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Down-regulation of habenular
calcium-dependent secretion
activator 2 induces despair-like
behavior

Hyeijung Yoo%2*, Soo Hyun Yang'?%*, Jin Yong Kim?, EstherYang'2, Hyung Sun Park?,
Se Jeong Lee?, Im Joo Rhyu?, Gustavo Turecki®, Hyun Woo Lee®?** & Hyun Kim%2*

Calcium-dependent secretion activator 2 (CAPS2) regulates the trafficking and exocytosis of
neuropeptide-containing dense-core vesicles (DCVs). CAPS2 is prominently expressed in the

medial habenula (MHb), which is related to depressive behavior; however, how MHb neurons cause
depressive symptoms and the role of CAPS2 remains unclear. We hypothesized that dysfunction of
MHb CAPS neurons might cause defects in neuropeptide secretion and the activity of monoaminergic
centers, resulting in depressive-like behaviors. In this study, we examined (1) CAPS2 expression in the
habenula of depression animal models and major depressive disorder patients and (2) the effects of
down-regulation of MHb CAPS2 on the animal behaviors, synaptic transmission in the interpeduncular
nucleus (IPN), and neuronal activity of monoamine centers. Habenular CAPS2 expression was
decreased in the rat chronic restraint stress model, mouse learned helplessness model, and showed
tendency to decrease in depression patients who died by suicide. Knockdown of CAPS2 in the mouse
habenula evoked despair-like behavior and a reduction of the release of DCVs in the IPN. Neuronal
activity of IPN and monoaminergic centers was also reduced. These results implicate MHb CAPS2 as
playing a pivotal role in depressive behavior through the regulation of neuropeptide secretion of the
MHb-IPN pathway and the activity of monoaminergic centers.

Neuropeptides are essential for a wide range of brain functions and they play critical roles in modulating neu-
ronal activity'. For neuropeptides, various calcium-sensing molecules mediate their secretion. In case of the
calcium-dependent secretion activator (CAPS; also known as CADPS), it is known to promotes exocytosis of
the dense-core vesicles (DCVs) containing neuropeptides with a mechanism involving the tethering of DCVs
to the plasma membrane via interaction with phosphatidylinositol 4,5-bisphosphate and SNARE proteins®.

In vertebrates, there are two types of CAPS (CAPS1 and CAPS2) and they are expressed in a developmental
and tissue-specific manner>®. CAPSI is distributed throughout the central nervous system, but CAPS2 is con-
centrated in the medial habenula (MHb), cerebellum, cerebrum, and hippocampal areas>®. For the CAPS2 KO
mice, there were deficits in the release of brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3)
in the cerebellum, resulting in abnormal cerebellar development and function’~. In the hippocampus, for the
CAPS2 KO mice, DCVs accumulated in the presynaptic bouton, leading to impaired adult neurogenesis and
development of GABAergic interneuron network!%-12. The CAPS2 KO mice manifest decreased social interac-
tion with cage mates, a hyperactivity in the home cage, a reduction in exploring, and increased anxiety in novel
environments. They also display an aberrant circadian rhythm and exhibit maternal neglect that together indicate
autistic-like phenotypes®. In depression-related paradigms, CAPS2 KO mice were also more immobile in the
forced swim test (FST), indicating increased despair-like symptoms'2.

The habenula is divided into medial and lateral regions with the MHD being subdivided into dorsal MHb
(MHbD) and ventral MHb (MHbV) regions. The MHbD expresses tachykinin 1 (TAC1) gene encoding substance
P, neurokinin A; the MHDbV expresses choline acetyltransferase (CHAT) gene, encoding choline acetyltransferase.
Both MHbD and MHbV expresses TAC2 gene that encodes neurokinin B'*!*, with the MHbV and MHbD
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projecting to the medial and lateral parts of the interpeduncular nucleus (IPN), respectively'>'¢. Most of the input
to the IPN are from the MHb'>", and glutamatergic and cholinergic inputs from MHb project onto IPN neurons
which are predominatly GABAergic'®'°. The MHD also contains numerous neuropeptides such as tachykinins,
VGE, neuropeptide Y, and secretogranin 1-3?°, and CAPS2 is expressed in both MHbD and MHbV>%2!. In this
setting, CAPS2 may play a pivotal role in secretion of MHb neuropeptides.

Many previous studies have reported a relationship between the MHb and depressive behavior with MHbD-
lesioned mice showing increased latency to escape, persistence of escape-response after learned helplessness, and
displaying anhedonia-like behavior**?’. Down-regulation of CHAT in the MHbV also induced depression-like
behavior, a decreased sucrose consumption in sucrose preference test (SPT), with no change in FST. By chemo-
genetic stimulation in this area with designer receptors exclusively activated by designer drugs (DREADD),
neuronal activity in the monoaminergic centers was altered, including that of the ventral tegmental area (VTA)
and the dorsal raphe nucleus (DRN)*.

As MHD is related to neuropsychiatric symptoms?, we hypothesized that decreased CAPS2 expression in
the MHb might affect neuropeptide signaling and lead to depressive behavior. In the present study, we identified
the distribution of CAPS2 in the MHD and its role in depression-related behavioral symptoms. CAPS2 gene was
down-regulated in animal models of depression, and selective knockdown of CAPS2 in the MHD induced the
despair-like behavior, which may be associated with dysregulation of DCV exocytosis reducing the neuronal
activity of the IPN and monoaminergic neurons.

Results

Down-regulation of CAPS2 mRNA seen in the habenula of the animal models of depres-
sion. We previously measured the mRNA levels of the target genes in the habenula of chronic restraint stress
(CRS) animal model of depression and postmortem brain samples of MDD patients**. We found that CAPS2
mRNA expression was significantly reduced in the habenula of CRS rats compared with those of non-stressed
(NS) rats (n=4 for each group, Mann-Whitney U-test; NS vs. CRS expressed as fold change: 1.00+0.14 vs.
0.61+0.09, P=0.029; Fig. 1a) and CAPS2 protein levels in the IPN, a direct downstream of the MHb, also
showed a tendency to decrease, being 53.8% of control, as shown via Western blotting (Supplementary Fig-
ure S1). CAPS2 mRNA level was also decreased in mice exposed to inescapable electric foot shocks induc-
ing learned helplessness (LH) as compared with control mice (n=6 for each group, Student’s ¢-test; CON vs.
LH expressed as fold change: 1.00+0.46 vs. 0.52+0.38, T, =2.285, P=0.038; Fig. 1b). In addition, CAPS2
mRNA levels in postmortem habenula samples of depressive patients tended to decrease, being 73% of non-
depressed controls (CON, n=11; MDD, n=12; Student’s ¢-test; fold change for CON vs. MDD suicides: for
CAPS2,1.00+0.73 vs. 0.73£0.42, T5;y=1.111, P=0.279; for CAMK2B, 1.00+0.38 vs. 1.11+0.38, T{5;,=-0.714,
P=0.483; Fig. Icand d).

