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Homeostasis of bone metabolism is regulated by the central nervous system, and mood disorders such as anxiety
are associated with bone metabolism abnormalities, yet our understanding of the central neural circuits regulating
bone metabolism is limited. Here, we demonstrate that chronic stress in crewmembers resulted in decreased

bone density and elevated anxiety in an isolated habitat mimicking a space station. We then used a mouse model
to demonstrate that GABAergic neural circuitry in the ventromedial hypothalamus (VMH) mediates chronic
stress-induced bone loss. We show that GABAergic inputs in the dorsomedial VMH arise from a specific group of
somatostatin neurons in the posterior region of the bed nucleus of the stria terminalis, which is indispensable for
stress-induced bone loss and is able to trigger bone loss in the absence of stressors. In addition, the sympathetic
system and glutamatergic neurons in the nucleus tractus solitarius were employed to regulate stress-induced
bone loss. Our study has therefore identified the central neural mechanism by which chronic stress-induced mood

disorders, such as anxiety, influence bone metabolism.

Introduction
Mood disorders, such as depression and anxiety, are closely related
to bone metabolism abnormalities (1-3) and can lead to low bone
mass and increased risk of fracture (4, 5). Another well-established
cause of bone loss is microgravity during spaceflight (6). However,
decreased bone formation in astronauts can occur (7, 8) or progres-
sively deteriorate (9) under normal gravity following space missions.
Chronic stressors in extreme microenvironments may not only
induce psychological changes in crewmembers but also continuous-
ly disturb peripheral metabolism through the central nervous system
(CNS) (10, 11). Based on these findings, we reasoned that stress-in-
duced psychological disorders, such as anxiety, might directly con-
tribute to bone loss through the CNS. However, the exact neural
mechanism behind chronic stress-induced bone loss is not clear.
Bone metabolism is a dynamic physiological process that is
finely regulated by the brain (12). Central signals from the brain
exert an important influence on bone metabolism (13-15). For
example, leptin signaling in the hypothalamus inhibits bone for-
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mation through the sympathetic nervous system (14), and orex-
in, which is produced in the hypothalamus, is a critical regulator
of skeletal homeostasis and exerts regulation of bone mass (16).
The hypothalamus is an important neural control center relay-
ing information from higher centers in the forebrain to regulate
body metabolism (17). The ventromedial hypothalamus (VMH),
one of many hypothalamic nuclei, is a distinct region important
in regulating emotion (18, 19), energy balance (13, 20), and bone
metabolism (15, 21). Knocking out SF1 neurons, which are present
in the VMH, results in significantly increased anxiety-like behav-
iors in mice (22), and optogenetic activation of dorsal VMH pro-
motes a variety of context-dependent defense-like and autonomic
responses (23). Moreover, inactivation of CaMKKf in SF1-express-
ing neurons in the VMH results in a severe low-bone phenotype
(21), while serotoninergic projections from the raphe nucleus to
the VMH may regulate SF1 neurons via Htr2c receptors to promote
bone accrual (15). Manipulation of the transcription factor AP1 in
VMH SF1-expressing neurons leads to an increase in energy and a
decrease in bone density, suggesting that the VMH regulates bone
homeostasis and energy metabolism through disparate neural
pathways (24). Collectively, these findings suggest that differen-
tial neural pathways direct VMH neurons to regulate emotions and
bone metabolism in a top-down manner. However, it is not known
how the specific neural circuit involving the VMH integrates stress
information and regulates downstream bone metabolism.

jci.org  Volume130  Number12  December 2020

6539


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://doi.org/10.1172/JCI136105

RESEARCH ARTICLE The Journal of Clinical Investigation

A Mouse B Control Stress Max C Corlt-rol Str_e_§s
§ § , [ | Y f
| 2wk | 4wk | 6wk | 8wk | ] ¢ P
E H ‘ [@® .5 e | | -’. ]
S [ r
i Squeeze x IR P
i Wet environment ==} Min d -
H High position Open Open
i M Control W Stress B Control B Stress
I B a0 3 » * oy
{  Bone Analysis: MicroCT . T 43" S o) 2
H c 30 . » o g
i : . o o E0 £
i Behavior: Open field/EPM | . T 2 s = = o
T 10 = g 5 G 40
3 S c <
0 <= O 0 [0 0
52 2
o8 o
D Control Stress E M Control M Stress . F _ J -
20 *% —~207 g Lis0 A“’
e hd £ 15 GE) . =8
2 £ a = 100 =
> 10 N . =
g z £ *® r2=075 @ ¢
S 5 o 05 Y 50 <,
@ = 5 P<0.01 o
° 00 8‘ 10 15 20 o VMH
* NS < BVITV B Control
1.0 — & 100 o 3 § 15
gos < E 80 g0 W Stress
go.s = 60 ° g 1
Q. 0.4 E 40 g ©
@ : =0
o 0.2 g 20 E 2
oo S o b=py=?
(@] ol
O a

G SF1

r

Control Stress

m Control
[ Stress

~N — 220
I [o%
1o ~ 15
> 0]
[$) . ko]
10

o a s
g, o

< [T

a

s

©

3s

Figure 1. A mouse model of chronic stress-induced anxiety-like behavior and bone loss. (A) Schematic showing generation of the unpredictable chronic mild
stress-induced anxiety mouse model. (B) Open-field (OF) test comparing the stress and control groups. Mice in the stress group exhibited significantly fewer
entries to the central area and spent less time exploring the central area. Values represent mean + SD (n = 8 per group; **P < 0.01; Student'’s t test). (C) Elevated
plus maze (EPM) test comparing stress and control groups. Mice in the stress group exhibited significantly fewer entries to the open arms and spent less time
there. Values represent mean + SD (n = 8 per group; *P < 0.05, **P < 0.07; Student’s t test). (D) Representative coronal (top) and sagittal (bottom) plane images
of proximal tibia. Mice in the stress group displayed a low-bone mass phenotype. (E) Micro-CT analysis of trabecular bone volume/tissue volume (BV/TV),
trabecular number (TbN), trabecular separation (Tb.Sp), and connectivity density (Conn.D) in the stress and control groups. Values represent mean + SD (n = 8
per group; *P < 0.05, **P < 0.07; Student’s t test). (F) Correlation analysis of BV/TV and time spent in central area/open arms (n = 16). (G) Immunostaining of
SF1 neurons in the VMH. Scale bar: 150 um. (H) Immunostaining of vesicular glutamate transporter (Vglut2) in the VMHdm. Scale bar: 75 um. dm/c, dorsomedial
and central parts of the VMH; v, ventrolateral part of the VMH (I) Immunostaining of GAD65-positive GABAergic projections in the VMHdm. Scale bar: 75 um. (J)
Quantification of GABA levels in the VMHdm region in stress and control groups. Values represent mean + SD (n = 6 per group; **P < 0.01; Student’s t test). (K)
Representative inhibitory postsynaptic currents (IPSCs) of SF1 neurons in the VMHdm in the stress and control groups. (L) Quantification of the frequency and
amplitude of IPSCs from SF1 neurons in the stress and control groups. Values represent mean + SD (n = 6 per group; **P < 0.07; Student’s t test).
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In this study we found, firstly, that chronic stress in 3 male crew-
members and 1 female crewmember simulating a long-term space
mission resulted in both decreased bone density and elevated anx-
iety levels under normal gravity. We then used a mouse model of
unpredictable chronic mild stress to determine the neural circuitry
underlying chronic stress-induced bone loss. Second, by combining
electrophysiological, optogenetic, and chemogenetic approaches,
we found that GABAergic neural circuity in the VMH is respon-
sive in the stress-induced bone loss. Importantly, the GABAergic
input in the dorsomedial VMH (VMHdm) originates in a specific
group of somatostatin neurons in the posterior region of the bed
nucleus of the stria terminalis (BNST), which is both indispens-
able for and able to drive stress-induced bone loss. We show that
the nucleus tractus solitarius (NTS) and the peripheral sympathetic
system were employed by the BNST-VMH neural circuitry to regu-
late stress-induced bone loss. Our study thus identifies GABAergic
neural circuitry from the forebrain to the hypothalamus that is used
in the regulation of stress-induced bone loss, reveals a population
of somatostatin neurons in the BNST not previously implicated in
bone mass regulation, and provides new insights into how stress
disorders can influence bone metabolism at a neural-circuits level.

