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In brief

Liu et al. reveal that osteocalcin (OCN)
drives rapid visual escape by activating
GPR37 in VTA GABA-GIlu neurons,
enhancing excitability via the OCN-
GPR37-cAMP-THIK-1 pathway. This
work links bone-derived signals to neural
circuits and survival behaviors.
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SUMMARY

Rapid escape from visual threats is essential for survival, yet the mechanisms establishing its “permissive
state” remain poorly understood. Here, we demonstrate that osteocalcin (OCN), a bone-derived hormone,
permits rapid visual escape by enhancing the excitability of a ventral tegmental area (VTA) GABAergic neuron
subpopulation through the OCN-G Protein-Coupled Receptor 37 (GPR37)-cAMP-TWIK-related halothane-in-
hibited potassium channel (THIK-1) pathway. Loss of OCN, loss of its receptor GPR37, or conditional deletion
of GPR37 in VTA GABAergic or glutamatergic neurons delays escape responses, while reconstituting OCN-
GPR37 signaling in the VTA restores normal behavior. Single-cell transcriptomics and electrophysiology
reveal that OCN suppresses THIK-1 potassium currents via GPR37-mediated cyclic AMP (cAMP) reduction,
thereby increasing neuronal excitability. These findings reveal a novel mechanism through which a bone-
derived hormone modulates the excitability of co-releasing neurons to facilitate rapid escape, offering new
insights into the regulation of survival behaviors by the bone-brain metabolic axis.

INTRODUCTION from the superior colliculus (SC), and send outputs to the

central nucleus of the amygdala (CeA) that elicit visual escape

Rapid visual escape is vital for survival, allowing animals to
respond swiftly to imminent threats, yet the underlying mecha-
nisms that enable its “permissive state” —a neural and physio-
logical condition priming the brain and body for rapid action—
remain poorly understood."~° Looming stimuli, mimicking an ap-
proaching predator, are widely used to study visually evoked
defensive behaviors, such as freezing, escape, and attack.
Extensive research has uncovered distinct neural circuits under-
lying these responses, involving brain regions responsible for
sensory detection, visual-motor transformation, and motor out-
puts.””'® The ventral tegmental area (VTA), traditionally seen as
a reward and motivation center,'®?° has been identified as an
information relay for visual escape responses to looming
stimuli.">?" VTA GABAergic neurons receive visual information

behavior.'> However, the precise tuning of neuronal excitability
and signaling in VTA GABAergic neurons, which creates a height-
ened readiness to detect, process, and execute immediate motor
responses essential for predator evasion, is largely unknown.
Peripherally derived molecules crossing the blood-brain bar-
rier (BBB) are critical for regulating defensive behaviors. Gluco-
corticoids and adrenaline modulate physiological adaptations,
including increased heart rate and respiration, essential for rapid
responses.®>~% Furthermore, osteocalcin (OCN), a protein solely
produced in bone and present in the brain and body,”®*° has
recently been identified as a regulator of stress-induced defen-
sive behaviors, including reactions to electrical shock, tail
suspension, and 2,4,5-trimethyl thiazoline (TMT) exposure under
adrenal insufficiency conditions.?®* However, in contrast to the
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well-characterized systemic actions of classical stress hor-
mones, the molecular and cellular mechanisms through which
OCN modulates neuronal activity to establish a permissive state
for stress-induced defensive behaviors remain poorly defined.

This study reveals OCN, a bone-derived hormone, as a key
regulator of rapid visual escape, acting through GPR37 in
a distinct VTA GABAergic neuron subpopulation. The OCN-
GPR37 pathway enhances neuronal excitability by suppressing
THIK-1 channels via non-canonical G Protein-Coupled Receptor
(GPCR) signaling, redefining the role of skeletal signals in neural
circuit modulation. These findings uncover a novel interaction, in
which the skeletal system modulates midbrain neuronal
properties to orchestrate survival behaviors. By bridging meta-
bolism, neuroscience, and physiology, this work highlights
brain-body collaboration in adaptive responses and opens new
avenues for exploring metabolic interventions in disorders such
as osteoporosis-linked depression and neurodegenerative
diseases.

RESULTS

OCN and the GPR37 receptor are required for a rapid
visual escape response

OCN, a bone-derived hormone, crosses the BBB and is essential
for acute stress responses.®° To explore its potential involve-
ment in visual defensive behaviors, we first compared circulating
levels of undercarboxylated OCN (Gla-OCN) and looming-
evoked defensive responses between 3-month-old (young) and
14-month-old (old) wild-type (WT) mice (Figures 1A and 1B).
Serum OCN levels were much lower in old mice compared
with young mice (Figure 1C, unpaired t test). This reduction in
OCN correlated with impaired defensive behavior. When
exposed to a looming stimulus, old mice exhibited significantly
delayed response latency and prolonged return times compared
with young mice (Figure 1D, unpaired t test). Importantly, this
age-related deficit in rapid visual escape was reversible. Intra-
peritoneal OCN injection restored rapid visual escape in old
mice (Figure 1E, paired t test). We also investigated whether
the looming stimulus itself affects OCN levels. Indeed, exposure
to the looming stimulus alone was sufficient to induce an acute
rise in circulating OCN levels, and this elevation lasted for at least
30 min, suggesting that OCN acts as a critical mediator of loom-
ing-induced defensive behavior (Figure 1F, unpaired t test).

To validate that OCN specifically regulates visual defensive re-
sponses rather than spontaneous behavioral or anxiety-related
changes, we took advantage of OCN knockout (KO) mice, and
monitored their spontaneous behavior using a 3D hierarchical
behavioral analysis platform (Figure S1A). WT and OCN KO
mice exhibited no differences in time spent in the center or in
movement speed (Figures S1B and S1C, unpaired t test). They
also showed no changes in components of spontaneous behav-
iors, including sniffing, grooming, hunching, jumping, pausing,
rearing, running, trotting, and walking (Figure S1D, unpaired t
test). When assessed in the looming test, OCN™~ mice repro-
duced the impaired defensive phenotype, similar to the
14-month-old WT mice, exhibiting delayed response latency,
longer return times to the nest, and longer duration in the nest
(Figure 1G, unpaired t test).
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To identify the role of two reported OCN-activated receptors,
GPR37 and GPR158,%%** in visual escape responses, we then
tested GPR37~/~ and GPR158~'~ mice upon looming stimulus.
Only GPR37~~ mice exhibited delayed responses and longer
return times, while GPR158~/~ mice showed no differences
(Figure 1G, unpaired t test). These results demonstrate that
OCN mediates defensive responses primarily through GPR37.

GPR37 in VTA GABAergic and glutamatergic neurons
regulates rapid visual escape

The VTA, a hub for looming-evoked defensive responses, is a
key target of OCN.">?° To test whether local OCN signaling in
the VTA could rescue defensive behavior deficits in OCN KO
mice, we surgically implanted a cannula connected to a microin-
jection pump into the VTA of the mice (Figures S2A-S2C). We
first confirmed that OCN was nearly undetectable in the serum
of OCN KO mice (Figure 2A, unpaired t test). Then, local OCN
administration in the VTA of OCN KO mice reduced response la-
tency and return time while increasing nest time (Figures 2B and
2C, unpaired t test). Similarly, restoring GPR37 in the VTA of
GPR37~/~ mice via Lenti-GPR37-GFP restored rapid escape re-
sponses (Figures 2D-2F and S2D, unpaired t test). However,
when OCN was administered locally into the VTA of GPR37 7/~
mice, this treatment failed to rescue the impaired defensive be-
haviors (Figures 2G and 2H, unpaired t test). These results high-
light the essential role of the interaction between OCN and
GPR37 in the VTA for looming-induced escape behavior. To
further confirm that OCN physically binds to GPR37 in VTA neu-
rons, we demonstrated that OCN binds to GPR37 receptors in
VTA neurons using biotinylated OCN. Immunostaining revealed
streptavidin 488 colocalization with GPR37 in both tyrosine hy-
droxylase (TH)-positive dopaminergic (DA) neurons and
GADG67-positive GABAergic neurons (Figures S3A and S3B).
This direct binding evidence strengthens the functional link be-
tween OCN and GPR37 in the VTA.

To determine the VTA neuron type mediating OCN-GPR37
signaling in visual escape, we selectively ablated GPR37 in
DA, glutamatergic, and GABAergic neurons. Neither global
nor VTA-specific GPR37 ablation in DA neurons affected looming
responses (Figures 3A-3D and S4, unpaired t test). To selectively
ablate the GPR37 receptor in VTA glutamatergic or GABAergic
neurons, we first tested the specificity and efficiency of our label-
ing method,* followed by validation of the specificity and effi-
ciency of adeno-associated virus (AAV) labeling in VGIuT2-ires-
Cre and GAD2-ires-Cre mice, with over 90% labeling accuracy
and minimal overlap with TH* cells (Figures S5A-S5F). Using
AAV-CaMKIla-Cre-GFP or AAV-DIx5/6-Cre-GFP in GPR3710/flox
mice, we found that selective GPR37 ablation in VTA glutamater-
gic (Figures 3E and 3F, unpaired t test) or GABAergic neurons
(Figures 3G and 3H, unpaired t test) impaired looming-induced
escape responses. These results demonstrate that OCN acts
through GPR37 in both glutamatergic and GABAergic neurons
within the VTA to mediate looming-induced escape responses.

OCN drives VTA GABAergic neurons into two excitability
subpopulations via GPR37/GPR158

VTA GABAergic neurons have been shown to play a critical role in
mediating visually evoked innate defensive responses.’”*® To
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Figure 1. OCN and its receptors mediate innate defensive responses to LS

(A and B) Schematic of behavior paradigm and experimental design.