To characterize the MHb CAPS2-expressing cells, RNAscope assay was performed using the markers of
MHb comprising cells (TAC1, CHAT, TAC2) and glutamatergic excitatory neurons (VGLUT1). In this analysis,
CAPS2 was expressed in the substance P-ergic neurons in the MHbD (TACI1-positive; 67% of MHbD CAPS2
cells; Fig. 1e) and the cholinergic neurons of the MHbV (CHAT-positive; 90.8% of MHbV CAPS2 cells; Fig. 1f).
TAC2, which is expressed throughout the MHD, colocalized with CAPS2 (87.6% of MHb CAPS2 cells, Fig. 1g).
CAPS2 signals also colocalized with VGLUT1 in the MHb (89.5% of MHb CAPS2 cells, Fig. 1h). These results
suggest that CAPS2-expressing cells are also glutamatergic, cholinergic, and tachykinin-releasing neurons.

MHb CAPS2 knockdown evokes despair-like behavior. We next investigated whether the selective
suppression of the MHb CAPS2 expression induced depression-related behaviors. We generated viral vectors to
express small interfering RNA (siRNA) targeting the CAPS2 transcript. After testing three CAPS2 knockdown
viral vectors in vitro, we selected a sh-CAPS2 that reduced endogenous CAPS2 expression by 50% (Supplemen-
tary Table S1). We then injected either adeno-associated virus 2/9 (AAV2/9) containing sh-CAPS2 (KD) or
control with empty target sequence (CON) into the mice MHDb by stereotaxic injection and checked for injection
site (Fig. 2b-d). After 2 weeks of injection, behavior tests were done and the expression levels of CAPS2 in the
region of interest were assessed (Fig. 2a). Compared with control, the siRNA specifically targeting the CAPS2
transcript effectively reduced CAPS2 protein and mRNA levels (Supplementary Figure S2).

We then evaluated the effects of a MHb-specific CAPS2 knockdown on depression- and anxiety-like behavio-
ral phenotypes. Interestingly, the MHb CAPS2 knockdown resulted in an increased immobility time in both the
tail-suspension test (TST) and FST (CON, n=26; KD, n=29; Student’s ¢-test; CON vs KD in TST: 90.19 + 38.45
vs. 125.69 +28.96, T(s3,=-3.891, P<0.001; FST: 114.23 +33.64 vs. 144.48 +27.59, T(53=-3.661, P=0.001; Fig. 2e
and f). However, there was no effect in daily fluid consumption normalized to body weight (CON, n=18;
KD, n=20; Student’s t-test; water plus sucrose solution (g/day) /body weight(g): 0.20+0.028 vs. 0.20 +0.018,
T35 =-0.475, P=0.637; Fig. 2g) and sucrose preference (CON, n=18; KD, n = 20; Student’s ¢-test; percentage of
the sucrose solution consumed in total fluid intake: 0.83 +0.08 vs. 0.83+0.17, T35 =0.137, P=0.892; Fig. 2h)
in SPT, showing no effect on anhedonia-like behavior. Reduced expression of CAPS2 in the MHb did not alter
the total distance moved in the open field test (OFT) and elevated zero maze (EZM), implicating no changes in
locomotion (Supplementary Figure S3). Time spent in the central area/open arm, the number of center/open
arm visits (CON, n=26; KD, n=29; Student’s t-test; OFT, frequency to center: 58.04 £ 16.94 vs. 57.59+17.96,
T(s3y=0.096, P=0.924, OFT, center time: 77.06 +25.37 vs. 84.52+35.48, T s3,=-0.888, P=0.379; EZM, frequency
to open arm: 14.50 £ 6.96 vs. 15.00 £ 8.05, T(s;y=-0.245, P=0.807, EZM, time in open arm: 53.73£29.30 vs.
53.11£31.70, T(53=0.073, P=0.942; Fig. 2i-1), and latency to first visit of a central area/open arm indicating
anxiety-like phenotypes were also not changed (Supplementary Figure S3). To further examine the stress-induced
anxiety levels, the novelty-suppressed feeding test was performed (Supplementary Figure S4). Latency to bite food
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Figure 1. CAPS2 gene expression in the animal models of depression, MDD patients, and identification of
CAPS?2 expressing cells. (a-d) qRT-PCR analysis showed that the CAPS2 mRNA expression level decreased in
the habenula of rats exposed to CRS (a), mice exposed to electric shock (b). CAPS2 mRNA expression showed
a tendency to decrease in the habenula of MDD patients who died by suicide (c and d). CAMK2B levels did not
show any difference between the two groups. The relative abundances of mRNA were normalized to the amount
of GAPDH using the comparative threshold cycle method. (e-h) Photomicrographs of the double-labeled
fluorescent in situ hybridization for CAPS2, TACI1, TAC2, CHAT, and VGLUT1. Antisense riboprobe-labeled
were for CAPS2/TACI (e), CAPS2/CHAT (f), CAPS2/TAC2 (g), and CAPS2/VGLUT]1 (h). These genes were
co-expressed in the MHb. Data represent mean + SEM, *P<0.05 (a, NS, n=4; CRS, n=4 rats; P=0.029, Mann-
Whitney U-test; b, CON, n=8; LH, n=_8 mice; P=0.038, ¢, d, CON, n=11; MDD, n=12 subjects; CAPS2:
P=0.279; CAMK2B: P=0.483; Student’s t-test; Scale bars, 200 pm; 10 pm in the magnified image).

pellets and the amount of food consumed after the test did not differ between the groups. As CAPS2 KO mice
have manifested autism-like behavior®, we next examined the social interaction in the MHb CAPS2 knockdown
mice. There was also no significant difference in the social interaction ratio between control and MHb CAPS2
knockdown mice (Supplementary Figure S4). Together, these data suggest that selective reduction of MHb CAPS2
protein induces despair-like behavior, but not anxiety, anhedonia, and social dysfunction.