Results

Chronic stress for 180 days in crewmembers led to decreased bone densi-
ty and elevated anxiety levels. To investigate the relationship between
chronic stress and bone loss, we first performed a Controlled Eco-
logical Life Support System-integrated (CELSS-integrated) exper-
iment in which 3 male crewmembers and 1 female crewmember
spent 180 daysin anisolated habitat mimicking a space station under
normal gravity. Weight, anxiety level, and biochemical parameters
were measured in all participants every 30 days during the mission
(Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/JCI136105DS1). While
cortisol levels and weight were stable for each of the 4 crewmem-
bers during the mission (Supplemental Figure 1, B and C), there was
an increase in Self-Rating Anxiety Scale measurement scores over
time during the prolonged stay in the confined space for 2 of the 3
male participants, but not for the female participant (Supplemen-
tal Figure 1D). There was also a significant increase in epinephrine
and norepinephrine (NE) levels during the 180 days in all partici-
pants (Supplemental Figure 1, E and F), reflecting the elevated level
of reported crewmember anxiety. Bone density analysis revealed
a statistically significant decrease in average bone mineral density
in the femur, femur neck, and lumbar vertebrae in all participants
during the mission (Supplemental Table 1 and Supplemental Figure
1, I-K). In addition, the bone formation markers alkaline phospha-
tase (ALP) and procollagen I carboxy-terminal propeptide (PICP)
continuously decreased in all participants (Supplemental Figure 1,
G and H). These data consistently show that the 180 days of chron-
ic stress on 4 crewmembers resulted in elevated anxiety levels and
decreased bone density.

GABAergic neural circuitry in the dorsomedial VMH is active-
ly involved in a mouse model of chronic stress-induced bone loss. To
dissect the neural mechanism underlying chronic stress-induced
bone loss, we exposed mice to chronic mild stressors mimicking
the CELSS and thus established a mouse model of chronic stress-
induced anxiety (Figure 1A). Before chronic stress was applied,
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entries to, and time spent in, the central area in an open-field (OF)
test were similar between the control and stress groups, as were
time spent in the open arms and open-arm entries in an elevated
plus maze (EPM) test (Supplemental Figure 2, A-D). After 8 weeks
of exposure, we assessed anxiety-related behavior again, and, in
the OF test, mice in the stress group exhibited significantly fewer
entries to, and spent less time exploring, the central area than the
control group (Figure 1B). In the EPM test, mice in the stress group
exhibited significantly fewer entries to, and spent less time in, the
open arms than the control group (Figure 1C). No statistical dif-
ferences were observed between the stress and control groups in
the total distance traveled in the OF, serum cortisol levels, or body
weight (Supplemental Figure 2, E-G). However, NE levels were
higher and ALP levels were lower in the stress group than in the
control group (Supplemental Figure 2, H and I).

Micro-CT analysis of trabecular bones in the proximal tibia
revealed that mice in the stress group had a phenotype with obvi-
ous low bone mass (Figure 1D). The trabecular bone volume/tissue
volume (BV/TV) ratio was 18% lower in the stress group than in the
control group. The trabecular number (TbN) was 15% lower in the
stress group than in the control group, accompanied by 13% higher
trabecular separation (Tb.Sp) (Figure 1E), illustrating lower bone
mass in the stress group. Linear regression analysis using BV/TV
and time spent in central area/open arms revealed a strong relation-
ship and inverse association between BV/TV and behavioral param-
eters reflecting anxiety levels (Figure 1F). In vivo calcein labeling
confirmed that rates of new bone formation were lower in the stress
group than in the control group (Supplemental Figure 3, A and B).
ALP staining showed that ALP expression level was attenuated in
the stress group (Supplemental Figure 3C) and that the number of
ALP-positive osteoblasts per bone surface area was significantly
lower in the stress group than in the control group (Supplemental
Figure 3D). Tartrate-resistant acid phosphatase (TRAP) staining
and receptor activator of NF-kB ligand (RANKL) immunostain-
ing were conducted to evaluate bone resorption. We found much
stronger TRAP and RANKL staining of trabecular bone in the stress
group compared with the control group (Supplemental Figure 3, E
and G). Quantification revealed that the numbers of RANKL-pos-
itive cells and of TRAP-positive osteoclasts per bone surface area
were significantly higher in the stress group (Supplemental Figure
3, F and H). Serum carboxy-terminal collagen cross-links-1 (CTX-1)
and RANKL levels were higher in the stress group than in the con-
trol group, suggesting increased bone resorption during the chronic
stress (Supplemental Figure 3,1and J).

The dorsomedial VMH (VMHdm) is important in regulat-
ing anxiety (23), energy balance (13), and bone metabolism
(25). The major type of neurons in the VMHdm are SF1 neu-
rons, which are mainly glutamatergic (Figure 1, G and H), and
thus we next began to dissect the neural circuit facilitating the
bone resorption mechanism starting from the VMHdm. Dense
GADG65-positive GABAergic projections were observed in the
VMHdm (Figure 1I). Microdialysis revealed significantly high-
er VMHdm GABA levels in the stress group than in the control
group (Figure 1J). We then recorded inhibitory postsynaptic
currents (IPSCs) in SF1 neurons in the VMHdm and found a
significantly elevated frequency of spontaneous IPSCs in the
stress group than in the control group (Figure 1, K and L). Both
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Figure 2. Activation of GABAergic projections in the VMHdm induces anxiety-like behaviors and bone loss. (A) Optical fibers were implanted into the
VMHdm of VGAT-ChR2 mice, and the region was illuminated with blue light. (B) Electrophysiological recording of a typical IPSC from SF1 neurons during
blue-light stimulation. (C) Schematic showing the schedule of blue-light stimulation and bone analysis with intermittent micro-CT scanning. (D) OF test of
VGAT and control mice before and during blue-light stimulation. VGAT mice displayed obvious anxiety-like behavior. (E) EPM test of VGAT and control mice
before and during blue-light stimulation. VGAT mice displayed obvious anxiety-like behavior. (F) Quantification of entries to, and time spent in, the central
area before and during blue-light stimulation in the VGAT and control groups. Values represent mean + SD (n = 8 per group; *P < 0.05; 1-way ANOVA with
Bonferroni’s correction for comparisons). (G) Quantification of entries to, and time spent in, the open arms in the VGAT and control groups before and
during blue-light stimulation. Values represent mean + SD (n = 8 per group; *P < 0.05; 1-way ANOVA with Bonferroni’s correction for multiple compari-
sons). (H) Micro-CT analysis of VGAT and control group bone structure before, during, and after blue-light stimulation. A significantly low-bone mass phe-
notype was observed in the VGAT group 4 and 8 weeks after light stimulation began. (1) H&E staining of the proximal tibia in the VGAT and control groups
at 8 weeks after stimulation. Scale bars: 200 pm. (J) Micro-CT analysis of BV/TV, TbN, Tb.Sp, and Conn.D in the VGAT and control groups. Values represent
mean + SD (n = 8 per group; *P < 0.05, **P < 0.01; 1-way ANOVA with Bonferroni's correction for multiple comparisons).

