenta. White rectangle
indicates the region of interest. d, Ventral image of LHA-injected mice bilaterally
with AAV-mGABRAS5-EGFP-Cre virus. Scale bar, 300 pm.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Astrocytes in LHA show hypertrophy in moderate
obesity. a, Timeline of the experiment. b, Left, Inmunostaining for GFAP-Cre-
mCh (red) in LHA of Chow and HFD group. Middle, GFAP (magenta), GABA
(green), DAPI (blue) in LHA of Chow and HFD group. Scale bar, 30 pm. Right,
magnified images taken from the boxed areas in the middle images with 3D
rendering, showing GFAP colocalized with GABA immunostaining. Scale bar,
15pm. ¢, The number of process intersections at each radial distance from soma
in GFAP+ astrocytes in each group (n=7, 7 slices from 3 chow mice, 3 HFD mice).
d,e, Quantification of GFAP intensity (d) and GABA intensity (n =445, 438 cells
from 3 chow mice, 3 HFD mice) (e) in GFAP+astrocytes (n =372, 438 cells from 3
chow mice, 3 HFD mice). f, Quantification for 3D volumes of GFAP+ astrocytes
ineach group (n=776,1103 cells from 3 chow mice, 3 HFD mice). g, Number of
summarized intersections of GFAP+astrocytes in each group (n=734,1299 cells
from 3 chow mice, 3 HFD mice). h, Quantification of ramification index
(n=793,1285 cells from 3 chow mice, 3 HFD mice). i, The ending radius of GFAP+
astrocytes in LHA (n=7, 7 slices from 3 chow mice, 3 HFD mice).j, The number of
GFAP+astrocytesin LHA (n=7, 7 slices from 3 chow mice, 3 HFD mice).

k, Timeline of the experiment.l, GABRAS expression in LHA of Chow and HFD
mice. m, Expression level of GABRAS in medial, central and lateral part of the
LHA was not significantly changed in HFD mice compared to chow mice. Scale
bar, 20 pm. Scale bar, 5 pm. n, Top, schematic diagram. Bottom, GABRAS5-shRNA-
carryinglenti virus express mCherry in LHA. Scale bar, 100 um. 0, Maob-IR was
shown in GFP. Scale bar, 20 pm. Scale bar, 15 pum. p, Expression of Maob in GFAP-
positive astrocytes in LHA was significantly lower in shMAOB group compared to
Scrambled group (n=697, 345 cells from 3, 3 mice, respectively). q, Time course
ofblood glucose levels during the glucose tolerance test (GTT) in Scrambled and
shMAOB group with HFD (n = 8, 8 mice, respectively). r, Quantification of area

of curve (AOC) of GTT. s, Time course of blood glucose levels during the insulin
tolerance test (ITT) in Scrambled and shMAOB group with HFD (n =8, 8 mice per
group). t, Quantification of area of curve (AOC) of ITT. Data were presented as
mean + SEM. p values were determined by Two-way ANOVA with Sidak’s multiple
comparisons test (c,q,s), Mann-Whitney test (d-j,p), or Unpaired t-test (r,t).
*,p<0.05**,p<0.0L;**,p<0.00L***,p<0.0001
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Knockdown of astrocytic Maob in LHA with normal
chow dietand HFD. a,b, Experimental scheme and timeline for LHA injection.

¢, Schematic diagram of Scrambled (top) and shMAOB (bottom) virus constructs.

d, Curves of bodyweight in Scrambled and shMAOB group with chow diet (n=9,
10 mice per group). e, Representative images of each organ between Scrambled
and shMAOB group with chow diet. Scale bar,1cm. f, Average food intake per day
inScrambled and shMAOB group (n=9,10 mice per group). g, Quantification

of organ weight in Scrambled and shMAOB group with chow diet (n =6, 6 mice
per group). h, Average weight of iBAT (n = 6, 6 mice per group). i, Time course of
blood glucose levels during the glucose tolerance test (GTT) in Scrambled and
shMAOB group with chow diet (n=9, 9 mice per group). j, Quantification of area

of curve (AOC) of GTT. k, Time course of blood glucose levels during the insulin
tolerance test (ITT) in Scrambled and shMAOB group with chow diet (n=9,