C) Serum OCN levels in young (3 months, n = 10) and old (14 months, n = 10) WT mice.

D) Bar graphs showing metrics of looming responses of young (3-month-old WT mice, n = 10) and old (14-month-old WT mice, n = 9) mice.

E) As in (D), but for old mice (14 months old) after intraperitoneal (i.p.) injection (saline group, n = 9; OCN group, n = 9).

F and G) Serum OCN measurement following footshock (FS) and repetitive looming stimulus (LS) (n = 6 for control, n = 7 for post FS 3 min, n = 8 for post FS 10 min,
and n = 9 for post FS 30 min; n = 6 for control, n = 9 for post LS 3, 10, and 30 min).

(H) Bar graphs showing metrics of looming responses of WT (n = 25), OCN KO mice (n = 15), GPR37 KO (n = 11), and GPR158 KO mice (n = 12).

Data are shown as mean + SEM. Unpaired Student’s t test for (C), (D), (F), and (H) and paired Student’s t test for (E). “p < 0.05, **p < 0.01, ***p < 0.001, ***p <
0.0001; ns, not significant.
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Figure 2. Intact OCN-GPR37 signaling in the VTA is required for rapid visual escape

(A) Plasma bioactive OCN levels in WT (n = 10) and OCN KO mice (n = 7).

(B) Schematic of the experimental procedure for intra-VTA infusion of OCN or saline, followed by LS.
(C) Behavioral analysis in OCN KO mice after intra-VTA OCN administration (saline, n = 7; OCN, n = 8).

(D) Experimental timeline for re-expression of GPR37 in GPR37 /~ mice

(E) Fluorescent image showing LV-GPR37-GFP expression in the VTA. Scale bar, 200 pm.

(F) Behavioral changes in GPR37 '~ mice after VTA-targeted GPR37 restoration (LV-GFP, n = 6; LV-GPR37-GFP, n = 6).

(G) Schematic of intra-VTA OCN/saline infusion in GPR37 ~/~ mice, followed by LS.

(H) Behavioral analysis in GPR37 mice after intra-VTA OCN administration (saline, n = 5; OCN, n = 5).

Data are shown as mean + SEM. Unpaired Student’s t test for (A), (C), (F), and (H). *p < 0.05, *p < 0.01, **p < 0.001; ns, not significant.

investigate how OCN affected VTA GABAergic neurons, we per-
formed whole-cell patch-clamp recordings in GAD2-ires-Cre
mice with AAV-DIO-GFP injection in the VTA (Figure 4A). By
using unimodal-bimodal testing, 24 recorded VTA GABAergic
neurons were classified into one group (Figure 4B, Hartigan’s
dip test, p = 0.7814). After 15 min of OCN (10 ng/mL) infusion,
they were classified into two distinct subpopulations (type | neu-
rons and type Il neurons; Hartigan’s dip test, p = 0.073). To further
validate the OCN-induced bipartite classification, we performed
K-means clustering analysis on the same dataset of neuronal
excitability changes. This analysis yielded an average silhouette
coefficient of 0.865, which indicates that neurons within each

4 Neuron 774, 1-15, May 6, 2026

cluster were highly similar to one another, whereas neurons be-
tween the two clusters were distinctly different, supporting that
OCN specifically drives the differentiation of VTA GABAergic neu-
rons into two functionally distinct subpopulations.

A key question arising from this finding was whether these
OCN-induced divisions of VTA GABAergic neurons were
due to pre-existing variability in the neurons’ intrinsic properties.
To address this, we first analyzed the basal electrophysiological
characteristics of the two subpopulations (type | neurons
and type Il neurons) prior to OCN treatment. Notably, under
basal conditions, type | neurons exhibited a significantly
lower spontaneous action potential rate compared with type Il
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Figure 3. Cell-type-specific manipulation of GPR37 in VTA and its effects on visual defensive behaviors

(A) Schematic of deletion of GPR37 from VTA-specific neuron populations.
(B) Schematic of looming test and experimental timeline.

(C) Schematic of AAV-TH-Cre-GFP or AAV-TH-GFP injection into the VTA of GPR37"°f°* mjce, with fluorescent images of virus expression in VTA. Scale bar,

200 pm (left) and 10 pm (right).

(D) Behavioral analysis in GPR3711°X mice after AAV-TH-Cre (n = 7) or AAV-TH-GFP (n = 6) injection.
chematic o -Ca o-Cre- or -Ca o injection into the o 7 mice, with fluorescent images of virus expression in .
E) Sch ic of AAV-CaMKilla-Cre-GFP or AAV-CaMKIla-GFP injection into the VTA of GPR37/1°¥/1°% mj ith fl i f vi ion in VTA

Scale bar, 200 pm (left) and 10 um (right).

(F) Behavioral analysis in GPR37"°¥1°* mice after AAV-CaMKlla-Cre-GFP (n = 6) or AAV-CaMKlla-GFP (n = 10) injection.
(G) Schematic of AAV-DIx5/6-Cre-GFP or AAV-DIx5/6-GFP injection into the VTA of GPR37°¢1* mice, with fluorescent images of virus expression in VTA. Scale

bar, 200 pm (left) and 10 pm (right).

(H) Behavioral analysis in GPR37¥1°* mice after AAV-DIx5/6-Cre-GFP (n = 8) or AAV-DIx5/6-GFP (n = 10) injection.
Data are shown as mean + SEM. Unpaired Student’s t test for (D), (F), and (H). *p < 0.05, *p < 0.01; ns, not significant.

neurons (Figure 4C, unpaired t test). In contrast, other membrane
properties showed no significant differences between the
two subpopulations (Figure S6, unpaired t test). We then investi-
gated how OCN modulated the excitability of these two
inherently distinct subpopulations. Following 15 min of OCN
(10 ng/mL) infusion, type | neurons, which displayed a relatively
lower basal excitability, showed a significant increase in sponta-
neous action potential rate (Figure 4D, paired t test). In contrast,
type Il neurons, characterized by higher basal excitability, ex-
hibited a notable reduction in spontaneous action potential
rate after OCN treatment (Figure 4E, paired t test).

To explore whether these changes in neuronal excitability
were caused by changes in synaptic activity, we recorded

spontaneous excitatory postsynaptic currents (SEPSCs) and
spontaneous inhibitory postsynaptic currents (sIPSCs) in VTA
GABAergic neurons. We observed no significant changes in
the amplitude or frequency of sEPSCs and sIPSCs following
OCN treatment (Figures S7A-S7F, paired t test), indicating
that the OCN-induced alterations in spontaneous action po-
tential rates were not driven by changes in synaptic
transmission.

To further identify the molecular basis of these two sub-
populations, we explored whether they correspond to the two
known OCN-activated receptors, GPR37 and GPR158, by per-
forming whole-cell patch-clamp recordings in GPR37~/~ and
GPR158~'~ mice injected with AAV-DIx5/6-GFP, respectively

Neuron 774, 1-15, May 6, 2026 5
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Figure 4. OCN elicits excitatory or inhibitory responses in distinct subpopulations of VTA GABAergic neurons
(A) Schematic of AAV9-DIO-GFP injection into the VTA of GAD2-Cre mice, with fluorescent image of GFP-positive neurons.
(B) Left: firing frequency distribution of VTA neurons pre OCN (cyan) and classified into type | (red) and type Il (pink). Right: K-means clustering of 24 neurons into

type | and type Il.
(C) Firing frequency of type | (n = 8) and type Il (n = 16) neurons.

(D) Representative traces (left) and quantification (right) of spontaneous firing rate in type | neurons pre and post OCN (n = 8).

(E) Representative traces (left) and quantification (right) of spontaneous firing rate in type Il neurons pre and post OCN (n = 16).

(F) Schematic of AAV9-mDIx5/6-GFP injection into the VTA of GPR1 58/~ mice, with fluorescent image of mDIx5/6-GFP-positive neurons.
(G) Pie chart showing proportion of neurons with increased (red) or unchanged (gray) excitability post OCN.

(H) Representative traces of neuronal firing pre and post OCN.
(I) Resting membrane potential (RMP) of neurons pre and post OCN (n = 6).

(J) Comparisons of the number of action potentials evoked by injected positive currents before and after OCN application (n = 6).
(K) Schematic of AAV9-mDIx5/6-GFP injection into the VTA of GPR37 ~/~ mice, with fluorescent image of mDIx-GFP-positive neurons.
(L) Pie chart showing proportion of neurons with decreased (cyan) or unchanged (gray) excitability post OCN.

(M) Representative traces of neuronal firing pre and post OCN.
(N) RMP of neurons pre and post OCN (n = 8).

(O) Comparisons of the number of action potentials evoked by injected positive currents before and after OCN application (n = 8).
(P) Schematic of AAV9-DIO-GFP injection into the VTA of GAD2-Cre mice, with representative traces of voltage-clamp recordings pre and post OCN.

(Q) Comparisons of peak and steady-state potassium currents before and after OCN application (n = 10).
Data are shown as mean + SEM. Hartigan’s dip test for (B); unpaired Student’s t test for (C); paired Student’s t test for (D), (E), and (1); and two-way ANOVA for (J),
(0), (Q), and (R) . *p < 0.05, *p < 0.01, **p < 0.001, ****p < 0.0001; ns, not significant.

(Figures 4F and 4K). In GPR158 '~ mice, we could not detect
the type Il (inhibition-prone) neuron population following OCN
infusion (Figure 4G). OCN decreased the resting membrane po-
tential (Figures 4H and 4l, paired t test) and increased the
neuronal excitability (Figure 4J, two-way ANOVA with Sidak
test for post hoc corrections). Conversely, in GPR37~~ mice,
the type | (excitation-prone) neuron population was undetect-
able after OCN treatment (Figure 4L). OCN treatment did
not affect the resting membrane potential (Figures 4M and
4N) but decreased the neuronal action potential firing
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(Figure 40, two-way ANOVA with Sidak test for post hoc
corrections).