frequency and amplitude of IPSCs were completely blocked by Since the cocaine- and amphetamine-regulated transcript
50 pM of bicuculline, a competitive antagonist of GABA, recep- ~ (CART), an important neurotransmitter that plays a key role in the
tors (Supplemental Figure 2, L-N), suggesting that GABAergic  central control of bone remodeling, is involved in the inhibition
neural projections in the VMHdm play an important role in the ~ of bone resorption by modulating RANKL signaling (26), we then
mouse model of stress-induced bone loss. investigated CART mRNA levels. We determined CART mRNA

6542 jci.org  Volume130  Number12  December 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://www.jci.org/articles/view/136105#sd

The Journal of Clinical Investigation

expression levels in the VMH of stressed and control mice using
quantitative PCR (qQPCR) and found that expression was 60% low-
er in the stress group than in the control group (Supplemental Fig-
ure 2J). We also measured CART concentration in the VMH using
microdialysis. We found that CART concentration was significantly
lower in the stress group than in the control group (Supplemental
Figure 2K), suggesting increased bone resorption in the stress group.

Activation of GABAergic projections in the VMHdm inhibits the fir-
ing of SF1 neurons and induces anxiety-like behavior and bone loss. To
interrogate the function of GABAergic projections in the VMHdm
during stress-induced bone loss, we used transgenic mice express-
ing channelrhodopsin-2 (ChR2) under the promoter of the condi-
tional allele of the vesicular GABA transporter (VGAT) (27), which
enables the selective activation of GABAergic neurons or terminals
using blue light (Figure 2A). VGAT signals surrounded SF1 neu-
rons, and the distributive pattern of VGAT matched that of GAD65,
which stains GABAergic axon terminals (Supplemental Figure 4A).
We recorded SF1 neurons and found that excitation of GABAergic
terminals induced by blue light resulted in fast IPSCs (Figure 2B).
The frequency and amplitude of IPSCs induced by blue light were
blocked by 50 pM of bicuculline (Supplemental Figure 4, B and C).
Patch-clamp recordings combined with single-cell reverse tran-
scriptase PCR (RT-PCR) verified that blue light can indeed inhibit
the spontaneous firing of SF1 neurons that express the genes vglut2
and Sf1 but not vgat (Supplemental Figure 4, D and E).

To further investigate the causal role of GABAergic projec-
tion activation in the VMHdm during stress-induced bone loss, we
assessed anxiety behavior and evaluated bone structure changes fol-
lowing activation of the VMHdm in VGAT-ChR2 mice (Figure 2C).
After a series of light stimulation over 8 weeks, GABA levels in the
VMHdm were significantly higher in the VGAT group than in the
control group (Supplemental Figure 4F). Both OF and EPM tests
showed that VGAT mice displayed obvious anxiety-like behavior
during the light-on phase, whereas the control group did not (Figure
2,D and E). During the OF test, there were significantly fewer entries
to, and less time spent in, the central area in the VGAT group than
in the control group when the blue light was turned on (Figure 2F).
Additionally, the VGAT group had significantly fewer entries to, and
less time spent in, the open arms in the EPM test than the control
group during the light-on phase (Figure 2G). Interestingly, micro-
CT analysis revealed continuous bone loss in VGAT group over the
weeks of light stimulation (Figure 2H). Before light stimulation there
were no significant differences in BV/TV, TbN, Tb.Sp, nor connec-
tivity density (Conn.D) between the VGAT and control groups. How-
ever, 4 weeks after the light stimulation began, we observed a phe-
notype marked by obvious low bone mass in the VGAT group (Figure
2J). The VGAT group had 25% lower BV/TV than the control group,
and TbN was 18% lower. Eight weeks after light stimulation began,
the VGAT group had 28% lower BV/TV and 26% lower TbN than the
control group, whereas Tb.Sp was 18% higher (Figure 2J). Histologi-
cal analysis at 8 weeks confirmed loss of trabecular bone and a larger
medulla cavity of the proximal tibia in VGAT mice (Figure 2I). Taken
together, these data demonstrate that activation of GABAergic neu-
ral terminals in the VMHdm was able to induce anxiety like-behav-
ior and a phenotype marked by low bone mass in the absence of any
additional stressors, supporting a direct causal role of VMHdm GAB-
Aergic projection activation in stress-induced bone loss.

RESEARCH ARTICLE

Somatostatin neurons send GABAergic projections from the BNST
to the VM Hdm. To investigate the source of GABAergic input to the
VMHdm region, a retrograde virus was used to trace the neuronal
connections of SF1 neurons in the VMH region (Figure 3A). Effi-
cient virus dispersion in the VMH region was obtained, and ret-
rograde monosynaptic transfer of mCherry allowed the mapping
of different brain regions with connections to the VMH (Figure
3B). We found that the main upstream inputs to the VMH included
hypothalamic regions, such as the paraventricular nucleus and the
anterior hypothalamic nucleus (Figure 3, B and C). Importantly,
we also observed dense signals in both lateral dorsal and posterior
regions of the bed nucleus of the stria terminalis (BNST), which
play a crucial role in stress-related disorders and adaptive anxiety
behaviors (Figure 3B). To confirm that the BNST sends GABAergic
inputs to the VMHdm, we injected the AAV-Efla-DIO-mCherry
virus into the BNST region of GAD-Cre mice and observed GAB-
Aergic neural projections in the VMHdm region (Supplemental
Figure 5, A and B). Further confirmation of neuronal activation in
both the lateral dorsal and posterior regions of the BNST in our
established mouse model was obtained following staining with
c-fos (an immediate-early protein indicating neuronal activation)
(Figure 3D). We found that the anxiety group had a significantly
higher c-fos-positive cell count than the control group (Figure 3E),
suggesting that the BNST sends GABAergic inputs to the VMHdm
to regulate stress-induced bone loss. The BNST is composed of
multiple subdivisions and contains heterogeneous neuronal sub-
populations that mediate different functions (28). To determine
the specific neuronal subpopulations projecting to the VMHdm
that mediate stress-induced bone loss, we began investigating the
types of GABAergic terminals in the VMHdm region. We observed
that strong somatostatin nerve terminal signals made synaptic
contact with SF1 neurons in the VMHdm, but other subtypes of
GABAergic nerve terminals, such as parvalbumin (PV) and cho-
lecystokinin (CCK) nerve terminals, did not (Figure 3, F and G).
To determine the specific source of somatostatin from the BNST,
we injected AAV9 virus expressing mCherry into the VMHdm
of SOM-Cre mice and found a specific population of somatosta-
tin-positive (SOM-positive) neurons that was positively labeled in
the lateral posterior region of the BNST (BSTLP) (Supplemental
Figure 5C). Combining monosynaptic tracing using rabies virus
with in situ hybridization of somatostatin mRNA, we confirmed
that the identified SOM neurons in the BSTLP region indeed send
projections to innervate SF1 neurons in the VMHdm (Figure 3, H
and K). We also observed dense SOM terminals in the VMHdm
region when the AAV9 virus was injected into the BSTLP region
(Figure 3,1, ], and L). These data consistently show a specific pop-
ulation of SOM neurons in the BSTLP region that send GABAergic
neural projections to innervate VMHdm SF1 neurons.