MHb CAPS2 knockdown leads to accumulation of presynaptic dense-core vesicles in the
IPN. It is known that the major output of the MHb connects to the IPN through fasciculus retroflexus'>*.
Since CAPS2 is well-known in regulating DCV exocytosis, we examined the IPN to observe the ultrastructural
effect of MHb CAPS2 knockdown using transmission electron microscopy. Areas of presynaptic bouton and
length of postsynaptic density did not differ between the two groups (n=4 for each group; Mann-Whitney
U-test; area of presynaptic bouton: 0.91+0.25 um? vs. 1.07+0.13 pm?, P=0.486; postsynaptic density length:
0.60+0.07 pm vs. 0.62+0.08 um, P=1.000; Fig. 3a—c), but DCV number and DCV density both increased in
MHb CAPS2 knockdown mice compared with control mice (n=4 for each group; Mann-Whitney U-test; DCV
number: 0.67 £0.19 vs. 2.17 £0.76, P=0.029; DCV density, DCV number per pm? of the presynaptic bouton:
0.80+0.22 vs. 2.19+0.80, P=0.029; Fig. 3a, d, and e). The number of synaptic vesicles (SV) and density of SV
showed a slight tendency to increase, but without a significant difference between the two groups (n=4 for each
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Figure 2. Effects of CAPS2 knockdown in the MHDb on anxiety- and depression-like behaviors. (a) Experimental paradigm for
behavioral testing of mice infected with the virus. (b) Schematic representation of the AAV vector engineered to induce CAPS2
knockdown. (c) GFP expression of AAV-sh-vehicle (CON) or AAV-sh-CAPS2 (KD) after 4 weeks of injection. Scale bars, 100 um. (d)
Diagram showing viral spread in the mouse brain. (e-1) Despair-like symptom and anhedonia-like symptom were examined by the
tail-suspension test (TST, e), forced swim test (FST, f), and sucrose preference test (SPT, g and h). Behavioral effects of expressing AAV-
sh-CAPS2 in the MHb on anxiety levels were performed in the open field test (OFT, i and j) and the elevated zero maze test (EZM,
k and 1) and analyzed with Ethovision XT 12. AAV-sh-CAPS2 (KD) injected group showed increased immobility time in TST and
FST, indicating despair-like symptoms, but no difference in anxiety-like and anhedonia-like symptom. Data represent mean + SEM,
**P<0.01, **P<0.001 (e-f, i-1; CON, n=26; KD, n=29 mice; TST: P<0.001; FST: P=0.001; OFT, frequency to center: P=0.924, OFT,
center time: P=0.379; EZM, frequency to open arm: P=0.807, EZM, time in open arm: P=0.942; g and h; CON, n=18; KD, n=20
mice; SPT, fluid consumption: P=0.637, SPT, sucrose preference: P=0.892; Student’s ¢-test).
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Figure 3. DCVs are accumulated in IPN of MHb CAPS2 knockdown mice. (a) Representative electron
micrographs of IPN slices from the mice injected with AAV-sh-vehicle (CON) or AAV-sh-CAPS2 (KD). Closed
arrowheads indicate DCVs. (b-g) MHb CAPS2 knockdown effect in IPN synapses was examined by measuring
the area of presynaptic bouton, PSD length, DCV, SV number, and density. Decreased CAPS2 expression in the
MHD led to increased DCV number and density in the IPN. Data represent mean + SEM, *P <0.05 (CON, n=4;
KD, n=4; 50 synapses counted and averaged per mice; presynaptic area: P=0.486; PSD length: P=1.000; DCV
number: P=0.029; DCV density : P=0.029; SV number: P=0.200; SV density: P=0.686; Mann-Whitney U-test;
Scale bars, 1 pm).

group; Mann-Whitney U-test; SV number: 40.86+11.20 vs. 53.20+11.77, P=0.200; SV density: 55.83 +9.96 vs.
62.24+13.31, P=0.686; Fig. 3a, f, and g). This implied that the CAPS2 reduction impairs DCV exocytosis and
leads to accumulation of DCVs in the MHD terminals in the IPN.

MHb CAPS2 knockdown affects c-Fos and p-ERK levels in the IPN.  Since DCVs accumulate in syn-
aptic bouton of the MHb in the IPN by down-regulation of MHb CAPS2, we measured c-Fos and p-ERK levels
as neuronal activity markers in the IPN using Western blot and immunohistochemistry (IHC). In Western blot
analysis using IPN lysates containing the presynaptic components derived from the MHb, CAPS2 protein levels
were decreased in the knockdown group (n=5 for each group, Mann-Whitney U-test; CAPS2: 1.00+0.33 vs.
0.41+0.20, P=0.016; Fig. 4a and b). Protein levels of c-Fos and p-ERK in the IPN were also decreased, without
affecting expression of total ERK (n=5 for each group, Mann-Whitney U-test; c-Fos: 1.00+0.39 vs. 0.34+0.13,
P=0.016; p-ERK: 1.00+0.16 vs. 0.57 £0.16, P=0.008; ERK: 1.00+0.15 vs. 0.79 £0.24, P=0.222; Fig. 4a and c-e).
From THC, the number of c-Fos-positive cells was also decreased in MHb CAPS2 knockdown mice (n=6 for
each group, Student’s t-test; c-Fos-positive cells: 8.17 +3.56 vs. 3.83+2.78, T(;5)=-2.351 P=0.041; Fig. 4f and g).
These results suggest that presynaptic accumulation of DCV leads to decreased IPN neuronal activity.