OCN has been shown to regulate neuronal excitability by
modulating potassium currents.®” To investigate whether OCN
modulates gross potassium currents in VTA GABAergic neurons,
we performed recordings in GAD2-ires-Cre mice with AAV-DIO-
GFP (Figure 4P) and found that OCN infusion reduced both peak
and steady-state potassium currents compared with the base-
line (Figures 4Q and 4R, two-way ANOVA). These results demon-
strate that OCN drives VTA GABAergic neurons into two
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Figure 5. snRNA-seq characterized GPR37, GPR158 receptors, and their co-expressed potassium channels in distinct neuronal populations
in the VTA

(A) VTA snRNA-seq workflow.

(B) UMAP pilot of the proportion of neuronal populations within the VTA.

(C) Dot plots showing the expression levels of GPR37 and GPR158 in different neuronal populations within VTA.

(D) GPR37 and GPR158 expression shown in the UMAP.

(E) Clustering of VTA GABA-Glut neurons identified 3 subtypes.

(F) Marker gene expression of 3 subtypes in (A).

(G) Expression of GPR37 and Kcnk13 in 3 subtypes in UMAP plot.

(H) Expression of GPR158 and Kcnj3 in 3 subtypes in UMAP plot.

(I) Pearson correlation of GPR37 and Kcnk13 expression, with p value, slope and intercept of linear regression.

(J) Workflow of the in situ sequencing.

(K) Spatial transcriptomics images in the VTA. Scale bar, 200 pm.

(L) Heatmap of marker gene expression in cell clusters.

(M) Violin plot of marker gene expression in each cluster.

(N and O) Spatial transcriptomics expression of GPR37+ Kcnk13+ GAD2+ and GPR158+ Kcnj3+ GAD2+ subclusters.
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Figure 6. Roles of KCNK13 and GIRK1 channels in OCN-mediated modulation of VTA neuronal excitability and behavior

(A) Schematic of current-clamp recording from VTA mDIx5/6-GFP-positive neurons in GPR158 '~ mice, with OCN application and CVN293 treatment.

(B) Representative traces of neuronal firing in CVN293-treated and CVN293 + OCN-treated groups.

(C) Quantification of RMP in CVN293 and CVN293 + OCN groups (n = 6).

(D) Number of action potentials evoked by injected current in CVN293 and CVN293 + OCN groups (n = 6).

(E) Schematic of voltage-clamp recordings from VTA mDIx5/6-GFP-positive neurons in GPR158 mice, with experimental design.
(F) Representative traces of KCNK13 current in control and OCN-treated groups.

(G and H) Peak and steady-state KCNK13 current in control (n = 10) and OCN groups (n = 10).

(legend continued on next page)
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excitability subpopulations via GPR37/GPR158 and plays a role
in modulating their K* currents.

Distinct potassium channels are co-expressed with the
two GPRs in VTA

The VTA, a heterogeneous nucleus linked to reward, motivation,
alertness, and neuropsychiatric disorders,”° requires detailed
cellular characterization to explore GPR37’s role in visual
escape. Using the 10x Chromium platform,*® we performed sin-
gle-nucleus RNA sequencing (snRNA-seq) on VTA tissues from
male mice, yielding 23,029 high-quality nuclear transcriptomes
after filtering (Figure 5A). Using uniform manifold approximation
and projection (UMAP) and unsupervised clustering, we con-
structed a VTA cell-type atlas, classifying cells into neurons
(n = 11,063) and non-neuronal cells (n = 11,685) based on
Snap25 expression (Figures S8A-S8C). Neurons comprised
Glut (n = 2,038), GABA (n = 1,966), GABA-Glut (n = 5,736), and
DA types (n = 1,323), defined by canonical markers
(Figures 5A, 5B, and S8A). GABA-Glut neurons constituted
over half of all neurons and 70% of those expressing
GABAergic or glutamatergic markers (Figure 5B).

We analyzed GPR37 and GPR158 expression across neuronal
types, revealing distinct patterns. GPR158 was broadly ex-
pressed at high levels, whereas GPR37 was restricted to DA
and GABAergic neurons (pure-GABA and GABA-Glut) at lower
levels and absent in Glut-only neurons (Figures 5C, 5D, and
S8D). Given the role of GPR37 in VTA GABAergic and glutama-
tergic, but not DA neurons, in mediating looming escape
behavior, we focused on VTA GABAergic neurons, of which
70% co-express glutamatergic markers and exhibit higher
GPR37 levels.

To identify potassium channel genes with expression
patterns correlated with GPR37 and GPR158 expression in
VTA GABAergic neurons, we focused on GABA-Glut neurons
to reduce data complexity; unsupervised clustering revealed
three subtypes with distinct marker genes (Figures 5E and 5F).
GPR37 was expressed in subtype 2 at the highest level, while
GPR158 was enriched in subtype 1 (Figures 5G and 5H). Among
71 potassium channel genes expressed in VTA GABA-Glut
neurons (Figure S9), Pearson correlation analysis identified
Kenk13 (K2P13.1) and Kcnj3 as the top candidates downstream
of GPR37 and GPR158, respectively, based on correlation
strength, p value (<0.01), and regression metrics (Figures 5l,
S10, and S11; Tables S1 and S2).
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To map the spatial organization of neuronal subtypes,
we analyzed the expression and distribution of 12 genes
(Figures 5J and 5K) and identified 8,133 neurons and 1,079
oligodendrocytes across two replicates. In situ sequencing
revealed seven transcriptionally and spatially defined clusters,
including three GABA-Glut subtypes consistent with snRNA-
seq results (Figures 5J-5M). Although subtype 2 marker Qk
was enriched in GPR37*KCNK13*GAD2" cells compared with
GPR158"KCNJ3*GAD2* cells, these two types of GAD2" cells
did not show clear spatial segregation (Figures 5N and 50).

OCN increases excitability of VTA GABAergic neuron
subpopulations via the GPR37-K2P13.1 axis
To further confirm the receptor-dependent association
between OCN, potassium channels, and neuronal excitability,
we performed experiments in GPR158 '~ and GPR37 /™ mice
injected with AAV-DIx5/6-GFP in the VTA. In GPR158~/~ mice,
pre-application of CVN293, a specific KCNK13 channel inhibi-
tor,>® alone depolarized the resting membrane potential and
increased the VTA GABAergic neuron excitability elicited by a
series of positive currents (Figures S12A-S12D, two-way
ANOVA with Sidak test for post hoc corrections). The subse-
quent application of OCN did not induce further changes in either
resting membrane potential or neuronal excitability (Figures 6A-
6D, paired t test, two-way ANOVA with Sidak test for post hoc
corrections). Consistent with this, voltage-clamp recordings re-
vealed that OCN significantly inhibited both KCNK13 peak and
steady-state currents in GPR158/~ VTA GABAergic neurons
(Figures 6E-6H, two-way ANOVA), confirming that OCN modu-
lates KCNK13 channels to regulate excitability in a GPR37-
dependent manner. Conversely, in GPR37/~ mice, pre-applica-
tion of tertiapin-Q (TPN-Q, a specific KCNJ3 channel inhibitor*°)
alone depolarized the resting membrane potential and elevated
neuronal excitability (Figures S12E-S12H, paired t test, two-
way ANOVA with Sidak test for post hoc corrections). Subse-
quent addition of OCN failed to alter this excitability further
(Figures 6l-6L, paired t test, two-way ANOVA with Sidak test
for post hoc corrections). Voltage-clamp recordings showed
that OCN enhanced KCNJ3 currents in GPR377/~ VTA
GABAergic neurons (Figures 6M-6P, two-way ANOVA), verifying
that OCN acts through GPR 158 to reduce excitability via KCNJ3
channels.

Building on the in vitro findings that OCN modulates
KCNK13 to regulate GPR37-dependent neuronal excitability in

I) Schematic of current-clamp recording from VTA mDIx5/6-GFP-positive neurons in GPR37~/~ mice, with OCN application and TPN-Q treatment.
J) Representative traces of neuronal firing in TPN-Q-treated and TPN-Q + OCN-treated groups.

K) Quantification of RMP in TPN-Q and TPN-Q + OCN groups (n = 6).

L) Number of action potentials evoked by injected current in TPN-Q and TPN-Q + OCN groups (n = 6).

N) Representative traces of GIRK1 current in control and OCN-treated groups.

O and P) Peak and steady-state GIRK1 current in control (n = 10) and OCN groups (n = 10).
Q) Schematic of intraperitoneal (i.p.) injection of KCNK13 blocker in WT mice, followed by LS testing after 0.5 h.

(
(
(
(
(M) Schematic of voltage-clamp recording from VTA mDIx5/6-GFP-positive neurons in GPR37~/~ mice, with experimental design.
(
(
(
(

R) Behavioral analysis after KCNK13 blocker injection (control, n = 8; KCNK13 blocker, n = 6).

(S) Schematic of AAV9-DIx5/6-Cre-GFP or AAV9-DIx5/6-GFP injection into the VTA of KCNK131oX mice, with fluorescent image of VTA.

(T) Western blot analysis of KCNK13 protein expression in KCNK1 3floxflox mice after virus injection (AAV9-DIx5/6-GFP, n = 4; AAV9-DIx5/6-Cre-GFP, n = 4).
(U) Behavioral analysis in KCNK13/19°X mice after AAV-mediated KCNK13 manipulation (AAV9-DIx5/6-GFP, n = 8; AAV9-DIx5/6-Cre-GFP, n = 5).