Activation of SOM neural projections from the BNST to the VMH
induces anxiety-like behavior and bone loss. To determine wheth-
er activation of specific SOM inputs from the BSTLP was able to
cause stress-induced bone loss, we injected AAV-Efla-DIO-ChR2-
mCherry virus into the BSTLP region and used blue light to illumi-
nate the VMHdm region (Figure 4A). GABA levels in the VMHdm
were significantly higher in the SOM-ChR2 group than in controls
(Figure 4B), and SOM neurons were activated in the SOM-ChR2
group after light stimulation (Figure 4D). Electrophysiological
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recordings showed that 20 Hz pulses of blue light inhibited the fir-
ing of SF1 neurons in the VMHdm (Figure 4C). Before light stimu-
lation, entries to, and time spent in, the central area in the OF test
were similar between the mCherry-ChR2 and mCherry groups,
as were open-arm entries and time spent in the open arms in the
EPM test (Supplemental Figure 5, D and E). We then assessed anx-
iety-related behavior following light stimulation of SOM neural
projections. The mCherry-ChR2 group spent less time and made
fewer entries into the center during the OF test than the mCher-
ry control group (Figure 4E). In the EPM test, the mCherry-ChR2
group also made fewer entries to, and spent less time in, the open
arms than the control group (Figure 4F). Thus, the mCherry-ChR2
group displayed higher anxiety-like behavior following light stimu-
lation. Four weeks after light stimulation, bone structure was eval-
uated, and mice in the mCherry-ChR2 group had a phenotype with
a significantly lower bone mass than the mCherry control group
(Figure 4G): 20% lower BV/TV, 25% lower TbN, and 20% high-
er Tb.Sp (Figure 4H). We found no statistical differences between
groups in total distance traveled in the OF test or in body weight
(Supplemental Figure 5, F and G). To confirm the specific function
of SOM neural terminals, we optogenetically activated PV-positive
neural terminals and CCK-positive terminals in the VMHdm region
in PV-Cre mice and CCK-Cre mice, respectively (Supplemental
Figure 6, A and B; and Supplemental Figure 7, A and B). In both
PV-Cre and CCK-Cre mice, there was no difference in time spent in
the central area or entries to the central area in the OF test follow-
ing light stimulation, in comparison with their respective control
groups (Supplemental Figure 6, C and D; and Supplemental Figure
7, C and D). Additionally, micro-CT analysis of bone revealed no
changes in BV/TV, TbN, or Tb.Sp (Supplemental Figure 6, E and
F; and Supplemental Figure 7, E and F). Together, our data indicate
that activation of the specific SOM inputs from the BNST to the
VMHdm was able to induce anxiety-like behavior and bone loss,
implicating the specificity of the population of SOM neurons in reg-
ulating stress-induced bone loss.

Inhibiting the activity of SOM neurons arrests stress-induced bone
loss. To further determine the indispensability of this population
of SOM neurons in stress-induced bone loss, we first observed
enhanced c-fos signals in localized SOM neurons in the stress
group (Figure 5B), and that, after staining with anti-corticotro-
phin-releasing factor (anti-CRF) antibody, some SOM neurons
were stained (Figure 5C). We then established a stress-induced
bone loss model with SOM-Cre mice, and selectively silenced the
SOM neurons using the DREADD (Designer Receptor Exclusive-
ly Activated by Designer Drugs) technique (Figure 5A). Before
chronic stress, entries to, and time spent in, the central area in the
OF test were similar between the mCherry and mCherry-hM4Di
groups, as were the number of open-arm entries and time spent in
the open arms in the EPM test (Supplemental Figure 8, C and D).
After this, AAV-Efla-DIO-hM4Di-mCherry and AAV-Efla-DIO-
mCherry viruses were injected into SOM-Cre mice, and clozap-
ine N-oxide (CNO) was administered later during testing (Figure
5D). Electrophysiological recordings showed that somatostatin
neuronal activity was selectively inhibited by CNO (Supplemen-
tal Figure 8, A and B). Anxiety levels were assessed at 8 weeks in
OF tests; mice in the mCherry-hM4Di group had more entries to
the central area and spent more time in the central area than the
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mCherry group (Figure 5E). Similarly, in EPM tests, the mCher-
ry-hM4Di group had significantly more entries to, and spent
more time in, the open arms than the mCherry group (Figure 5F).
Importantly, bone mass and structure were significantly better
in the mCherry-hM4Di group than in the mCherry group (Figure
5G): 25% higher BV/TV, 20% higher TbN, and 15% lower Tb.Sp
(Figure 5H). We also evaluated baseline bone mass of nonstressed
mice in the mCherry and mCherry-hM4Di groups using micro-CT
scans, and found that 4 weeks of CNO treatment to inhibit SOM
neurons in the BNST did not affect bone mass significantly (Sup-
plemental Figure 8, H and I).

We investigated bone formation and resorption changes after
inhibiting SOM neuron activity. In vivo calcein labeling confirmed
that rates of new bone formation were higher in the mCherry-hM-
4Di group than in the mCherry group (Supplemental Figure 9, A
and B). ALP staining showed that both ALP expression levels and
the number of ALP-positive osteoblasts were significantly higher
in the mCherry-hM4Di group than in the mCherry group (Supple-
mental Figure 9, C and D). Following TRAP staining and RANKL
immunostaining, we found much lower TRAP and RANKL expres-
sion in the trabecular bone in the mCherry-hM4Di group than in
the mCherry group (Supplemental Figure 9, E and G). Quantifi-
cation revealed that the numbers of RANKL-positive cells and of
TRAP-positive osteoclasts were significantly lower in the mCher-
ry-hM4Di group than in the mCherry group (Supplemental Figure
9, F and H). Serum CTX-1 levels and RANKL levels were lower in
the mCherry-hM4Di group than in the mCherry group (Supple-
mental Figure 9, ] and K), suggesting decreased bone resorption
following inhibition of SOM neuronal activity in stressed mice.

We also investigated CART mRNA levels using qPCR and
found that CART mRNA expression was 50% higher in the mCher-
ry-hM4Di group than in the mCherry group (Supplemental Figure
8E). We also measured CART concentration in the VMH using
microdialysis and found that CART concentration was significant-
ly higher in the mCherry-hM4Di group than in the mCherry group
(Supplemental Figure 8F). Together, the DREADD experiments
demonstrate that the specific population of SOM neurons in the
BSTLP region were indispensable for driving anxiety-like behav-
iors and induced bone loss, and inhibition of the SOM neuron pop-
ulation led to the arrest of stress-induced bone loss.