9 mice per group). 1, Quantification of area of curve (AOC) of ITT. m, Timeline
and schematic images of the experiment. n, Representative images of LHA from
PRV-EGFP injected (green) mice stained against GABA ,R-a5 (magenta) with Cre
signals (top). Scale bar, 50 pm. Magnification of arrowed cells (bottom). Scale
bar,10 um. o,p, Quantification between GABRAS5 and PRV retrogradely labeled
from iBAT at 5 days post-injection (n =6, 7 slices from 3, 3 mice per group). Data
were presented as mean + SEM. p values were determined by Two-way ANOVA
with Sidak’s multiple comparisons test (d,g,i,k), Unpaired t-test (f,j,I), or Mann-
Whitney test (h,l,0,p). *, p<0.05;**, p<0.01; **, p<0.001; ***, p<0.0001.
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Extended Data Fig. 7| KDS2010 reduces astrocytic Maob and fats without
affectinglocomotion. a, Curves representing the kinetics of change inbody
weight among HFD, HFD with KDS2010, and HFD with selegiline mice over the
22 weeks following HFD treatment. Light blue shaded box indicates period

of KDS2010 or selegiline treatment in drinking water (n=8, 8, 8, and 8 mice,
respectively). b, Cumulative food intake in HFD, HFD with KDS2010, HFD with
selegiline mice over the 22 weeks (n=8, 8, 8, and 8 mice, respectively).

¢,d, Quantification of percentage change of fat mass (c) and lean mass (d) before
(at15weeks) and after (at 22 weeks) KDS2010 or selegiline treatment (n=8, 8, 8,
and 8 mice, respectively). e, Representative images of each organ of chow, chow
with KDS2010, HFD, HFD with KDS2010 mice. Scale bar, 1 cm. f. Timeline of the

&i11))

HFD

Merged DAPI

MAOB

GFAP

experiment. g, Real-time monitoring curve of locomotion in chow, KDS2010-
treated chow, HFD, and KDS2010-treated HFD mice (n =11,11,12, and 10 mice

for respective group). h, Quantification of locomotor activity in light and dark
cycle. i, Quantification of Maob intensity in GFAP-positive cells in chow, chow
with KDS2010, HFD, and HFD with KDS2010 group (n=464, 463,337, and 296
cellsfrom4, 4,3, and 3 mice per group, respectively). j, Representative images for
Maob (green) and GFAP (magenta) in LHA of chow, chow with KDS2010, HFD, and
HFD with KDS2010 group. Scale bar, 10 um. Data were presented as mean + SEM.
p values were determined by One-way ANOVA with Tukey’s multiple comparisons
test (c,d,h) or Kruskal-Wallis test (i). *, p < 0.05; **, p< 0.01; ***, p < 0.001; ****,
p<0.0001.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8| Aless-BBB-permeable Maob inhibitor, KDS1524
does notreduce astrogliosisin LHA. a, Experimental timeline for oral
administration of KDS2010 or KDS1524 with HFD. b, Chemical structure of
KDS1524. ¢, Cerebrospinal fluid (CSF) concentration after intravenous and
oral administration at a dose of 5,10 mg/kg of KDS1524 (n=4rat).d, Curves
representing the kinetics of change in body weight in gram of chow, HFD, HFD

with KDS1524 and HFD with KDS2010 mice over 16 days following HFD treatment.

KDS2010 or KDS1524 was administered by oral injection (n=8, 8, 8,and 8 mice,
respectively). e, Curves representing the kinetics of change in body increase in
the percentage of chow, HFD, HFD with KDS1524 and HFD with KDS2010 mice
(n=8, 8, 8,and 8 mice, respectively). f, Quantification of percentage change of
body increase of HFD with KDS1524 and HFD with KDS2010 compared to HFD
mice. g, Top, Immunostaining for GABA (green) and GFAP (magenta) in LHA

of HFD, HFD with KDS1524 and HFD with KDS2010 group. Scale bar, 30 um.
Bottom, magnified images taken from the boxed areas in the top images with 3D

rendering, showing GFAP colocalized with GABA immunostaining. Scale bar,

15 um. h, The number of process intersections at each radial distance from soma
in GFAP" astrocytesin each group (n=4, 5,and 4 slices from 4, 4, and 4 mice).