Data are shown as mean + SEM. Unpaired Student’s t test for (R), (T), and (U); paired Student’s t test for (C) and (K); and two-way ANOVA for (D), (G), (H), (L), (O),

and (P). *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001; ns, not significant.
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Figure 7. GPR37 is required for the cAMP level reduction in the VTA, which is essential for rapid visual escape
(A) Schematic of AAV9-DIO-GFlamp2 and AAV9-DIO-FRCaMPi injection into the VTA of GAD-Cre mice, with LS tests after 4 weeks.
(B) Fluorescent images of GFlamp2 (green) and FRCaMPi (red) expression in VTA.

(C) Traces of cAMP (green) and Ca®" (red) responses to LS in VTA neurons.

(D) Quantification of area under the curve (AUC) for cAMP (n = 4) and Ca®* responses (n = 4)

(E) Schematic of AAV9-mDIx5/6-GFlamp2 and AAV9-mDIx5/6-FRCaMPi injection into the VTA of OCN KO mice, with LS tests after 4 weeks.
(F) Fluorescent images of GFlamp2 (green) and FRCaMPi (red) expression in VTA of OCN KO mice.

(G) Traces of cAMP (green) and Ca?* (red) responses to LS in VTA neurons of OCN KO mice.

(H) Quantification of AUC for cAMP (n = 5) and Ca®* responses (n = 5) in OCN KO mice.

() Schematic of intra-VTA infusion of cAMP blocker PAPS or saline in GPR37 '~ mice, followed by LS testing after 0.5 h.

(J) cAMP levels in WT (n = 5) and GPR37 /'~ (n = 8) mice.

(K) Comparisons of looming-evoked escape between saline (n = 6) and PAPS (n = 6) groups.

(L) Model of OCN-GPR37 signaling in VTA GABA-Glut neurons.

Data are shown as mean + SEM. Unpaired Student’s t test for (D), (H), (J), and (K). *p < 0.05, **p < 0.01; ns, not significant.

VTA GABAergic subpopulations, we next tested whether this
KCNK13-mediated mechanism translates to in vivo visual
escape behavior. Notably, intraperitoneal injection of the
KCNK13 blocker CVN293 (5 mg/kg) impaired rapid visual
escape behavior when mice were exposed to looming
stimuli, resulting in longer response latency and return time
(Figures 6Q and 6R, unpaired t test). To further confirm the
cell-type-specific role of KCNK13 in rapid visual escape, we
used KCNK13™"1ox mice to specifically ablate KCNK13 in VTA
GABAergic neurons by injecting AAV-DIx5/6-Cre-GFP (control
group: AAV-DIx5/6-GFP; Figure 6S). We first confirmed the viral
expression in VTA and a reduction in KCNK13 protein levels
(Figure 6T, unpaired t test). Behavioral tests revealed that these
conditional KO mice exhibited a phenotype highly similar to
CVN293-treated mice. When exposed to looming stimuli, they
failed to initiate rapid escape behavior, with longer response
latency, return time, and duration in nest compared with the
control group (Figure 6U, unpaired t test). This in vivo genetic ev-
idence, combined with the pharmacological data, confirms that
KCNK13 in VTA GABAergic neurons is a critical downstream
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mediator of OCN-GPR37 signaling for looming-induced visual
escape.

GPR37 reduces cAMP levels in the VTA via the non-
canonical Gi pathway to facilitate rapid visual escape
Both single-cell transcriptomics and electrophysiological
evidence identified Kcnk13, encoding K2P13.1 (THIK-1)
channels, as a downstream target of OCN-GPR37 signaling.
Previous studies showed that GPR37 activation leads to a cy-
clic AMP (cAMP) reduction.*'™*° To examine whether cAMP is
involved in looming-induced visual escape, we specifically
expressed CAMP probes (GFlamp2) and Ca?* probes
(FRCaMPi) in VTA GABAergic neurons by injecting AAV-DIO-
GFlamp2 and AAV-DIO-FRCaMPi into the VTA of GAD-Cre
mice (Figure 7A). We used fluorescence immunostaining to
confirm that the viral vectors were expressed in the VTA
(Figure 7B). When these mice were exposed to looming stim-
uli, a significant decrease in cAMP fluorescence intensity and
a concurrent increase in Ca®* fluorescence intensity in VTA
GABAergic neurons were observed (Figures 7C and 7D,
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unpaired t test). To confirm that OCN is the upstream trigger
for this cAMP/Ca®* response to the looming stimulus, we
next performed the same experiment in OCN KO mice. We in-
jected AAV-DIx5/6-GFlamp2 and AAV-DIx5/6-FRCaMPi into
the VTA of OCN KO mice (Figure 7E) and confirmed their
expression in the VTA (Figure 7F). When these OCN KO
mice were exposed to looming stimuli, however, no changes
in cAMP or Ca?* fluorescence were observed (Figures 7G
and 7H, unpaired t test).

To further link the role of GPR37 to OCN-mediated cAMP
regulation, we performed additional experiments in GPR37 '~
mice. First, we measured baseline cAMP levels in VTA
GABAergic neurons of GPR37~~ and WT mice and found that
GPR37 deletion significantly elevated baseline cAMP levels
compared with those in WT mice (Figures 71 and 7J, unpaired
t test). We then tested whether restoring cAMP suppression
rescues the impaired escape behavior of GPR37 ~/~ mice by us-
ing 3'-phosphoadenosine-5'-phosphosulfate (PAPS, 0.3 mM), a
cAMP blocker. Infusion of the PAPS into the VTA of GPR37~/~
mice rescued their looming-evoked escape responses, indi-
cating the necessity of cAMP reduction for rapid escape
behavior (Figure 7K, unpaired t test).

Mechanistically, GPR37 activated by OCN reduces cAMP
levels via a non-canonical Gi pathway, suppressing K2P13.1
channels encoded by KCNK13. This enhances excitability in
VTA GABAergic neurons and facilitates rapid escape when
visual threats are approaching (Figure 7L). The study under-
scores GPR37’s role in modulating cAMP signaling and neuronal
excitability in adaptive behaviors.

DISCUSSION

This study reveals an unforeseen mechanism in which bone-
derived OCN permits rapid visual escape by activating
the GPR37 receptor in a subset of VTA GABAergic neurons.
OCN-GPR37 signaling enhances neuronal excitability via
THIK-1 channel inhibition through a non-canonical pathway.
These findings highlight OCN’s role in modulating VTA circuits
for survival-critical behaviors, uncovering a new axis of body-
brain communication.

OCN plays a permissive role in visual escape by
modulating neuronal excitability in the VTA
Our results demonstrate that OCN can directly increase neuronal
excitability through the GPR37 receptor in a subset of
GABAergic neurons by decreasing K* current via THIK-1 chan-
nels and reducing cAMP levels. THIK-1, belonging to the two-
pore domain K* channel family, is responsible for modulating
neuronal excitability by facilitating the efflux of potassium
ions.*®™*® Notably, a previous study showed that rapid visual
escape relies on instantaneous activation of VTA GABAergic
neurons upon the presentation of looming stimuli.®> Our new
results indicated that OCN acts via GPR37 signaling to ensure
that these neurons are in a state of readiness to rapidly respond
to visual threats (Figure 4).

Notably, the way in which OCN increases neuronal excit-
ability is distinguished from classical neuromodulators such
as dopamine or choline, whose levels change acutely and
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dynamically upon environmental stimulation and animal
behavior.2%4%%° Given the fact that VTA neurons respond to
looming stimuli within tens of milliseconds and that OCN is
derived from the bone and enters the brain by passing through
the BBB, OCN levels cannot increase before VTA neurons
respond to looming. Thus, instead of playing an active role in
modulating neuronal activity as classical neuromodulators,
OCN plays a permissive role in maintaining heightened excit-
ability of VTA GABAergic neuron subpopulations, making
them ready to respond to sudden visual cues that reflect the
rapid approach of a predator.

The above mechanism underscores the importance of situa-
tional adjustments and long-term preparatory states in main-
taining adaptive responses to environmental challenges. OCN
exerts a modulatory rather than a direct driving role in escape
behavior. It optimizes the transformation of visual input to
motor output by regulating processing at the VTA hub, which
receives threat signals from the SC and relays them to down-
stream motor regions. The effect of OCN on VTA GABAergic
neurons may tune their adaptive responses to various stimuli
and conditions, including predator, prey, and stress stimuli,
providing insights into the relationship between bone-brain
interactions and mental health. Elevated KCNK13 levels in
postmortem brains of Alzheimer’s and Parkinson’s patients®"
underscore the therapeutic potential of targeting KCNK13, as
OCN does in specific VTA GABAergic subpopulations, high-
lighting the broader significance of our findings in understand-
ing and treating neurological diseases. The identification of a
specific KCNK13 blocker (CVN293) with potential anti-aging ef-
fects further underscores the translational relevance of this
mechanism.