Since the raphe-VMH circuit mediates bone accrual through
raphe-synthesized serotonin and Htr2c receptors in VMH neu-
rons (15), we further investigated whether the raphe-VMH path-
way plays a role in regulating stress-induced bone loss. We estab-
lished a stress-induced bone loss model with SERT-Cre mice,
and injected AAV-Efla-DIO-ChR2-mCherry virus into the dorsal
raphe nucleus and observed serotoninergic neural projections in
the VMHdm region (Supplemental Figure 10, A and B). Next, we
used blue light to illuminate the VMHdm region (Supplemental
Figure 10A). Before light stimulation, entries to, and time spent in,
the central area were similar in the OF test between the mCherry-
ChR2 and mCherry groups, as were open-arm entries and time
spent in the open arms in the EPM test (Supplemental Figure 10,
C and D). Following the light stimulation, entries to, and time
spent in, the central area in the OF test were similar between the
mCherry-ChR2 and mCherry groups (Supplemental Figure 10E).
The number of open-arm entries and time spent in the open arms
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Figure 4. Activation of the SOM neural projection from the BNST to

the VMH triggers bone loss in the absence of stressors. (A) Schematic
showing AAV-Ef1a-DI0-ChR2-mCherry virus injected into the BSTLP
region. Blue light was used to illuminate the VMHdm region containing
SOM neural terminals. (B) Quantification of the GABA level in SOM-ChR2
and SOM-eYFP groups. Values represent mean + SD (n = 6 per group; ***P
< 0.001; Student’s t test). (C) Representative electrophysiological record-
ings showing inhibition of SF1 neuron firing following stimulation of the
VMHdm with light in SOM-ChR2 mice. (D) c-fos staining of SOM-positive
neurons in mCherry-ChR2 group (top) and control (bottom) after blue-
light stimulation. Scale bars: 100 um. (E) OF test comparing mCherry-
ChR2 and mCherry groups. Mice in the mCherry-ChR2 group made sig-
nificantly fewer entries to the central area and spent less time exploring
the central area. Values represent mean + SD (n = 8 per group; *P < 0.05,
**P < 0.01; Student’s t test). (F) EPM test comparing mCherry-ChR2 and
mCherry groups. mCherry-ChR2 mice exhibited significantly fewer entries
and spent less time in the open arms. Values represent mean + SD (n = 8
per group; *P < 0.05; Student's t test). (G) Micro-CT analysis of the bone
structure of mCherry-ChR2 and mCherry groups 4 weeks after light stim-
ulation began. A significantly low-bone mass phenotype was observed in
the mCherry-ChR2 group compared with the mCherry group. (H) Micro-CT
analysis showing BV/TV, TbN, Tb.Sp, and Conn.D in mCherry-ChR2 and
mCherry groups. Values represent mean + SD (n = 8 per group; *P < 0.05,
**P < 0.01; Student’s t test).

in the EPM test were also similar between the mCherry-ChR2 and
mCherry groups (Supplemental Figure 10F). Four weeks after
blue-light stimulation, bone structure was evaluated, and mice in
the mCherry-ChR2 group had a phenotype with significantly high-
er bone mass than the mCherry control group (Supplemental Fig-
ure 10G): BV/TV ratio was 50% higher and TbN was 25% higher
in the mCherry-ChR2 group than in the mCherry group, accompa-
nied by 13% lower Tb.Sp in the mCherry-ChR2 group than in the
mCherry group (Supplemental Figure 10H). Collectively, these
data suggest that the raphe-VMH circuit plays a crucial role in
arresting stress-induced bone loss, but is not involved in stress-in-
duced anxiety-like behavior.

NTS is downstream of the VMHdm and necessary for bone loss
induced by SOM neurons. Stimulation of SOM neural projec-
tions from the BNST to the VMHdm resulted in bone loss in the
absence of stressors, and SOM neurons were indispensable for
stress-induced bone loss. We were next interested in determining
the downstream effectors of this neural circuit. SF1 neurons send
neural projections to regulate autonomous activities (29), and we
injected a retrograde virus into the marrow compartment of the
trabecular tibia bone in mice to retrogradely label the neural cir-
cuitry innervating the bone (Supplemental Figure 11A). In addition
to the VMH and BNST, we observed strong signals in the nucleus
tractus solitarius (NTS), which is known to modulate sympathet-
ic activity (30, 31) (Supplemental Figure 11B). Next, we injected
AAV-Efla-DIO-mCherry virus precisely into the VMHdm region
of SFI1-Cre mice (Figure 6A) and observed, interestingly, that SF1
neurons did indeed send neural projections to the medial solitary
nucleus (SolM; Figure 6B), which is a subregion of NTS that con-
tains predominantly Vglut2 neurons (Figure 6C). We then con-
firmed the BNST-VMH-NTS neural pathway using a TRIO exper-
iment (viral-genetic tracing of the input-output organization of
the central neural circuit) (Figure 6D), and SF1 neurons that were
innervated by upstream BNST neurons did indeed send direct
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neural projections to the NTS region (Figure 6E). To further con-
firm the function of localized downstream Vglut2 neurons in bone
loss, we selectively inhibited those Vglut2 neurons in the NTS
specifically innervated by SF1 neurons using the DREADD tech-
nique (Figure 6F). We found that the hM4Di gene was selectively
expressed in SolM (Supplemental Figure 11D), and inhibition of
Vglut2 neurons resulted in higher NE levels in the hM4Di group
than in the eYFP group (Supplemental Figure 11E). We analyzed
bone structure following chemogenetic inhibition of Vglut2 neu-
rons for 4 weeks using micro-CT and found that, compared with
the eYFP group, the hM4Di group had significantly lower bone
mass and bone structure (Figure 6G): 15% lower BV/TV, 18% low-
er TbN, and 10% higher Tb.Sp (Figure 6H). These data suggested
that the Vglut2 neurons in SolM were specifically employed by SF1
neurons to regulate stress-induced bone loss.

Immunostaining showed that tyrosine hydroxylase (TH), a
marker for sympathetic nerve axons, could be identified in both tib-
ia bone and bone marrow (Figure 61). We cultured osteoprogenitor
cells from murine bone marrow and found that B,- and p,-adren-
ergic receptors were positively expressed in osteoprogenitor cells
(Supplemental Figure 11F). We had also found that the SOM-ChR2
group and the stress group had higher NE levels than the control
group (Supplemental Figure 8G), so we then further investigated
the effects of NE in the serum on the osteogenic differentiation
process. We quantified ALP and found that osteoblastic differenti-
ation of osteoprogenitors was significantly inhibited by serum from
the stress group compared with that of the control group (Supple-
mental Figure 11G). Using RT-PCR analysis, we found that the nor-
malized expression of Runx2, Alp, Collal, and Opn was significant-
ly lower in the osteoprogenitors treated with the serum from the
stress group than in those treated with the serum from the control
group at 2 weeks of osteogenic differentiation (Supplemental Fig-
ure 11H). The inhibitory effects of sympathetic regulation on osteo-
genesis in vivo were also confirmed using gene expression analy-
sis with freshly isolated bone marrow cells, and we found that the
expression of Runx2, Alp, Collal, and Opn was lower in the stress
group than in the control group. However, treatment using beta
blockers significantly elevated the expression of these osteogene-
sis-related genes (Supplemental Figure 11I).