Scientific Reports |

(2021) 11:3700 | https://doi.org/10.1038/s41598-021-83310-0 nature portfolio



www.nature.com/scientificreports/

GFP-tag
(27 kD)

CAPS2
(150 kD)

p-ERK
(42144 kD)

ERK
(42/44 kD)

c-Fos
(62 kD)

B-actin

(43 kD) |

CON KD b CAPS2 Cc c-Fos
Wr 1 2 3 4 5 1 2 3 4 5 R . 201 :
g — 3 -
2 1.5 2 1.54
L e — — Doy G = £ :
» 2_1.0- —1 2 1.0 a_—
T e
o~ |} 2
2 0.5 g 0.5 u
.5 . 0.5
G s e S SR ey S % ) -B';
o W e e s - L]
0.0 +—7— — 0.0-
8 o £ o
S XS S IS
W — W — — —— —
W G S G Cum— R, W ————  —
d p-ERK e ERK
s e T -
o e
g1 b 210{F =
D 3
o & — g_ ' 'g %
X 0.5 E. < 0.5 B
w u 74
é_ w
- - oo G oy o G =S TGO e 0.0 ool—qpm
> o > o
’ = Y £ © NN

151

10+

c-Fos(+) cells in IPN

Figure 4. CAPS2 knockdown in the MHDb leads to decreased neuronal activity in the IPN. (a) Western blot
analysis from the IPN tissue of MHb AAV-sh-vehicle (CON) or AAV-sh-CAPS2 (KD) injected mice. (b-e)
Western blot band intensity for CAPS2, c-Fos, p-ERK, ERK. AAV-sh-CAPS2 (KD) virus injection reduced the
CAPS?2 protein levels in IPN and diminished c-Fos and p-ERK protein levels. Uncropped images are presented
in Supplementary Figure S5. (f and g) Representative immunohistochemistry image (f) and c-Fos-positive cell
number (g) in IPN of control and MHb CAPS2 knockdown mouse. The number of c-Fos-positive cells was
decreased in the MHb CAPS2 knockdown group. Data represent mean = SEM, *P <0.05, **P<0.01 (WB, CON,
n=>5; KD, n=5 mice; CAPS2: P=0.016; c-Fos: P=0.016; p-ERK: P=0.008; ERK: P=0.222; Mann-Whitney
U-test; IHC, CON, n=6; KD, n=6; P=0.041, Student’s ¢-test; Scale bars, 100 pm).

MHb CAPS2 knockdown alters neuronal activity in the monoamine centers. Monoaminergic
centers, including VTA and DRN, are important structures for mood-related behaviors. Recent findings have
shown that activating VTA dopamine neurons produce reward, and inhibiting VTA dopamine neurons generate
despair-like symptoms* 2. VTA receives serotonergic and glutamatergic input from DRN***', which affects the
response to reward**-**. As MHb CAPS2 knockdown mice present despair-like symptoms, we thought that neu-
ronal activity in the VTA would differ between the knockdown and control groups. The THC analysis revealed
that indeed c-Fos-positive cell numbers in the VTA were significantly decreased in knockdown mice (n=6 for
each group, Student’s ¢-test; c-Fos-positive cells: 53.33+8.38 vs. 17.61+8.09, T(;p)="7.511, P<0.001; Fig. 5a and
b). In addition, the number of tyrosine hydroxylase (TH)/c-Fos double-positive cells was significantly decreased
in MHb CAPS2 knockdown mice, meaning decreased dopaminergic neuronal activity in the VTA (n=6 for each
group, Mann-Whitney U-test; TH/c-Fos double-positive cells: 7.11+2.51 vs. 1.28 £0.61, P=0.002; Fig. 5a and
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Figure 5. CAPS2 knockdown in the MHb induces altered neuronal activity in the VTA and the DRN. (a)
Photomicrographs of VTA immunohistochemistry slices from mice injected with AAV-sh-vehicle (CON) or
AAV-sh-CAPS2 (KD). MHb CAPS2 knockdown reduced c-Fos positive cells (red) in the VTA neurons. (b
and c) C-Fos-positive cell counts and c-Fos/TH double-positive cell counts in VTA. (d) DRN slices from mice
injected with AAV-sh-vehicle (CON) or AAV-sh-CAPS2 (KD) were used for immunohistochemistry. (e and
f) c-Fos-positive cell count in DRN was reduced in the knockdown group, but c-Fos/TPH double-positive
cell count showed no significant difference. (g and h) C-Fos/CAMK2B double-positive cells were reduced in
DRN of the knockdown mouse. Data represent mean + SEM, *P<0.05, **P<0.01, **P<0.001 (CON, n=6;
KD, n=6 mice; b, Student’s t-test, P<0.001, ¢, Mann-Whitney U-test, P=0.002; Scale bars, 200 pm; 50 pm in
the magnified image, 3 sections per mouse is averaged. e and f, Student’s t-test, c-Fos: P=0.049, c-Fos/TPH:
P=0.121 each; Scale bars, 200 um; 50 pum in the magnified image, h, Student’s ¢-test, P=0.007; Scale bars,

50 um).

¢). We also examined neuronal activity changes in the DRN, another major monoaminergic center. The c-Fos-
positive cell numbers in the DRN were decreased in the MHb CAPS2 knockdown mice (n=6 for each group,
Student’s ¢-test; c-Fos-positive cells: 42.83+13.35 vs. 23.11£16.91, T ;4=2.242, P=0.049; Fig. 5d and e). How-
ever, tryptophan hydroxylase 2 (TPH2)/c-Fos double-positive cells were scant in both groups and did not show
any significant differences (n=6 for each group, Student’s t-test; TPH2/c-Fos double-positive cells: 4.22 +1.53 vs.
2.39+2.16, T10)=1.694, P=0.121; Fig. 5d and f). A reduced number of c-Fos positive cells in the DRN is associ-
ated with decreased activity in non-serotonergic neurons. The number of c-Fos-positive glutamatergic neurons
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was found to be significantly lower in MHb CAPS2 knockdown than in controls (n=6 for each group, Student’s
t-test; CAMK2B/c-Fos double-positive cells: 30.33 +14.73 vs. 8.00+7.12, T, = 3.342, P=0.007; Fig. 5g and h).

Discussion

In this study, we demonstrated that a down-regulation of CAPS2 protein in the MHb leads to an increase in the
despair-like symptom, one of the core symptoms in the diagnosis of major depressive disorder®>. CAPS2 expres-
sion level is decreased in the CRS rat model, LH mice model of depression, and tended to decline in human
MDD, implicating a link for CAPS2 levels in depression. The IPN in MHb CAPS2 knockdown mice manifested
an increase in DCV in the presynaptic bouton and decreased neuronal activity. Notably, c-Fos was reduced in
monoaminergic centers, including the VTA dopamine neurons and the DRN glutamatergic neurons in MHb
CAPS2 knockdown mice.