Dual GPCR receptor-potassium channel complexes

mediate OCN'’s excitatory and inhibitory responses

Our snRNA-seq results showed that over 70% of VTA
GABAergic neurons express both GABAergic and glutamater-
gic markers and potentially co-release these two neurotrans-
mitters, highlighting the functional heterogeneity of VTA
GABAergic neurons. Our findings demonstrate that GPR37 as-
sociates with the THIK-1 channel, exhibiting excitatory effects
on OCN signaling, whereas GPR158 associates with G pro-
tein-gated inwardly rectifying potassium GIRK1 channel (also
known as Kir3.1) encoded by the Kcnj3 gene, regulating the
inhibitory effect on OCN. We identified GPR37’s role in VTA
GABA neurons, through which it facilitates the instant, en-
ergy-demanding escape via OCN signaling. The GPR158 re-
ceptor, which has recently been identified as a metabotropic
glycine receptor, has been implicated as a mediator of OCN’s
regulation of hippocampus-dependent memory and stress-
induced depression.®?°® We found that GPR158 is expressed
in virtually all GABAergic neurons, whereas GPR37 is only ex-
pressed in a subpopulation of these neurons. We demonstrate
that the GPR158 receptor, known to associate with the RGS7-
GB5 complex, interacts with the GIRK1 channel, which is
distinctly expressed in VTA non-DA neurons, unlike the
GIRK2/3 channels in VTA dopamine neurons.”” Consistent
with the modulation of GIRK channels by the RGS7-Gp5 com-
plex,*®° this GPR158-GIRK1 interaction leads to an inhibitory
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response to OCN, in contrast to the regulation of GABAB re-
ceptor-GIRK2/3 coupling in VTA dopamine neurons by
RGS2.%” Our finding indicates that the OCN-GPR158 signaling
pathway may serve as a critical hub, coordinating GIRK1
channel, may mediate OCN’s long-term effects, enabling envi-
ronmental recall and stress adaptation. Notably, our electro-
physiology experiments suggest that the GPR37+ and
GPR37— neurons are likely to be in two parallel circuits
because the channel-specific blockers did not show cross ef-
fects. Thus, it is possible that OCN displays bidirectional con-
trol on the activity of distinct GABAergic circuits to differentially
regulate distinct brain functions and behaviors. This dual-re-
ceptor mechanism—with GPR37/THIK-1 regulating acute
neuronal excitability and GPR158/GIRK1 influencing tonic inhi-
bition—provides a molecular framework for how bone-derived
factors orchestrate both rapid behavioral states (fear and alert-
ness) and long-term affective tuning (anxiety and depression).

Our finding that OCN bidirectionally modulates neuronal
excitability adds to the growing body of evidence indicating
that peripheral factors, such as glucocorticoids, insulin, and thy-
roid hormones, can regulate the activity of ion channels and
neurotransmitter systems in the brain, thereby shaping behav-
ioral and physiological responses to stress and environmental
stimuli.?>=®? The intricate crosstalk between the periphery and
the central nervous system, as exemplified by our findings on
the role of bone-derived OCN in modulating neuronal excitability,
underscores the importance of adopting a holistic perspective
on body-brain interaction to fully elucidate the physiological
mechanisms governing innate defensive behaviors and their
dysregulation in fear and anxiety disorders.

Evolution of body-brain interactions for sensorimotor
transformation

Our findings highlight an evolutionary strategy for integrating
sensory and skeletal systems to optimize the threat response
in vertebrates. The effect of OCN on VTA GABAergic circuits ex-
emplifies the adaptive role of peripheral signals in shaping neural
circuits and behavior.

Given the co-evolution of sensory and skeletal systems,
is plausible that other bone-derived peripheral factors similarly
influence sensory-motor transformations across neural circuits.
OCN’s regulation of potassium channels in VTA GABA neurons
within the reward circuit reveals a molecular mechanism linking
peripheral signals to central nervous system function and adap-
tive behaviors. The evolutionary conservation and duplication of
the kenk13 gene in teleosts underscore its critical role in the for-
mation and patterning of both the skeletal system and the central
nervous system.®® Recent evidence further indicates that MN1-
mediated co-development of the brain and skull reflects a
deep evolutionary constraint, whereby behavior and neuro-
anatomy are hardwired by shared genetic programs.®® More-
over, studies have revealed that vertebrates expanded their
repertoire of anxiety-related genes during the water-to-land tran-
sition, likely to enhance alertness and promote survival.®” Our
findings highlight the potential of peripheral signals to modulate
neural circuits and correct molecular dysfunctions, underscoring
their relevance in disorders involving aberrant bone metabolism
and altered neural interactions. They provide critical insights into
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the molecular basis of these cross-organ conditions, such as
osteoporosis-linked depression and neurodegenerative dis-
eases, paving the way for innovative therapeutic strategies
grounded in brain-body interaction, cross-organ collaboration,
and a holistic systems-based approach to treatment.®®"2

Limitations of the study

Although we showed that VTA GABAergic neurons regulated by
OCN-GPR37 mediate visual escape, the cell-type-specific
downstream synaptic target neurons require further investiga-
tion. Additionally, the precise expression patterns of OCN recep-
tors in other brain areas require further characterization.
Integrating circuit level and spatial transcriptomic approaches
can address these limitations, allowing a more comprehensive
understanding of the role of OCN and its receptors in regulating
neural circuit function.
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Liping Wang’s Lab at the CAS
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N/A
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Experimental models: Organisms/strains

C57BL/6J mice

DAT-ires-Cre mice;
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GAD2-ires-Cre mice; Gad2tm2(cre)Zjh/J
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Slc17a6tm2(cre)Lowl/J

OCN-/- mice
B6.129P2-Gpr37tm1Dgen/J,
GPR37-/- mice

Gpr158-/- mice

GPR37 LoxP/ LoxP mice

KCNK13 LoxP/ LoxP mice

Zhejiang Vital River Laboratory Animal
Technology Co., Ltd., Zhejiang, China

The Jackson Laboratory

The Jackson Laboratory
The Jackson Laboratory

Shanghai Model Organisms Co., Ltd
(Shanghai, China)
The Jackson Laboratory

Shanghai Model Organisms Co., Ltd
(Shanghai, China)

Shanghai Model Organisms Co., Ltd
(Shanghai, China)

GemPharmatech Co., Ltd.

N/A

Stock No: 006660
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Stock No: 016963

N/A
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N/A

N/A
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Software and algorithms

GraphPad Prism 9.0

Cell Ranger 7.2.0

Python 3.11.7
SCANPY 1.10.1
Scikit-learn 1.2.2
Harmony 0.0.9

ImageJ
Image Pro-plus

Zen softwares

Adobe Photoshop
Adobe Premiere
pClamp 10
RStudio

Matlab

BehaviorAtlas Analyzer 1.0

BehaviorAtlas Capture 1.0

GraphPad Software Inc

10X Genomics

Python

Wolf et al., 20197
Scikit-learn
Korsunsky et al.”®

NIH
Media Cybernetics, Inc

Zeiss

Adobe Systems Inc
Adobe Systems Inc
Axon instruments
Posit PBC
MathWorks, Inc
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Shenzhen, China
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Shenzhen, China
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Male mice

All experimental procedures were approved by the Animal Care and Use Committees at the Shenzhen Institute of Advanced Tech-
nology (SIAT), Chinese Academy of Sciences (CAS). Adult (6 to 8 weeks-old) male C57BL/6 (Zhejiang Vital River Laboratory Animal
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(Jax No. #016963), GPR37”" mice (B6.129P2-Gpr37tm1Dgen/J, Jax No. #005806) were used in this study. The OCN”" and
GPR37 “oXP/LoxP mice were generated using CRISPR- Cas9 technique by Shanghai Model Organisms Co., Ltd (Shanghai, China).
GPR37cKO and control animals (GPR37"°) were obtained from crossed between DAT-ires-Cre animals; GPR37flx/flx and
DAT-ires-Cre animals. All animals were housed at 22-25 °C on a circadian cycle of 12-hour light and 12-hour dark with ad-libitum
access to food and water. All mice were maintained in specific pathogen-free (SPF) conditions and were confirmed free of Salmonella
spp., Mycoplasma spp., Corynebacterium kutscheri, Tyzzer’s organism, Pasteurella pneumotropica, Klebsiella pneumoniae, Pseu-
domonas aeruginosa, Mouse Hepatitis Virus (MHV), Sendai Virus (SeV), Pneumonia Virus of Mice (PVM), Minute Virus of Mice
(MVM), Reovirus type 3 (Reo-3), Ciliates, All Helminths, Flagellates, Toxoplasma gondii and Ectoparasites according to National stan-
dard for pathogen detection of SPF-grade laboratory animals (GB14922-2022). The mice used in this study were naive to all prior
experimental procedures, with no involvement in any previous studies, and were undergoing drug or behavioral testing for the first
time.

Viruses
For specific VTA recovery GPR37, we used plasmids for lenti-viruses encoding GPR37-GFP, were packaged by Liping Wang Lab,
Shenzhen. Viral vector titers were in the range of 3-6x10'2 genome copies per ml (gc)/mL.

For specific neuron types knock out GPR37 receptor and anatomical labeling, AAV2/9 virus encoding mTH-cre-EGFP and the con-
trol virus mTH-EGFP were all packaged by BrainCase Co., Ltd., Shenzhen, and DIx5/6-cre-GFP and the control virusDIx5/6-GFP,
Ef1a-DIO-mcherry were all packaged by Liping Wang Lab, Shenzhen. Adeno-associated were purified and concentrated to titers
at approximately 3x10'2 v.g/ml and 1x10° pfu/ml, respectively.

For monitor dynamic signaling in specific neural subtypes, we implemented genetically encoded sensors delivered via rAAV vec-
tors. cAMP dynamics were recorded using rAAV9-hsyn-DIO-GFlamp2 and rAAV9-mDIX-GFlamp2-WPRE-pA (BrainVTA Co., Ltd.),
while calcium transients were measured with rAAV9-DIx-NES-SomaFRCaMPi (GABAergic-specific) and rAAV9-hSy-NES-SomaFR-
CaMPi (pan-neuronal) (BrainCase Co., Ltd.). All viruses were purified to titers >3x10'2 vg/ml.