To confirm the sympathetic regulation of bone mass, we used
the DREADD technique to selectively silence TH-positive nerve
fibers in bone marrow of TH-Cre mice (Figure 6]). The hM4Di
group had significantly higher bone mass compared with the
TH-Cre control group: 35% higher BV/TV and 29% higher TbN
(Figure 6K). To further investigate whether B,-adrenergic receptors
in osteoblasts were involved in the sympathetic regulation of bone
mass, we bred Adrb2 /" mice, and then exposed them along with
control mice to the chronic mild stressors (Supplemental Figure
12, A and B). Before chronic stress, entries to, and time spent in,
the central area in the OF test were similar between control and
Adrb2,/ groups, as were the number of open-arm entries and
time spent in the open arms in the EPM test (Supplemental Figure
12, C and D). Following chronic stress, there was no difference in
time spent in the central area or entries to the central area in the
OF test between the control and Adrb2, 7~ groups (Supplemental
Figure 12E). Open-arm entries and time spent in the open arms in
the EPM test were also similar between the control and Adrb2,, .7~
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Figure 5. Somatostatin neurons in the BNST are indispensable for
stress-induced bone loss. (A) Schematic showing SOM neuron silencing
using the DREADD (Designer Receptor Exclusively Activated by Designer
Drugs) technigue in the stress-induced bone loss model. Clozapine N-oxide
(CNO) was used at 4, 6, and 8 weeks. (B) c-fos staining of somatosta-
tin-positive cells in anxiety and control groups. Enhanced positive signals
were observed in the anxiety group. Scale bars: 50 um. (C) Immunostaining
of corticotrophin-releasing factor (CRF) on somatostatin-positive neurons
in the stress-induced bone loss model with SOM-Cre mice. Scale bars: 50
um. (D) Schematic showing AAV-Ef1a-DI0-hM4Di-mCherry virus injection
into the BNST region of SOM-Cre mice. (E) OF test comparing mCherry and
mCherry-hM4Di groups. Mice in the mCherry-hM4Di group made signifi-
cantly more entries to the central area and spent more time exploring the
central area. Values represent mean + SD (n = 7 per group; *P < 0.05, **P <
0.07; Student’s t test). (F) EPM test comparing mCherry and mCherry-hM-
4Di groups. The mCherry-hM4Di group exhibited significantly more entries
to the open arms and spent more time there. Values represent mean + SD
(n =7 per group; *P < 0.05; Student’s t test). (G) Micro-CT analysis of bone
structure comparing mCherry and mCherry-hM4Di groups after inhibition
of SOM neurons. The reduced-bone mass phenotype was arrested in the
mCherry-hM4Di group. (H) Micro-CT analysis of BV/TV, TbN, Tb.Sp, and
Conn.D in the mCherry and mCherry-hM4Di groups. Values represent mean
+SD (n =7 per group; *P < 0.05, **P < 0.01; Student’s t test).

groups (Supplemental Figure 12F), but were both lower than pre-
stress levels. Eight weeks after chronic stress, bone structure was
evaluated, and mice in the Adrb2 7~ group had a phenotype with
a larger bone mass than the control group (Supplemental Figure
12G): BV/TV ratio was 25% higher and TbN 20% higher in the
stress group than in the control group, accompanied by 10% lower
Tb.Spinthe Adrb2, 7" thanin the control group (Supplemental Fig-
ure 12H), suggesting that osteoblastic expression of p,-adrenergic
receptors was necessary for the stress-induced bone loss. Collec-
tively, these data consistently demonstrate that NE and B -adrener-
gic receptors in the peripheral sympathetic system relay the BNST-
VMH-NTS neural pathway to modulate stress-induced bone loss.

Discussion

The brain plays an essential role in the integration of cognitive
and emotional neural information to regulate food intake and to
maintain peripheral metabolic homeostasis. A close association
between bone metabolism disturbances and psychiatric disor-
ders, such as anxiety, has been recently reported (1-3); however,
the neural mechanism behind this was unclear. To our knowl-
edge, our study is the first to provide experimental evidence that
the BNST-VMH-NTS neural circuitry can regulate stress-induced
bone loss. We identified a specific group of somatostatin neurons
in the posterior region of the BNST projecting to the VMH that is
responsible for stress-induced bone loss. These results not only
indicate that the GABAergic neural circuitry from the forebrain
to the hypothalamus can exert a fundamental influence on the
homeostasis of bone metabolism, but they also provide a new
central target for therapeutic intervention in stress-induced bone
metabolism disorders.

Stress-related disorders, central molecules, and neural circuitry
regulating bone metabolism. Recent studies have suggested that
mood disorders and neurodevelopmental disorders are close-
ly related to bone metabolism abnormalities. For example, bone
quality is lower among men and women with a history of mood
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disorders (5), and bone development is compromised in children
with the autism spectrum disorders (32). Psychological changes
due to extreme environments, such as prolonged simulated space-
flight, can also lead to bone metabolism disorders (9-11). While
microgravity is an established cause of bone loss during space-
flight, bone formation in astronauts progressively deteriorates
under normal gravity after returning to earth (9). In this study, we
performed a longitudinal study of the effects of chronic stress on
anxiety and bone loss in crewmembers under normal gravity. We
observed significantly raised anxiety scores and continuous ele-
vated levels of NE during the period of chronic stress. Lower bone
mineral density and a continuous low level of bone formation
markers also reflected impaired bone formation during the exper-
iment. Although there were only 4 participants, our longitudinal
data consistently demonstrate that chronic stress in crewmembers
indeed resulted in both decreased bone density and elevated anx-
iety levels under normal gravity.

Previous clinical studies have also demonstrated that high
levels of anxiety in older men but not women may increase their
risk of fracture (33). Older men with probable anxiety have a more
than 4-fold risk of experiencing a fracture (4). Heikkinen et al. also
found that mood and anxiety disorders are associated with low-
er bone mineral density in men (34). In our study, the Self-Rating
Anxiety Scale measurements showed increased scores during
the prolonged stay for 2 of the 3 male participants, but not for the
female participant, which implied that sex might be a factor influ-
encing anxiety levels after the stress.

Central molecules and neuropeptides can play important roles
in the regulation of bone metabolism (35). Leptin inhibits bone
formation through the sympathetic nervous system (14), and orex-
in is a critical regulator of skeletal homeostasis and exerts dual
regulation of bone mass (16). Specific neuronal subtypes and cir-
cuits can also exert influence on the regulation of bone mass (36),
such as AGRP neurons in the arcuate nucleus that regulate bone
mass through the sympathetic nervous system (37). While genet-
ic knockdown of CamKKp and CamKIV in SF1 neurons in the
VMH leads to severe low bone mass (21), serotonin neurons in the
raphe nucleus send axonal projections to VMH SF1 neurons and
promote bone mass through Htr2c receptors on SF1 neurons (15).
These genetic and molecular studies provide useful information
regarding neural molecules that regulate bone mass. However,
until now, studies attempting to dissect the central neural regula-
tion of bone at the circuit level have been scarce and the specific
neural circuits regulating stress and bone mass unclear. We used
an established mouse model to examine the neural circuitry regu-
lating stress-induced bone loss and identified a neural circuit from
the forebrain to the hypothalamus that relayed anxiety informa-
tion and regulated bone mass. Specifically, GABAergic neural pro-
jections in the VMH can regulate anxiety-like behavior and reduce
bone mass. Our systematic study using both human participants
and animal models thus aids further understanding of the neural
mechanism of stress-induced bone loss.