CAPS2 plays an important role in calcium-dependent synaptic neuropeptide release, and CAPS2 KO mice
have shown decreased release of BDNF and NT-3 in the cerebellum, accumulation of DCVs and decreased
SVs near active zone in the hippocampus, leading to abnormal synaptic structure and function”''2. In the
MHb, CAPS2-expressing cells co-express TAC1 and TAC2 (Fig. le and g), which encode DCV contents such
as substance P, neurokinin A, neuropeptide K, and neurokinin B*. In addition, a recent peptidogenomic study
has reported MHb producing 262 neuropeptides generated from 27 prohormones, such as somatostatin (SST),
neuropeptide Y (NPY), and secretogranin 1-3, etc®.

The IPN receives the majority of afferents from the MHb'>'”, and we confirmed the widespread en passant
projection of MHb AAV-sh-CAPS2 infected axon terminals to the IPN (Fig. 2¢). This finding suggests that the
accumulation of DCV's at the MHb axon terminals is mediated by CAPS2 deficiency in the MHb (Fig. 3a). Con-
sidering that neuropeptides are abundant in the MHb, DCV accumulation at the presynaptic terminals due to
the down-regulation of MHb CAPS2 would eventually interfere with the secretion of numerous neuropeptides
at the MHb-IPN synapses. On the other hand, SV number and density remain unchanged in CAPS2 KD mice,
indicating that the MHb CAPS2 knockdown does not affect exocytosis of SV. As evidenced by the decreased level
of p-ERK, which is a downstream molecule in neuropeptide signaling®®*’, MHb CAPS2 knockdown-mediated
reduction in neuropeptide signaling led to decreased neuronal activity in the IPN.

Xu et al. has reported that the substance P content in rat IPN tissue exposed to chronic mild stress (CMS)
increases®. This CMS-mediated increase of substance P in IPN tissues may be a result of accumulation due
to impaired DCV exocytosis caused by CAPS2 reduction. In the same study, the firing rate of IPN neurons in
response to substance P perfusion was recorded, and the spontaneous activity after substance P perfusion was
increased by approximately 41% of the baseline®®. Since TAC1, a gene producing substance P, is enriched in
MHDbD and the activity of IPN neurons is augmented by substance P, the reduction in c-Fos expression in IPN
neurons by MHb CAPS2 knockdown (Fig. 4) may be partially related to the impaired exocytic release of sub-
stance P, which is consistent with the results of Xu et al.. Although their roles in the habenula are not known for
other neuropeptides, they have been reported to be involved in mood changes such as depression. For example,
SST is significantly decreased in CSF of depressed patients®**, and SST expression is reduced in the anterior
cingulate cortex of MDD patients*!. Also, the disinhibition of SST positive interneurons leads to reduced anxiety
in the elevated plus maze and despair-like behavior in FST*2. In addition, intracerebroventricular injection of
NPY and NPY1R agonist reduced despair-like symptoms in FST*>*4,

The CAPS2 gene has also been reported to be associated with neuropsychiatric symptoms. Aberrant CAPS2
splicing, leading to lack of the complete sequence of exon 3, has been detected in a subgroup of autistic patients.
CAPS2 KO mice also manifested autistic phenotypes, including impaired social interaction, decreased explora-
tory behavior and increased anxiety in a novel environment, plus increased immobility time in FST®!>**. None-
theless, the reduction in CAPS2 expression in the habenula did not show any defects in social interaction (Supple-
mentary Figure S4), and habenula lesions, including both MHb and LHb, also did not affect social interaction?®,
We assume that the despair-like symptom in CAPS2 KO mice is partially due to the lack of habenular CAPS2
function, and the reduction of calcium-dependent docking of DCVs to the plasma membrane in the MHb-IPN
synapses might have prevented neuropeptide signaling and led to decreased neuronal activity in the IPN and
the behavioral change.

It is realized that monoaminergic centers, including VTA and DRN, are important structures in mood-related
behaviors. Inhibition of VTA dopamine neurons using optogenetic tools induce increased despair-like symptom
and stimulation of VTA dopamine neurons rescues despair-like symptom in the mouse CMS model**’. In recent
studies, the release of dual serotonin and glutamate by optical activation from DRN serotonergic neurons pro-
jecting to the VTA led to the release of dopamine in the nucleus accumbens and established conditioned place
preference®. In addition, optogenetic activation of DRN non-serotonergic glutamatergic neurons elicits reward-
related behavior, suggesting that it is glutamatergic transmission that makes up the majority of the DRN-VTA
pathway producing reward-seeking behavior®".

Although there was no significant activity change in DRN serotonergic neurons in MHb CAPS2 knockdown
mice (c-Fos expression of TPH2-positive neurons, Fig. 5d and f), it is notable that glutamatergic neuronal activ-
ity was significantly reduced by MHb CAPS2 knockdown (Fig. 5g and h). Recently, the afferent connections of
the DRN, conveyed by the IPN, were systemically investigated with sensitive tracers, and demonstrated that the
GABAergic neurons of the IPN input into DRN GAD67 expressing neurons'®. Since GABAergic interneurons
of DRN form an internal circuit and modulate DRN serotonergic neurons**-°! it is reasonable to assume that
DRN glutamatergic neurons are also regulated by DRN GABAergic interneurons. One plausible possibility is that
the reduced activity of IPN GABAergic neurons by MHb CAPS2 knockdown may increase the activity of DRN
GABAergic neurons and lead to disinhibition of DRN glutamatergic neurons. Furthermore, since IPN mainly
forms connections with GABAergic neurons in various brain regions such as the median raphe, nucleus incertus,
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supramammillary nucleus, septum, and laterodorsal tegmental nucleus'®, IPN GABAergic neurons could be
indirectly regulating the neuronal activity of the DRN and the VTA through various pathways.