i,j, Quantification of GFAP intensity (n =88, 116, and 68 cells) (i) and GABA
intensity (n=118, 93, and 65 cells) (j) in GFAP* astrocytes from 4, 4, and 4 mice,
respectively. k,I, Quantification for 3D volumes (n=323, 318, and 104 cells) (k),
number of summarized intersections (n=234,160, and 165 cells) (I) of GFAP*
astrocytes from 4, 4, and 4 mice, respectively. m, Quantification of ramification
index (n=235,180,and 190 cells from 4, 4, and 4 mice, respectively).n, The
ending radius of GFAP" astrocytes in LHA (n=4, 4, and 4 slices per group from 4,
4,and 4 mice). 0, The number of GFAP* astrocytes in LHA (n=4, 5,and 4 slices per
group from 4, 4, and 4 mice). Data were presented as mean + SEM. p values were
determined by Two-way ANOVA with Tukey’s multiple comparisons test (h) or
One-way ANOVA with Kruskal-Wallis test (i,j,k,1,m,n,0). *, p< 0.05; **, p< 0.01;
***,p<0.001;***,p<0.0001.
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Extended Data Fig. 9| Model of obesity and anti-obesity mechanisms. Left, in
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Antibodies

Antibodies used Primary antibodies were added to blocking solution at desired dilution and slices were incubated in a shaker at 40C overnight.
Primary antibodies for immunostaining were rabbit anti-GABRAS (abcam, ab10098, 1:200), mouse anti-Orexin A (santa cruz
biotechnology, sc-80263, 1:100), rabbit anti-Orexin B (abcam, ab255293, 1:500), rabbit anti-MCH (H-070-47, 1:200), guinea pig anti-
GABA (millipore, AB175, 1:200), chicken anti-GFAP (millipore, AB5541, 1:500), rabbit-S100B (abcam, ab52642, 1:200), mouse anti-
Maob (santa cruz biotechnology, sc-515354, 1:100), guinea pig anti-NeuN (millipore, ABN90, 1:500), mouse anti-NeuN (millipore,
MAB377) and rabbit anti-c-fos (cell signaling, 22508, 1:500).

Secondary antibodies for immunostaining were donkey anti-rabbit Alexa Fluor 488 (Jackson, 711-547-003, 1:200), donkey anti-
chicken IgG Alexa Fluor 405 (Jackson,703-475-155, 1:200), donkey anti-rabbit Alexa Fluor 594 (Jackson, 711-585-152, 1:200), donkey
anti-rabbit Alexa Fluor 647 (Jackson, 711-605-152, 1:200), donkey anti-guinea pig Alexa Fluor 647 (Jackson, 706-605-148, 1:200).

Validation All antibodies used in this study were bought from formal biological company with applied and described in previously scientific
publications. Rabbit anti-Gabra5 antibody (https://www.citeab.com/antibodies/731866-ab10098-anti-gaba-a-receptor-alpha-5-
gabra5-antibody), mouse anti-Orexin A antibody (Wang et al., Cell, 2021), rabbit anti-Orexin B antibody (https://www.abcam.com/
orexin-b-antibody-epr22803-18-ab255293.html), rabbit anti-MCH antibody (Obukuro et al., J Neurosci., 2013), guinea pig anti-GABA
antibody (Chun et al., Glia, 2021), chicken anti-GFAP antibody (Chun et al., Glia, 2021), rabbit anti-S100p antibody (http://
www.abcam.com/s100-beta-antibody-ab41548.html), mouse anti-Maob antibody (Fecher et al., nat. neurosci. 2019), mouse anti-
NeuN antibody (https://www.citeab.com/antibodies/226230-mab377-anti-neun-antibody-clone-a60), guinea pig anti-NeuN antibody
(https://www.citeab.com/antibodies/226230-mab377-anti-neun-antibody-clone-a60), rabbit anti-c-fos antibody (https://
www.biocompare.com/9776-Antibodies/1540778-cFos-9F6-Rabbit-mAb/).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells were purchased from ATCC (CRL-3216).