The VMH, an important hypothalamic region, regulates both
behavior and bone metabolism. The VMH is heavily involved in reg-
ulating energy metabolism and glucose homeostasis (38-40). For
example, leptin can directly activate SF1 neurons in the VMH to
regulate normal body weight homeostasis (13), the neural circuit
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Figure 6. The NTS and the sympathetic system are downstream of SOM neuron-mediated stress-induced bone loss. (A) Representative images of the VMH
region with the virus expressing mCherry. Scale bar: 100 pum. (B) Representative image of neural projections in the SolM, a subregion of the NTS, receiving projections
from SF1 neurons in the VMH. Scale bars: 100 pm (left), 50 um (right). (C) Immunostaining of Vglut2 in the SolM region of the NTS. Scale bar: 50 um. (D) Schematic
showing viral genetic tracing of the connection of the BNST-VMH-NTS pathway using the TRIO method. AAV2-DIO-EGFP-TVA+DIO-RVG virus was injected into the
VMH region, and RV-EnvA-AG-dsRed virus into the NTS, of SF1-Cre mice. (E) Representative images showing the labeled SF1 neurons in the VMH, SF1-projecting
neural terminals in the NTS (arrowheads), and input neurons in the BSTLP region (arrows). (F) Schematic showing silencing of Vglut2 neurons innervated by SF1
neurons using the DREADD technique. AAV1-DIO-FLP virus was injected into the VMH region, and AAV-fDIO-hM4Di-eYFP virus into the NTS, of Vglut2-Cre mice.
(G) Micro-CT analysis of bone structure of the eYFP and eYFP-hM4Di groups after inhibition of the Vglut2 neurons. A significant low-bone mass phenotype was
observed in the hM4Di group. (H) Micro-CT analysis of BV/TV, TbN, Tb.Sp, and Conn.D in eYFP and hM4Di groups. Values represent mean + SD (n = 5 per group; *P
< 0.05; Student’s t test). (I) Immunostaining of tyrosine hydroxylase (TH) in bone and bone marrow. Positive signals were observed in both bone and bone marrow
(arrows). Scale bars: 100 um. (J) Expression of hM4Di-mCherry on TH-positive nerve fibers in bone marrow of TH-Cre mice. Scale bar: 10 um. (K) Micro-CT analysis of
BV/TV, TbN, Tb.Sp, and Conn.D in TH-Cre and TH-Cre+hM4Di groups. Values represent mean + SD (n = 5 per group; *P < 0.05; Student’s t test).

from the parabrachial nucleus to the VMH controls counterreg-  SFl-expressing neurons in the VMH increase energy, but decrease
ulatory responses to hypoglycemia (20, 41), and serotoninergic ~ bone density (24), suggesting that the heterogeneous or distinct
projections from the raphe nucleus to the VMH regulate SF1neu-  neuronal circuits in the VMH mediate the disparate effects of reg-

rons to promote bone accrual (15). In addition, AP1 alterations in ~ ulating bone homeostasis and energy metabolism.
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The VMH also plays an important role in emotional state,
and the dorsomedial part of the VMH (VMHdm) is selective-
ly involved in predator fear (18). Ablation of SF1 neurons in the
VMHdm attenuates both innate and learned defensive behaviors
(42), and activation of SF1 neurons in the VMHdm can induce
defensive-like motor and autonomic responses (23). Serotonin
receptors on VMH neurons contribute not only to the regulation
of bone metabolism (15), but also to generalized anxiety (43).
In addition to these findings, we show that the link between
stress-induced anxiety and bone regulation occurs at the level of
the VMHdm. Indeed, our findings show that the activation of the
GABAergic neural projections in the VMHdm not only increased
anxiety levels, but also led to lower bone mass, thus revealing
that GABAergic neural projections in the VMHdm are an import-
ant link between anxiety-like behavior and bone metabolism. We
believe this study is the first to show that convergent regulation
of bone mass and stress is integrated in the GABAergic circuit in
the VMHdm; and it provides evidence that psychiatric disorders,
such as anxiety, can induce bone loss through GABAergic neural
projections in the VMH.

Furthermore, VMH is a dimorphic nucleus that plays a crucial
role in sex-based physiological events (44). For instance, some
VMH neurons express estrogen receptors, which could be acti-
vated by sex hormones, mediating mating, attacking, and social
behaviors (45). Frankfurt and colleagues found that the VMH
has different neurotransmitter concentrations (GABA and gluta-
mate) during the developmental stage of estrus in females, where-
as males show stable GABA and glutamate concentration in this
nucleus (46). All these studies suggested the disparate function
and regulatory role of the VMH in male and female mice. Based
on this evidence, we chose only male mice to investigate the neu-
ronal mechanism of stress-induced bone loss in the current study.

A GABAergic neural circuit involving the BNST uses somatostatin
neurons to regulate stress and bone loss. The BNST is an important
brain region in the regulation of stress and anxiety (28). Specific
excitatory and inhibitory neuron types in the BNST can use dis-
tinct neural pathways to integrate and process aversive stimula-
tion (47). The BNST also serves as a key relay connecting forebrain
structures to hypothalamic and brainstem regions that regulate
feeding in addition to autonomic and neuroendocrine functions
(48, 49). The GABAergic inhibitory synaptic input from the BNST
to the lateral hypothalamus can suppress local glutamatergic neu-
rons to control food intake (50). In the hypothalamus, both local
and long-range GABAergic projections play important roles in reg-
ulating behaviors and metabolism (51-53). Our electrophysiologi-
cal recordings and viral tracing methods show that the activation
of GABAergic neural projections from the BNST to the VMHdm
canrelease GABA to inhibit SF1 neurons; this long-range GABAer-
gic axonal projection plays an important role in regulating both
anxiety-like behavior and bone loss.

We identified a specific population of SOM neurons in the
lateral posterior region of the BNST that sends GABAergic neu-
ral projections to the VMH. Importantly, the specific activation
of the GABAergic output of these SOM neurons induced both
anxiety-like behavior and bone loss in the absence of stressors.
Somatostatin-expressing GABAergic neurons constitute a major
class of inhibitory neuron in different regions of the brain (54)
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and are important in anxiety and neuroendocrine function. For
example, enhanced activity of SOM neurons in the dorsal BNST
drives elevation of anxiety (55), global dysfunction of SOM neu-
rons contributes to altered neuroendocrine function and to aber-
rant inhibitory neurotransmission (56), and SOM neurons in
the hypothalamic arcuate nucleus and tuberal nucleus control
energy balance and feeding (57, 58). In this study we found that
activation of a newly discovered population of SOM neurons in
the lateral posterior BNST led to decreased bone mass, and that
inhibition of this population of neurons, coupled with anxiety, led
to lower anxiety and bone loss than that observed without neural
inhibition. These data systematically reveal how SOM neurons in
a specific BNST region and its GABAergic output are both indis-
pensable for and able to drive stress-induced bone loss.