Many studies have reported that MHb is closely linked to various neuropsychiatric symptoms>>*2. We have
also previously reported that reduced cholinergic signaling by MHb CHAT knockdown leads to anhedonia but
not despair-like behavior?. Also, genetic ablation of a key transcription factor leading to the lesion of MHbD,
which is abundant in substance P-expressing neurons, resulted in anhedonia-like behavior?. It is interesting to
note that MHb CAPS2 knockdown induces only despair-like behavior as opposed to that of CHAT knockdown.
The results of the above studies suggest that the MHD is a remarkably complex structure, and the functions of
dorsal and ventral parts of the MHb act independently or in coordination in affecting emotional behavior. The
details of the close relationship between neuronal signaling in the MHbD and MHbV in the MHb-IPN pathway
are currently not known. The IPN also has a complex structure compared to its size with an efferent pathway
to various brain regions. As such, further research on defining the effects of various neuropeptides and neuro-
transmitters on synaptic plasticity concerning the IPN neurons and their impact on emotion-related behaviors
is warranted.

In this study, we showed that reduced neuropeptide signaling in the MHb-IPN circuit induces despair-like
symptoms and changes in neuronal activity in monoaminergic centers. These findings bring to focus the mecha-
nistic importance of the MHb and originating neuropeptide secretion on depression circuitry and functional
pathways.

Methods

Animals.  All experimental procedures with animals were approved by the Korea University Institution of
Animal Care and Use Committee (Study approval number KOREA-2018-0079-C1) and were performed accord-
ing to the guidelines of Korea University and the ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines. Adult male C57BL/6 mice and adult Sprague-Dawley male rats (Japan SLC, Inc., Shizuoka, Japan)
were housed one per cage under a 12-h light/dark cycle (lights on at 8 a.m.) and given ad libitum access to food
and water.

Animal model of depression and human subject samples. Animals were randomly divided into
experimental and control groups. We used cDNA library generated from mRNA of rats exposed to chronic
restrain stress and human patients with MDD?. LH model was generated as previously reported®. Detailed
methods for developing rat CRS and mice LH depression animal models are described in supplementary infor-
mation. Post-mortem habenular tissue was obtained by the Douglas-Bell Canada Brain Bank (www.douglasbra
inbank.ca; Douglas Institute, McGill University, Canada) following banking guidelines of the Fonds de Recherche
du Québec Santé and with approval of the Douglas Institute Ethics Research Board. Brains were collected after
obtaining informed consent from next-of-kin. For demographic characterization of human subjects, refer to our
prior study?.

gRT-PCR. qRT-PCR was done as previously described?. The habenula was isolated from the animal brain
immediately after decapitation and placed in TRIzol solution (Ambion, Austin, TX, USA). Total RNA sam-
ple (2 pg) was reverse-transcribed into cDNA using Moloney Murine Leukemia Virus reverse-transcriptase
(M-MLV RT; Promega, Madison, WI, USA) and oligo (dT) primer (Novagen, Milwaukee, WI, USA). gqRT-PCR
was performed with 0.5 pg of the RT product in presence of specific primer sets (Supplementary Table S2).
PCR amplification with iQ SYBR Green Supermix was performed in triplicate using the CFX96 Touch-Time
System (Bio-Rad, Hercules, CA, USA). Final products of qPCR were electrophoresed on 2% agarose gels and
visualized with SafeView Nucleic Acid Stain (G108, Applied Biological Materials, Canada). The cycle numbers
(C,) of the critical point at which the fluorescent signal exceeded the background were determined by qRT-PCR,
and expression values for each gene were normalized to expression values of GAPDH, the endogenous control
within each sample. Relative quantification used to calculate the fold change was performed using the compara-
tive C, method (AAC,).

Viral vector and administration into mouse brain. The AAV-sh-vehicle and AAV-sh-CAPS2 were
constructed using pAAV-U6-GFP vector (provided by Cell Biolabs, Inc., San Diego, CA, USA), containing a
U6 promoter expressing sShRNA and a PGK promoter expressing EGFP. The sequences of CAPS2 shRNA were
5'-GCTCCATTACAGCTTTGCATT-3' (Supplementary Table S1, U6-sh-CAPS2-1), 5'-CCCAGATTCATC
TCGAAAGAA-3' (U6-sh-CAPS2-2), and 5-GCGCTGCAAATGTTCGTCTTT-3' (U6-sh-CAPS2-3). Detailed
methods for the cell culture and in vitro knockdown experiments are in supplementary material. For viral injec-
tion, eight weeks-old mice were anesthetized with 1% isoflurane and placed in a stereotaxic apparatus (Ultra-
precise stereotaxic instruments for mice; Stoelting Co., Wood Dale, IL, USA). Mice were injected bilaterally with
1 pl of 10" to 10"/ ul concentrated AAV viral solution into the MHb (coordinates from bregma:—1.34 mm
anterior/posterior, + 0.83 mm medial/lateral, — 3.05 mm dorsal/ventral, with 10° angle toward the midline in the
coronal plane) using microinjection cannula (30 gauge, Plastics One, Roanoke, VA, USA) and UltraMicroPump
III (World Precision Instruments, Sarasota, FL, USA) at 100-120 nl/min. Behavior experiments were performed
at least 14 days after surgery. The injection sites were examined at the end of the behavior tests, and only data
from animals with correct injections were included.

Behavioral paradigms. Depression behavior studies were done as previously described**.
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Sucrose preference test.  Single-housed mice were habituated with two identical water bottles for a day and then
were exposed to two bottles for three days, one with 1% sucrose and the other with tap water. Sucrose and water
consumption were recorded daily by re-weighing the two bottles. Sucrose preference was calculated as a relative
ratio of mass of sucrose solution intake/total fluid intake.

Open field test. Mice were habituated for at least 30 min to the testing room and placed in the corner of the
open field arena (45 cm x45 cm x40 cm). Total distance moved, time spent, frequency visiting, latency to the
center arena was measured using Ethovision XT 12 tracking software (Noldus, Wageningen, Netherland).

Elevated zero maze test. Mice were placed in the closed quadrant of the maze and were allowed to explore the
maze for 5 min. Total distance travelled, time spent, frequency visiting, latency to open quadrant were analyzed
by Ethovision XT 12.

Tail-suspension test. Tail-suspension test was conducted in a 4-chamber apparatus divided by acrylic parti-
tions, and the mice were suspended in each chamber by the tail. A video was recorded for 6 min, and the last
4 min were scored for immobility time.

Forced swim test. Mice were exposed to a clear cylinder filled with 24-25 °C water for 6 min and immobility
time was scored for the last 4 min. The cylinder was 45 cm in diameter and 60 cm high.