METHOD DETAILS

Stereotaxic Surgery and virus injection
Stereotaxic surgeries were performed as described previously'?. Briefly, Animals were anesthetized with pentobarbital (i.p., 80 mg/
kg) and then positioned in a stereotaxic apparatus (RWD, China). Injections were conducted by a syringe (Hamilton #65460-05, 10ul)
under the control of a micro syringe pump (KDS, USA). The injection rate was 100nl/min. 10min after the end of virus injection, the
syringe was retracted slowly to avoid backflow.

The coordinates of virus injection sites were used for virus injection: VTA (AP, -3.20 mm, ML, +0.25 mm, and DV, -4.4 mm).

Looming test
The looming test was performed as described previously 2. The looming paradigm consisted of a 40x40x30 cm closed Plexiglas box
and with a shelter nest in the corner. An LCD monitor was placed on the ceiling to present upper visual field looming stimulus, which
was a black disc on a grey background expanding from a 2° to 20° visual angle, repeated 15 times, lasting 5.5 seconds. Behaviors
were recorded using a Sony FDR-AX45 camera. Mice were handled and habituated for 10 min to the looming box the day before the
test. During looming tests, mice was allowed freely explore the looming box for 3 minutes, and the looming stimuli were presented for
2 trials with the inter-trial intervals no less than 3 minutes.

The following experimental groups were included in looming tests: young (3-month) and aged (14-month) wild-type mice, OCN/-,
GPR37-/-, GPR1587/-, GPR37 flox/flox, and KCNK13 flox/flox mice.

Looming Behavioral analysis

Behavioral analysis of the looming test was performed as described previously'®’®. Behavioral data were recorded and analyzed
with Adobe Premiere. The following parameters were calculated to define the looming evoked defensive behavior: (i) flight latency:
time from the looming presentation to onset the flight to the nest, (ii) return time: time from the onset of looming until returning to the
nest, (iii) time in the nest: time spent in the nest following escape. Data obtained from mice with imprecise cannula placement or virus
expression were not used for analyses.

Fiber photometry
For the purpose of monitoring neuronal cAMP and calcium dynamics in the VTA, GAD-Cre mice received an intermediate injection of
a mixture of AAV9-hsyn-DIO-GFlamp2 and AAV9-hsyn-DIO-NES-SomaFRCaMPi into the VTA region, and OCN-KO mice received
an intermediate injection of a mixture of AAV9-mDIx5/6-GFlamp2-WPRE-pA and AAV9-mDIx5/6-NES-SomaFRCaMPi into the VTA
region.

Three weeks following viral injection, optical fibers were implanted into the VTA of the same virus injection points. These fibers were
then fixed to the skull using skull screws and dental cement to ensure stability. Mice then were allowed a recovery period of no less
than 2 weeks prior to the looming testing.
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One day before the looming test, mice were acclimated to the optical fiber within the looming stimulus box for at least 15 minutes.
To eliminate the background fluorescence of the optical fiber, the fiber was photobleached with intense light for at least one hour. On
the test day, each mouse was first given a 3-minute habituation period in the box to reduce stress-induced behavioral artifacts. 2 trials
of looming stimuli were then delivered at intervals of 3 minutes. Neural activity during the test was recorded using a fiber photometry
system (manufactured by Thinker Tech Bioscience Co., Nanjing, China) operating at a sampling rate of 50 Hz. This neural recording
was synchronized with digital video capture to enable simultaneous quantification of behavioral responses. To mitigate fluorescence
bleaching, the excitation power was controlled to a range of 20-40 pW at the tip of the optical fiber.

Raw calcium/cAMP fluorescence signals were processed using MATLAB software (MathWorks, Natick, MA, USA). The relative
change in fluorescence (AF/F) was calculated as follows: (F - Fo)/(Fo - Vostset), Where Fq represents the baseline fluorescence signal,
which was derived from the average signal over a 2-second time window prior to the onset of each looming stimulus.

For data visualization, AF/F values are presented as average plots, with a shaded area surrounding each curve to indicate the stan-
dard error of the mean (SEM). For quantitative analysis of neural responses to the looming stimulus, the area under the curve (AUC) of
AF/F values was calculated over the 5.5-second looming stimulus epoch.

3D behavior collection and analysis

This experiment’s setup and data analysis protocols were adapted from prior studies.®'° To briefly introduce, a circular open field
(50 cm diameter x 50 cm height) with transparent acrylic walls and a white plastic base was placed on a movable 90x90x75 cm
stainless-steel framework. Four Intel RealSense D435 cameras were mounted at orthogonal angles on the framework’s pillars for
multi-perspective video capture. A thick, dull-polished black rubber mat was laid between the open field and framework to minimize
light reflection. A 56-inch TV, horizontally mounted upside-down on the framework top, provided uniform white background lighting.

Mice were acclimated for 15 min, then allowed 15 min of free movement in the open field. Their spontaneous behaviors were re-
corded via the multi-view cameras. Images were captured simultaneously at 30 frames per second (fps) using a PCI-E USB-3.0 data
acquisition card and the pyrealsense2 Python package. All devices were connected to a high-performance computer (i7-9700K, 16G
RAM, 1TB SSD + 12TB HDD) for data acquisition. Python and OpenCV programs stored videos at 30 fps with 640x480 pixel frames.
The apparatus was cleaned with 75% ethanol after each mouse to eliminate residual olfactory/behavioral cues.

Mice spontaneous behaviors were analyzed by BehaviorAtlas Analyzer 1.0 (Shenzhen Bayone BioTech Co., Ltd. Shenzhen, China).
Thirty-nine kinematic parameters of the spontaneous behaviors were assessed via machine learning, including: horizontal velocity
and 3D movement energy of 16 body points; body center speed, length (nose-to-tail root), height (back-to-floor), and angle
(back-neck/back-tail root); freezing index (time ratio with speed <15 mm/s for >2 s); flight index (time ratio with speed >400 mm/s
for >0.1 s); and center-time ratio.””

Movement fractions (time proportion in each spontaneous behavior cluster) and kinematic features were analyzed automatically
via a 3D behavior decomposition framework. Behavioral clusters were manually annotated.””""®

Serum OCN detection following acute stimuli

To determine whether acute stimuli induce an increase in blood osteocalcin (OCN) levels, a single group of mice was subjected to
three experimental conditions: (1) no stimulus (control condition); (2) five repetitions of a 5.5-second looming stimulus, administered
once per minute; and (3) five repetitions of a 1-second electrical stimulus (1 mA), administered once per minute.

Following each experimental condition, mice were anesthetized via i.p. injection of pentobarbital at a dose of 80 mg/kg. Approx-
imately 150 pL of blood was collected from each mouse using the tail vein sampling method. A minimum interval of one week was
maintained between consecutive experimental conditions to ensure that the mice were fully recovered. Collected blood samples
were centrifuged at 3,000 rpm at 4°C for 20 minutes. The supernatant (serum/plasma) was then harvested and reserved for subse-
quent OCN concentration determination.

Serum Osteocalcin Measurement

Age-dependent baseline OCN levels

Blood samples were collected from anesthetized wild-type mice at 3, 7, and 14 months of age via the orbital venous plexus to assess
developmental changes in osteocalcin levels.

Acute stress-induced OCN measurement

To evaluate rapid changes in circulating OCN following acute stressors, a separate cohort of mice underwent serial tail vein blood
collection at specified time points after stimulation. Mice were exposed to one of three conditions: (1) no stimulus (baseline control);
(2) five 5.5-s looming stimuli delivered at 1-min intervals; or (3) five 1-s foot shocks (1 mA) delivered at 1-min intervals. Different exper-
imental conditions were separated by >1 week recovery period.

Sample processing and analysis

All blood samples were centrifuged at 3000 x g for 20 min at 4°C to isolate serum. Bioactivated osteocalcin levels were quantified
using the Mouse Glu-Osteocalcin High Sensitive EIA Kit (Takara, #MK-129) according to manufacturer instructions. Absorbance was
measured at 450 nm using a microplate reader, with all samples analyzed in duplicate.
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In vivo Treatments

To assess the effect of osteocalcin on innate defensive behavior, 7- and 14-month-old wild-type mice were intraperitoneally injected
with either vehicle or osteocalcin (50 ng/g, Super Peptides Co.,Ltd, China) daily for 10 days prior to looming tests®.

Cannula implants and pharmacology

Both OCN-/- and GPR37-/- mice were used for pharmacological experiments. Cannulas were implanted bilaterally 0.2 mm above the
VTA using the following stereotaxic coordinates (relative to Bregma): AP, -3.20 mm; ML, +0.25 mm; DV, -4.2 mm. After surgery, mice
were allowed to recover for at least 2 weeks. Following post-operative handling and behavioral habituation, osteocalcin or saline was
infused into the cannulas 0.5 hours prior to the looming test to evaluate its effect on visual threat-induced defensive behavior in VTA-
specific rescue paradigms.

Electrophysiological recordings

Acute brain slices of VTA were prepared as described in previous studies’'. Male GAD-Cre, GPR37-/- and GPR158-/- mice with
GABAergic neurons labelled with GFP were anaesthetized with isoflurane and perfused immediately with ice-cold aCSF (artificial ce-
rebrospinal fluid), which contained (in mM): 125 NaCl,2.5 KCI,1.3 NaH,PQO,4,1.3 Na-ascorbate, 0.6 Na-pyruvate,2 CaCl,,2 MgSOy, 10
glucose, 25 NaHCO3; (oxygenated with 95% O, and 5% CO,, pH 7.35, 295-305 mOsm). Acute brain slices (270 pm) containing the
VTA were cut using a cutting solution containing (in mM): 110 choline chloride, 2.5 KClI, 1.3 NaH,PO,, 1.3 Na-ascorbate, 0.6 Na-py-
ruvate, 0.5 CaCl,, 7 MgCl,, 25 glucose, 25 NaHCO3;, 3 myo-inositol and saturated by 95% O, and 5% CO.. Slices were then main-
tained in the holding chamber filled with aCSF for 1 hour at 34°C.