The NTS and sympathetic nervous system form a central relay
in regulation of bone mass. Periosteum, cortical bone, and bone
marrow are all richly innervated by both sympathetic and senso-
ry nerve fibers (59, 60). Using virus-based transneuronal tracing
from murine bone marrow, we found that neurons in certain brain
nuclei, such as the BNST, VMH, and downstream NTS, were ret-
rogradely labeled, thus providing anatomical evidence of central
neural control of bone mass. As relays of the CNS, both the sen-
sory and sympathetic nervous systems are crucial in regulating
bone homeostasis and metabolism (61-63). For example, senso-
ry nerves in the peripheral cortical femur that express calcitonin
gene-related peptide (CGRP) enhance osteogenic differentiation
of osteoprogenitor cells (64). The sympathetic nervous system
plays important roles in the regulation of bone metabolism (14),
and sympathetic tone signals in osteoblasts can inhibit CREB
phosphorylation to decrease osteoblast proliferation (61). Our
study shows that the sympathetic neurotransmitter norepineph-
rine (NE) was significantly higher in the anxiety and SOM-ChR2
groups, suggesting elevated sympathetic tone following activation
of the BNST-VMH neural projections.

We observed that SF1 neurons send direct axonal projec-
tions to a specific region of the NTS, which regulates the activity
of the sympathetic nervous system. To further investigate the
role of the NTS in relaying the information, we used a TRIO
experiment to confirm the BNST-VMH-NTS neural pathway.
We then selectively inhibited Vglut2 neurons in the NTS that
are specifically innervated by SF1 neurons using the DREADD
technique to confirm the function of Vglut2 neurons in the NTS
during stress-induced bone loss. Higher levels of NE and low-
er bone mass and bone structure in the hM4Di group suggest
that Vglut2 neurons in the NTS were indeed employed by SF1
neurons to mediate stress-induced bone loss. Our data thus ver-
ify that the NTS is downstream of the BNST-VMH circuitry and
necessary for SOM neuron-induced bone loss. Along with the
increased bone density after specific inhibition of TH-positive
nerve fibers in bone, our data consistently indicate that acti-
vation of BNST-VMH neural projections can induce bone loss
through the sympathetic nervous system and NE.

In summary, we have uncovered a GABAergic neural circuit
from the forebrain to hypothalamus that is used in the regula-
tion of chronic stress-induced bone loss, and have also revealed
a population of somatostatin neurons in the posterior region of
the BNST that had not been previously implicated in bone mass
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regulation. We showed that Vglut2 neurons in the NTS and the
peripheral sympathetic system were employed by this BNST-VMH
neural circuit to regulate stress-induced bone loss. Our findings,
therefore, not only identify the underlying central neural mech-
anism of stress-induced bone loss at the circuit level, but also
provide a central target for therapeutic interventions in stress-in-
duced bone metabolism disorders.

Methods

Further details on methods can be found in Supplemental Methods.
Animals. All animals were housed at 22°C-25°C on a circadian
12-hour light/12-hour dark cycle (lights on at 7 am and off at 7 pm)
with ad libitum access to food and water. All animals used in this
study were male, and all bone analysis was performed on mice at 6
months old, whereas 2-month-old mice were used for electrophysi-
ological recording except in certain circumstances. SF1-Cre, GAD2-
ires-Cre, PV-Cre, SOM-Cre, CCK-Cre, Vglut2-Cre, TH-Cre, VGAT-
ChR2-¢YFP, and OC-Cre mice (Jackson stock 012462, 010802,
008069, 013044, 011086, 016963, 008601, 014548, and 019509)
were obtained from The Jackson Laboratory. SERT-Cre (Jackson
stock 014554) were donated by Minmin Luo and Peng Cao of the
National Institute of Biological Sciences, Beijing, China. Adrb2-
floxed mice (TO06600) were purchased from GemPharmatech
Co. Ltd. (Jiangsu, China). Adult male C57BL/6 mice (6-8 weeks)
were purchased from Guangdong Medical Laboratory Animal Cen-
ter (Guangzhou, China). All transgenes were used as homozygotes,
except in certain circumstances. Mouse experiments were per-
formed during the light cycle. No animals were involved in any pre-
vious studies, and they were sacrificed during the light cycle.
Human participants. Three male participants and 1 female partic-
ipant (Chinese, aged 23-45 years) were selected as the 180-day Con-
trolled Ecological Life Support System (CELSS) crew after consideration
of psycho-physiological health, occupational background, age, and sex.
180-day CELSS-integrated experiment. A 180-day CELSS-inte-
grated experiment was implemented to simulate a space residence
to prepare for future deep-space exploration. It lasted for 180 days,
from June 17, 2016, to December 14, 2016. The experimental facili-
ty was located in the Space Institute of Southern China, Shenzhen,
China. The 180-day CELSS crew lived in this spaceship-like habi-
tat with continuous temporal and spatial isolation, realistic mission
activities, and other important special conditions of a space station.
Bone mineral density was determined once before (day 0) and once
after (day 180) the experiment by dual-energy x-ray absorptiome-
try. The Self-Rating Anxiety Scale (SAS), which focuses on the most
common general anxiety disorders, was used to measure crewmem-
ber anxiety levels. Immediately before and during the mission,
crewmembers filled out several computerized SAS questionnaires
and rating scales. There were 20 questions, 15 pertaining to increas-
es in crewmember anxiety levels and 5 pertaining to decreases in
anxiety levels. The 4 crewmembers indicated their current anxi-
ety status by responding to all questions using a 4-point scale from
“none of the time” to “most of the time.” Physical activity level was
monitored on a monthly basis.
Unpredictable chronic mild stress model. C57BL/6, SOM-Cre, SERT-
Cre, or OC-Cre mice were exposed to environmental stressors for 8
weeks. The following stressors were applied: (a) tight squeeze for 2
hours, where 4 mice were housed in a relatively small box (3 cm x 5
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cm x 7 cm); (b) wet environment for 6 hours, where water was added
to home cages to moisten bedding to dampen without generating large
pools; and (c) high-elevation stress, where mice were placed on a plat-
form raised 100 cm above floor height for 2 hours. Stressors were ran-
domized and counterbalanced such that each mouse received the same
number of each stressor across consecutive days for the duration of 8
weeks. Efficacy of the induced-anxiety procedures was confirmed by
animal behavior studies detailed in Supplemental Methods.

Statistics. Experiment data are expressed as the mean + SD of the
number of tests stated. Statistical comparisons were made using either
2-tailed Student’s ¢ test or ANOVA followed by Bonferroni’s multi-
ple-comparisons post hoc test, as indicated in the figure legends. All
the statistical tests were performed using the StatView (version 10.0,
SPSS) program package or Prism 7.0 software (GraphPad Software). A
Pvalue of less than 0.05 was considered statistically significant.

Study approval. All animal experiments and procedures were
carried out in accordance with protocols approved by the ethics com-
mittee of the Shenzhen Institutes of Advanced Technology, Chinese
Academy of Sciences. The human study of this research was conduct-
ed in accordance with the principles expressed in the Declaration of
Helsinki. The ethical committee of the China Astronaut Research and
Training Center reviewed and approved the 180-day study, and all
crewmembers gave written informed consent.
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