Social interaction test. One day before the test, mice were allowed to explore the open arena, in which two cages
were placed for acclimatization to the novelty of the environment. On the test day, a cage with a social object (a
mouse) was placed on one side of the arena and another cage with a non-social object (marbles) on the other
side. The level of sociality was assessed by measuring the frequency and the time mice engaged in interaction
with each cage.

Novelty suppressed feeding test. Each mouse was weighed and deprived of food for 24 h. In the plastic cage
(30 cm x50 cm x 20 cm) with standard bedding, the food pellet is placed on a white filter paper. The latency for
the mouse to start eating the pellet under bright pin-point light is recorded. After the test, the mice were moved
to their home cages but pre-weighed to measure the food amount eaten.

RNAscope assay. Frozen brain sections (14 um thick) were cut coronally. Sections were then thaw-mounted
onto Superfrost Plus Microscope Slides (Fisher Scientific, Waltham, MA, USA). The slides were post-fixed in 4%
paraformaldehyde (PFA) and dehydrated in ascending concentration of ethanol, then treated with protease. For
RNA detection, RNAscope fluorescent Multiplex detection reagents (ACDBio, Newark, CA, US) were used as
in previous studies and following the manufacture’s recommendations®. Detailed methods and probes used for
RNAscope are described in the supplementary information.

Electron microscopy. The animal was anesthetized with alfaxalone and xylazine and transcardially per-
fused with 0.9% NaCl before 2% PFA, and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The brain
was removed and post-fixed overnight at 4 °C. The IPN was dissected from the fixed brain and washed with
the same buffer two times, and treated with 1% osmium tetroxide for 90 min. The tissues were dehydrated with
an ethanol series in ascending concentration, propylene oxide, and embedded in epon mixture (Oken Shoji,
Tokyo, Japan). Polymerized blocks were trimmed, and the region of interest was selected. Thin sections (70 nm)
were made using Leica EM UC6 ultramicrotome (Leica Microsystems), mounted on 200 mesh copper grids,
stained with 2% uranyl acetate and 1% lead citrate for 5 min each. For each sample, 50 presynaptic boutons with
post-synaptic density were randomly selected and observed under a transmission electron microscope (Hitachi
H-7650; Hitachi, Tokyo, Japan) at the accelerating voltage of 80 kV.

Immunohistochemistry. Mice were anesthetized and perfused transcardially with heparinized 0.9% NaCl,
then with 4% PFA in phosphate-buffered saline (PBS). Mouse brain was harvested and post-fixed in 4% PFA,
then in 30% sucrose in PBS solution at 4 °C. After being cryosectioned to 40 um thick sections, it was blocked for
1 hin 0.2% Triton X-100, 3% bovine serum albumin in PBS. The sections were incubated with primary antibody
overnight at 4°C, and the secondary antibody was applied for 1 h at room temperature. After mounting the slices,
the sections were observed on Zeiss LSM700 (Zeiss, Oberkochen, Germany) confocal microscope.

Antibodies. Theantibodies for experiments were as follows; CAPS2 (ab69794), TPH2 (ab111828), CAMK2B
(ab52476), GFP (ab290; ab13970) (all from Abcam, Cambridge, UK), c-Fos (for WB, NBP2-50,037; Novus bio-
logicals, Briarwood, CO, USA; for IHC, sc-52-G; Santa Cruz Biotechnology, Dallas, TX, USA), phospho-ERK1/2
(p-ERK, Thr202/Tyr204, #9101), ERK1/2 (#9102; Cell Signaling Technology, Danvers, MA, USA), B-actin (SC-
47787; Santa Cruz Biotechnology), TH (AB152; EMD Millipore, Temecula, CA, USA). Secondary antibodies
used include donkey anti-goat cy3 (Jackson, 1:500), donkey anti-rabbit 647 (Jackson, 1:500), and donkey anti-
chick 488 (Invitrogen, 1:500).

Western blot. Habenula and IPN tissues were obtained from a cryo-section containing the habenula region
using a punch. The tissues were lysed with sodium dodecyl sulfate (SDS) lysis buffer containing 4% SDS, 125 mM
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Tris-HCI (pH 6.8), 20% glycerol, and 0.004% bromophenol blue. For the immunoblotting, 7.5 ug of proteins
were used. Membrane was cut before antibody hybridization.

Statistics. Statistical analysis was conducted with IBM SPSS Statistics 24 for Windows software (IBM co.,
Armonk, NY, USA). Comparison between two groups were analyzed with the two-tailed unpaired Student’s
t-test. The Mann-Whitney U-test was used for datasets with sample size<5, datasets that does not satisfy a
normal distribution or equality of variance by Shapiro-Wilk test or Levene’s test, respectively. P<0.05 was con-
sidered significant, and values were expressed as mean + SEM.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 14 August 2020; Accepted: 29 January 2021
Published online: 12 February 2021

References

1. van den Pol, A. N. Neuropeptide transmission in brain circuits. Neuron 76, 98-115. https://doi.org/10.1016/j.neuron.2012.09.014
(2012).

2. Grishanin, R. N. et al. CAPS acts at a prefusion step in dense-core vesicle exocytosis as a PIP2 binding protein. Neuron 43, 551-562.
https://doi.org/10.1016/j.neuron.2004.07.028 (2004).

3. James, D. J. & Martin, T. E. CAPS and Munc13: CATCHRs that SNARE vesicles. Front. Endocrinol. (Lausanne) 4, 187. https://doi.
org/10.3389/fendo.2013.00187 (2013).

4. Stevens, D. R. & Rettig, J. The Ca(2+)-dependent activator protein for secretion CAPS: do I dock or do I prime?. Mol. Neurobiol.
39, 62-72. https://doi.org/10.1007/s12035-009-8052-5 (2009).

5. Speidel, D. et al. A family of Ca2+-dependent activator proteins for secretion: comparative analysis of structure, expression,
localization, and function. J. Biol. Chem. 278, 52802-52809. https://doi.org/10.1074/jbc.M304727200 (2003).

6. Sadakata, T. et al. Differential distributions of the Ca2+ -dependent activator protein for secretion family proteins (CAPS2 and
CAPS1) in the mouse brain. J. Comp. Neurol. 495, 735-753. https://doi.org/10.1002/cne.20947 (2006).