For electrophysiological whole-cell recordings, slices were transferred into a recording chamber fitted with a constant flow rate of
aCSF (2.5 ml/min, 34°C) equilibrated with 95% O, and 5% CO.. Glass microelectrodes (4-6 MQ) were filled with internal solution
containing (in mM): 130 K-gluconate, 10 KCI, 10 HEPES, 1 EGTA, 0.3 Na-GTP, 2 Mg-ATP, 2 MgCI2 (pH 7.2, 285 mOsm). Whole-
cell electrophysiological recordings were obtained only from GFP-positive VTA neurons.

Electrophysiological signals were recorded using a Multiclamp 700B amplifier (Molecular Devices). All recordings were filtered at 3
kHz (Bessel filter) and sampled at a rate of 50 kHz. Signal acquisition was performed using pClamp 10.2 software (Molecular Devices).
The series resistance during recordings ranged from 10 to 20 MQ. To ensure data quality, any recording was excluded from subse-
quent analysis if the series resistance increased by more than 20% over the course of the recording session.

For the purpose of spontaneous action potential recordings, VTA-positive neurons were patched without applied holding current
(I = 0 pA). 5 min continuous recordings were obtained before and after application of pharmacological agents.

For the purpose of sEPSC and sIPSC recordings, the internal solution contained the following (in mM): 135 CsCl, 0.5 CaCl,, 10
HEPES, 0.5 EGTA, 0.3 Na-GTP, 2 Mg-ATP, 5 QX-314. VTA-GFP positive neurons were held at -70 mV for sEPSC recording with
10 pM bicuculline added to the external solution, and held at 0 mV for sIPSC recordings with 50 uM DL-AP5 and 10 pM CNQX in
the external solution. 5 min continuous recordings were obtained before and after OCN application.

To record step-induced action potentials, 50 pM DL-AP5, 10 pM CNQX and 10 pM bicuculline were included in the external solution
to block synaptic transmission. VTA-GFP positive neurons were held at -70 mV and a series of 1 s pulses from 0 pA to +200 pA with an
increment of 25 pA was applied to record the changes in resting membrane potential and numbers of action potential (elicited by
positive currents) before and after pharmacological tool application.

In order to record gross K* current, the external solution was supplemented with 1 pM tetrodotoxin (TTX), 200 pM CdCl, and
100 pM NPPB to block Na* channels, Ca?* channel and CI” channels, respectively. Series resistance was between 20 and 40 MQ
and was ~70% compensated. A series of 4 s voltage pulses from -90 mV to 110 mV with an increment of 10 mV was applied in
the absence and presence of OCN.

For KCNK13 current isolation, 1 pM CVN293 (a specific KCNK13 blocker) was applied. KCNK13 current was calculated by sub-
tracting currents recorded after 10 min CVN293 application from those recorded before. For GIRK1 current isolation, 0.2 pM
tertiapin-Q (TPN-Q, a specific GIRK1 blocker) was applied. GIRK1 current was determined by subtracting post-TPN-Q (10 min) cur-
rents from pre-TPN-Q currents.

Tissue dissection from adult VTA

Mice were anesthetized with pentobarbital (i.p., 80 mg/kg), and brains were rapidly removed and put in the ice cold DEPC-PBS.
Brains were cut into 1 mm thick coronal sections on mouse brain matrix (RWD, China). The sections containing the VTA (ranging
from -2.92 to -3.88 anterior posterior to Bregma) were micro-dissected from neighboring brain regions (n=20 mice). Every dissected
VTA tissue were collected in ice cold centrifuge tubes and then transferred to vacuum cup filled with liquid nitrogen. Total dissected
VTA were stored at -80°C for single nucleus RNA-seq processing andwestern blotting.

Single cell nucleus RNA-seq

Dissected VTA tissues were collected and dissociated using an adult brain dissociation kit from Miltenyi Biotec (Bergisch Gladbach,
Germany). Subsequent procedures were performed by AccuraMed (Shanghai, China). Briefly, single-cell gel beads in emulsions
(GEMs) and Barcoding were firstly generated. Master Mix were prepared, and Single-Cell suspension ran in the Chromium Controller
(10X Genomics). GEMs transferred and Post GEM-RT cleanup& cDNA amplification conducted following standard protocols. Gene
expression library was constructed, and every library was sequenced on a HiSeq X Ten platform (lllumina)
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Bioinformatic analysis

Initial processing of snRNA-seq data

Using the official analysis software CellRanger (version 3.1.0) provided by 10x Genomics, the raw data was filtered, mapped, quan-
tified, and identified and recovered cells, and finally the gene expression matrix of each cell was obtained. The specific implemen-
tation method is as follows: Extract 10x Barcode and UMI sequence at the R1 end, as well as the insert sequence at the R2 end for
gene alignment. Use STAR aligner (Spliced Transcripts Alignment to a Reference) to map reads (R2 insert of 91bp extracted in the
previous step) to the reference genome (GRCm38), and use genomic GTF annotation files to correct to distinguish exon regions,
intron regions, and intergenic regions. The Barcode sequence information obtained by sequencing is compared with the known Bar-
code sequence in the database, and the barcode sequence (measured sequence) that exactly matches the known Barcode in the
database is the real sequence. The sequenced UMI sequence can not be used directly for subsequent analysis, and unqualified reads
need to be filtered and corrected. Count all valid barcodes to obtain an unfiltered blast gene expression matrix, only read that con-
tains valid barcodes and UMIs and are reliably aligned can be counted. A distinction between barcodes containing cells and back-
ground barcodes is required to extract formal single-cell data for downstream analysis.”®

Data QC and filtering

We generated scatter plots of the number of transcript molecules per cell (n_counts), the percentage of transcripts from mitochond-
rially encoded genes (percent_mito), and the number of expressed genes (n_genes) to identify outlier cells. Cells meeting the
following criteria were retained: 100 < n_genes < 8000, percent_mito < 1%, and n_counts < 40,000. Only genes detected in more
than three cells were kept for further analysis. We used scanpy.external.pp.scrublet() to identify doublets, setting the doublet score
threshold to 0.15 and retaining cells with a score below this threshold, labeled as ’False’. Cells were normalized for library size dif-
ferences, with transcript counts in each cell rescaled to sum to 10,000, followed by log-transformation.

Merging Two Bio-replicates and Cell Class Annotation

We used scanpy. AnnData.concatenate() to merge two bio-replicates, identified highly variable genes (HVGs), and computed a
reduced dimensional representation of the data using principal component analysis (PCA). Harmony was then applied to adjust
the principal components, storing the result as ’X_harmony’. This representation was used to compute a nearest-neighbor graph
of the cells, which was subsequently clustered using the Leiden algorithm and embedded in 2D via the Uniform Manifold Approxi-
mation and Projection (UMAP) algorithm.

After that, neurons and non-neurons were classified based on canonical marker genes, with the Leiden algorithm resolution param-
eter set to 0.5. Neurons were then re-ustered with the resolution parameter increased to 0.8. All neurons were annotated into four
classes: Glut, GABA, GABA-Glut, and Dopa using canonical marker genes. Finally, based on the number of principal components
from PCA that explained the most variance, the GABA-Glut cells were clustered into three clusters with a resolution set to 0.1.
The scanpy.tl.rank_genes_groups() function and the Wilcoxon rank-sum test with tie correction in the Scanpy package were then
used to identify marker genes.

Calculating Gene Expression Correlation

The GABA-Glut cells were assigned into specific bin according to the UMAP1 and UMAP2 axes with a step size of 1, and the average
expression of Gpr37, Gpr158, and all K channel genes was calculated for each bin. The correlation coefficients and p-values for the
expression of all K channel genes with Gpr37 and Gpr158 were computed using the spearmanr function in scipy.stats, with a p-value
threshold set at 0.01. The slope and intercept of linear regression fitting were calculated using numpy.polyfit.

In situ sequencing

The specific probes for target RNA were designed by spatial FISH Ltd. Samples were fixed by 4% paraformaldehyde, then covered
with reaction chamber to perform the following reactions. After dehydration and denaturation of samples with methanol, the hybrid-
ization buffer with specific targeting probes was added to the chamber for incubation at 37°C overnight. Then samples were washed
three times with PBST, followed by ligation of target probes in ligation mix at 25°C for 3 h. Next, samples were washed three times
with PBST and subjected to rolling circle amplification by Phi29 DNA polymerase at 30 °C for overnight. Subsequently, the fluores-
cent detection probes in hybridization buffer was applied to samples. Finally, samples were dehydrated with an ethanol series and
mounted with mounting medium. After capturing images by Leica THUNDER Imaging Systems, signal dots were decoded to interpret
RNA spatial position information.®°

Image Alignment

We used Imaged to process multi-channel z-stack images (containing z, y, x dimensions). The images were maximum projected
along the z-axis to generate 2D multi-channel images, and contrast parameters were adjusted to enhance fluorescence signals.
The processed results were saved in.tif format (e.g., ‘demo_A_a-gene_b-gene_c-gene.tif’). Next, we used the BigWarp plugin for im-
age alignment. Corresponding points were selected for alignment, and the results were exported and named ‘demo_B_moving_d-
gene_e-gene_f-gene.tif’.