Authentication HEK293T cell line was not authenticated in our hands for this manuscript but was obtained and used from https://
www.atcc.org/products/crl-3216.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All experiments performed on diet-induced obesity (DIO) mouse model were performed on C57BL/6J background. The mice were
used originated from Jackson Laboratory (USA, stock number 000664). 6-week-old male C57BL/6J mice (DBL, Chungbuk, Republic of
Korea) were fed a HFD (60% kcal fat, D12492, Research Diets Inc.) or chow (Teklad, 2018S, Envigo) for 6~23 weeks. All mice were
maintained in a specific pathogen-free under controlled animal facility. These conditions included a 12-h light-dark cycle with lights
on at 8:00 AM at a temperature of 21°C, and a humidity range of 40% to 60%. The mice were allowed free access to water and food.




Wild animals This study does not involve wild animals.
Reporting on sex The findings apply to male mice only.
Field-collected samples  This study does not involve field-collected sample.

Ethics oversight All animal experiments were performed according to procedures approved by the Institutional Animal Care and Use Committee of
IBS (Daejeon, South Korea) and Korea Institute of Science and Technology (Seoul, South Korea).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

>
QO
L
c
)
e,
o)
=
o
=
—
@
S,
o)
=
>
Q
wv
C
3
3
QO
<




	Hypothalamic GABRA5-positive neurons control obesity via astrocytic GABA

	Results

	Pacemaker firing in GABAergic GABRA5LHA is decreased in HFD

	Inhibition of GABRA5LHA suppresses fat thermogenesis

	Gene silencing of GABRA5 in LHA reduces obesity

	GABRA5LHA polysynaptically project to BAT and WAT

	Reactive astrocytes in LHA in response to HFD

	Gene silencing of astrocytic Maob in LHA prevents obesity

	Gene silencing of astrocytic Maob in LHA reduces tonic GABA

	Reducing GABA production via Maob reduces obesity

	A reversible Maob inhibitor restores decreased activity


	Discussion

	Methods

	Animals and housing

	Stereotaxic injection

	Slice preparation for electrophysiology

	Patch-clamp recording

	Tonic GABA recording

	Immunohistochemistry

	Image quantification

	Tissue isolation and histological analysis

	Tissue clearing and light-sheet imaging

	Metabolic analysis

	Temperature measurement

	DREADD experiments

	RT–qPCR

	Preparation of gene-specific shRNA and shRNA virus

	PRV inoculation

	Drug administration

	Statistics and reproducibility

	Reporting summary


	Acknowledgements

	Fig. 1 GABAergic GABRA5LHA show decreased activity in HFD.
	Fig. 2 Chemogenetic inhibition of GABRA5LHA suppresses fat thermogenesis.
	Fig. 3 Knockdown of Gabra5 in LHA, innervating iBAT and iWAT, reduces obesity.
	Fig. 4 Astrocytes in LHA show hypertrophy in response to HFD.
	Fig. 5 Gene-silencing of astrocytic Maob in LHA prevents obesity.
	Fig. 6 Gene silencing of astrocytic Maob reduces tonic GABA in LHA.
	Fig. 7 Reducing GABA production via Maob reduces obesity.
	Fig. 8 A reversible Maob inhibitor reduces tonic GABA and restores decreased activity in LHA.
	Extended Data Fig. 1 Inhibition of GABRA5LHA by DREADD.
	Extended Data Fig. 2 Development and validation of shRNAs for Gabra5 in vitro.
	Extended Data Fig. 3 Knockdown of Gabra5 in LHA with normal chow diet and HFD.
	Extended Data Fig. 4 Expression of iBAT or iWAT innervating neurons in LHA and expression of GABRA5LHA.
	Extended Data Fig. 5 Astrocytes in LHA show hypertrophy in moderate obesity.
	Extended Data Fig. 6 Knockdown of astrocytic Maob in LHA with normal chow diet and HFD.
	Extended Data Fig. 7 KDS2010 reduces astrocytic Maob and fats without affecting locomotion.
	Extended Data Fig. 8 A less-BBB-permeable Maob inhibitor, KDS1524 does not reduce astrogliosis in LHA.
	Extended Data Fig. 9 Model of obesity and anti-obesity mechanisms.