Fluorescence Signal Detection and Statistics

The bigwarp-calibrated tif images were input into the U-FISH system for standardized image output and automated analysis, with
results saved accordingly. For dense or weak fluorescence signals, the RS-FISH plugin in ImageJ was used for manual single-chan-
nel image calling, parameter adjustment, and result saving. In U- FISH result files, axis-0 represents the channel, and axis-1 and
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axis-2 represent the y and x coordinates, respectively; RS-FISH results include x, y, t, ¢, and intensity information. Gene information
was assigned to the corresponding channels by adding a ‘gene’ column at the end of the file, and the results were merged into
‘all_gene_location.csv’.

Cell Segmentation

In ImageFlow, after loading the required packages, the DAPI tif image was read using AICS:Readlmage, and cell nuclei were
segmented using cellpose. The segmentation results were visualized using Viewer:Standalone Napari and saved as ‘mask.tif.
Then, the gene coordinate file was read using pandas:read_csv, and genes were assigned to cells using innereye:gene_to_cell,
with the statistical results saved.

Visualization Analysis

ClusterMap algorithm was used for visualization analysis in the Python environment. The coordinates of all successfully decoded
gene points and the DAPI image were input. The “ClusterMap” function was used to segment points into individual cells, with pa-
rameters set to aradius of 15 and a window size of 60. Cells meeting quality standards were normalized and scaled, and batch effects
were corrected using the combat function. PCA was performed using the “arpack svd_solver”, focusing on the top five principal
components (PC1-PC5). Cells were clustered using the Louvain algorithm (resolution 0.6), and UMAP was generated for visualization.
The “rank_genes_groups” function was used to identify differentially expressed genes (DEGs) specific to each cluster, using the Wil-
coxon test method.

Cell Type Annotation

Gene spot assignment was performed using KDTree in the Python environment, following approaches described in the articles
“Spatial multi-omics at subcellular resolution via high-throughput in situ pairwise sequencing”®'. After input all decoded gene
spot coordinates and segmented DAPI images, the KDTree function was used to calculate the Euclidean distance and identified
the nearest cell for each gene spot. A gene spot was assigned to a cell if its distance to that cell was less than a threshold (30 pixels).
Unassigned signal spots were iteratively assigned using successfully assigned signal spots as target points (with a query distance of
10 pixels and 5 iterations). Finally, signal spots that could not be assigned to any cell were discarded.Cells were annotated based on
cell-type marker gene sets. When multiple cell-type markers were detected within a cell, annotation was determined by the Euclidean
distance of the gene from the cell centroid: the closer a gene was to the nucleus (DAPI center), the lower the probability of erroneous
assignment. Specifically, cells are defined by key marker genes: TH for TH cells, Mog for oligodendrocytes (Oligo), GAD2 for GAD2
cells, and Sic17a6 for VGlut2 cells. Additionally, distinct GABA-Glut subpopulations were defined by the co-expression of GAD2 and
Slc17a6 with a third marker: Pdzd?2 for GABA-Glut-0, B230217J21Rik for GABA-GIut-1, and QK for GABA-Glut-2.

Western Blot

Ventral tegmental area (VTA) tissues were rapidly micro-dissected from the brains of Gpr37-/- and KCNK13 flox/flox mice and imme-
diately snap-frozen in liquid nitrogen. For Western blot analysis, tissues were homogenized in ice-cold RIPA lysis buffer (Beyotime,
P0013B) supplemented with PMSF (Beyotime, ST505). Lysates were centrifuged at 14,000 x g for 15 min at 4°C, and supernatants
were collected. Protein concentration was determined using a BCA Protein Assay Kit (Beyotime, P0010) on an INFINITE E PLEX mi-
croplate reader (Tecan, asset S20230629). Equal amounts of protein (10 pg per lane) were separated on 10% SDS-PAGE gels
(BioTeke, PG112) and transferred to PVDF membranes (Beyotime, FFP32). Membranes were blocked and then incubated overnight
at 4°C with the following primary antibodies: mouse anti-GPR37 (1:1000), rabbit anti-KCNK13 (1:2000) and mouse anti-GAPDH
(1:10000; Beyotime, AF2819). After washing with TBST (Epizyme, PS103P), membranes were incubated with HRP-conjugated sec-
ondary antibodies (HRP Goat Anti-Rabbit or Anti-Mouse IgG; Abclonal, AS003). Protein bands were visualized using enhanced
chemiluminescence and imaged on an Amersham Image Quant 800 system (Cytiva, asset S20230622).

Quantitative Real-Time PCR

Total RNA was extracted from VTA tissues using the SteadyPure Rapid RNA Extraction Kit (AG21023, Accurate Biotechnology).
cDNA was synthesized from 1 pg of total RNA using the Evo M-MLV Reverse Transcription Premix (AG11706, Accurate Biotech-
nology). Quantitative PCR was performed using the SYBR Green Pro Tag HS Premix qPCR Kit (AG11701, Accurate Biotechnology)
on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, asset S20230262). Reactions were carried out in 0.2 mL trans-
parent gPCR plates (AG12118, Accurate Biotechnology) under the following conditions: 95°C for 30 s, followed by 40 cycles of 95°C
for 5 s and 60°C for 30 s. The primer sequences were: Gpr37 forward, 5-AACCTGGCTTTCTGGGACTT-3’ and reverse, 5'-ATCTG
GACGTTGGTGGCAG-3'; Gapdh forward, 5'-TGTGTCCGTCGTGGATCTGA-3’ and reverse, 5'-TTGCTGTTGAAGTCGCAGGAG-3'.
The relative mMRNA expression levels of Gpr37 were calculated using the 2—AACt method, with Gapdh as the endogenous control
and the LV-GFP group designated as the calibrator for all comparative analyses. All reactions were performed in technical triplicates.
Histology and immunostaining

Mice were overdosed with pentobarbital and perfused with 0.9% saline followed by 4% paraformaldehyde (PFA) in PBS. Brains were
dissected and postfixed in 4% PFA at 4 °C for 24 h and transferred to 30% sucrose for 2 d. We cut 40-pm coronal slices of the entire
rostrocaudal extent of the brain via a cryostat at —15 °C and stored in 24- well plates containing cryoprotectant at 4 °C.

To visualize virus expression, cannula placements, floating sections blocked with 10% normal goat serum in PBS-T (0.3% Triton-X
100) and DAPI (1:50000, Cat#62248, Thermofisher). If needed, brains slices were kept at 4 °C overnight with the following antibodies
mouse anti-TH, mouse anti-GAD67, rabbit anti-GPR37 (Cat#64407, Cell Signaling Technology). The secondary antibodies Alexa fluor
488 or Alexa fluor 594 or Alexa fluor 647 were used. Sections were mounted and covered slipped with Fluoromount aqueous
mounting medium (Sigma-Aldrich, USA). Sections were then photographed by Olympus VS120 virtual microscopy slide scanning
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system or Zeiss LSM 880 confocal microscope. Images were analyzed with and Imaged, Image Pro- plus, and Photoshop software.
Neuronal culture and Biotinylated Osteocalcin treatment

Bilateral ventral tegmental area (VTA) was dissected from 2-month-old mice. VTA from 5-6 mice were collected and dissociated with
0.25% Trypsin/EDTA for 30 min at 37°C. Cells were pelleted and resuspended in DMEM supplemented with 10% fetal bovine serum,
penicillin/streptomycin and then plated on poly-d-lysine-coated glass coverslips in a 24-well plate at a density of 7 x 104 cells/well.
Cultures were maintained for 2 hours at 37°C with 5% carbon dioxide atmosphere. Cells were then treated with biotinylated Osteo-
calcin (Biotin Protein Labeling Kit, Cat# 11418165001, Roche, USA) with different concentration for 30 min at 37°C.

For immunostaining, cells were fixed for 20 min in 4% paraformaldehyde. After fixation, cells were incubated in a blocking solution
(8% normal goat serum in tris buffer saline solution with 0.1% Triton X-100) for 1 hour at room temperature.

Primary antibodies mouse anti-TH antibody (MAB318, Millipore), mouse anti- GAD67 antibody (MAB5406, Millipore) were used to
identify the cell type. They were co-stained with rabbit anti-GPR37 (Cat#64407, Cell Signaling Technology) and Alexa 488 conjugated
streptavidin overnight at 4°C. Afterward, cells were incubated with fluorochrome-conjugated secondary antibodies for 2 hours at
room temperature and mounted in mounting media. Z-stacked images were obtained with a Zeiss LSM 880 Airyscan confocal mi-
croscope (Zeiss, Germany).

Cell counting

For counting cell in the VTA, 40 pm coronal sections from bregma -2.9 to -3.8 mm for each mouse were collected for immunohisto-
chemistry. The brain sections were mounted and imaging using a Zeiss LSM 880 Airyscan confocal microscope and Olympus VS120
virtual microscopy slide scanning system. Then the immunostaining was analyzed and counted with image J, image Pro-plus and
Photoshop software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All looming behavioral videos were analyzed frame by frame manually using Adobe Premiere. All statistics were performed in Graph
Pad Prism (GraphPad Software, Inc.). Paired student test, unpaired student test and one-way ANOVA were used where appropriate.
Mixed-effect modeling (under two-way ANOVA category in GraphPad Prism) was used to compare changes in neuronal excitability
and ion channel current induced by pharmacological tool application. Multiple comparisons with Sidak test for post-hoc corrections
were further performed when Interaction (Row Factor * Column Factor) was significant in Two-way ANOVA test. It was stated as two-
way ANOVA with Sidak test for post-hoc corrections in the text when used. In all statistical measures a P value <0.05 was considered
statistically significant. Post hoc significance values were set as *P< 0.05, **P< 0.01, **P< 0.001 and ****P< 0.0001; all statistical tests
used are indicated in the Figure legend.
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