7. Sadakata, T. et al. The secretory granule-associated protein CAPS2 regulates neurotrophin release and cell survival. J. Neurosci.
24, 43-52. https://doi.org/10.1523/J]NEUROSCI.2528-03.2004 (2004).

8. Sadakata, T. et al. Autistic-like phenotypes in Cadps2-knockout mice and aberrant CADPS2 splicing in autistic patients. J. Clin.
Investig. 117, 931-943. https://doi.org/10.1172/JCI29031 (2007).

9. Sadakata, T. et al. Impaired cerebellar development and function in mice lacking CAPS2, a protein involved in neurotrophin
release. J. Neurosci. 27, 2472-2482. https://doi.org/10.1523/J]NEUROSCI.2279-06.2007 (2007).

10. Yagishita, K. et al. CAPS2 deficiency affects environmental enrichment-induced adult neurogenesis and differentiation/survival
of newborn neurons in the hippocampal dentate gyrus. Neurosci. Lett. 661, 121-125. https://doi.org/10.1016/j.neulet.2017.09.047
(2017).

11. Shinoda, Y. et al. Calcium-dependent activator protein for secretion 2 (CADPS2) deficiency causes abnormal synapse development
in hippocampal mossy fiber terminals. Neurosci. Lett. 677, 65-71. https://doi.org/10.1016/j.neulet.2018.04.036 (2018).

12. Shinoda, Y. et al. Calcium-dependent activator protein for secretion 2 (CAPS2) promotes BDNF secretion and is critical for the
development of GABAergic interneuron network. Proc. Natl. Acad. Sci. USA 108, 373-378. https://doi.org/10.1073/pnas.10122
20108 (2011).

13. Aizawa, H., Kobayashi, M., Tanaka, S., Fukai, T. & Okamoto, H. Molecular characterization of the subnuclei in rat habenula. J.
Comp. Neurol. 520, 4051-4066. https://doi.org/10.1002/cne.23167 (2012).

14. Kobayashi, Y. et al. Genetic dissection of medial habenula-interpeduncular nucleus pathway function in mice. Front. Behav.
Neurosci. 7, 17. https://doi.org/10.3389/fnbeh.2013.00017 (2013).

15. Lima, L. B. et al. Afferent and efferent connections of the interpeduncular nucleus with special reference to circuits involving the
habenula and raphe nuclei. J. Comp. Neurol. 525, 2411-2442. https://doi.org/10.1002/cne.24217 (2017).

16. Molas, S., DeGroot, S. R., Zhao-Shea, R. & Tapper, A. R. Anxiety and nicotine dependence: emerging role of the habenulo-
interpeduncular axis. Trends Pharmacol. Sci. 38, 169-180. https://doi.org/10.1016/j.tips.2016.11.001 (2017).

17. Contestabile, A. & Flumerfelt, B. A. Afferent connections of the interpeduncular nucleus and the topographic organization of the
habenulo-interpeduncular pathway: an HRP study in the rat. J. Comp. Neurol. 196, 253-270. https://doi.org/10.1002/cne.90196
0206 (1981).

18. Hsu, Y. W. et al. Medial habenula output circuit mediated by a5 nicotinic receptor-expressing GABAergic neurons in the interpe-
duncular nucleus. J. Neurosci. 33, 18022-18035. https://doi.org/10.1523/jneurosci.2927-13.2013 (2013).

19. Ren, J. et al. Habenula “cholinergic” neurons co-release glutamate and acetylcholine and activate postsynaptic neurons via distinct
transmission modes. Neuron 69, 445-452. https://doi.org/10.1016/j.neuron.2010.12.038 (2011).

20. Yang, N. et al. Neuropeptidomics of the rat habenular nuclei. J. Proteome Res. 17, 1463-1473. https://doi.org/10.1021/acs.jprot
eome.7b00811 (2018).

21. Cisternas, E. A, Vincent, J. B., Scherer, S. W. & Ray, P. N. Cloning and characterization of human CADPS and CADPS2, new
members of the Ca2+-dependent activator for secretion protein family. Genomics 81, 279-291. https://doi.org/10.1016/s0888
-7543(02)00040-x (2003).

22. Hsu, Y. W,, Morton, G., Guy, E. G., Wang, S. D. & Turner, E. E. Dorsal medial habenula regulation of mood-related behaviors
and primary reinforcement by tachykinin-expressing habenula neurons. eNeuro https://doi.org/10.1523/ENEURO.0109-16.2016
(2016).

23. Hsu, Y. W. et al. Role of the dorsal medial habenula in the regulation of voluntary activity, motor function, hedonic state, and
primary reinforcement. J. Neurosci. 34, 11366-11384. https://doi.org/10.1523/J]NEUROSCI.1861-14.2014 (2014).

24. Han, S. et al. Down-regulation of cholinergic signaling in the habenula induces anhedonia-like behavior. Sci. Rep. 7, 900. https://
doi.org/10.1038/s41598-017-01088-6 (2017).

25. Lee, H. W, Yang, S. H., Kim, J. Y. & Kim, H. The role of the medial habenula cholinergic system in addiction and emotion-associated
behaviors. Front. Psychiatry 10, 100. https://doi.org/10.3389/fpsyt.2019.00100 (2019).

26. Herkenham, M. & Nauta, W. J. Efferent connections of the habenular nuclei in the rat. J. Comp. Neurol. 187, 19-47. https://doi.
0rg/10.1002/cne.901870103 (1979).

27. Tsai, H. C. et al. Phasic firing in dopaminergic neurons is sufficient for behavioral conditioning. Science 324, 1080-1084. https://
doi.org/10.1126/science.1168878 (2009).

Scientific Reports |

(2021) 11:3700 | https://doi.org/10.1038/s41598-021-83310-0 nature portfolio


https://doi.org/10.1016/j.neuron.2012.09.014
https://doi.org/10.1016/j.neuron.2004.07.028
https://doi.org/10.3389/fendo.2013.00187
https://doi.org/10.3389/fendo.2013.00187
https://doi.org/10.1007/s12035-009-8052-5
https://doi.org/10.1074/jbc.M304727200
https://doi.org/10.1002/cne.20947
https://doi.org/10.1523/JNEUROSCI.2528-03.2004
https://doi.org/10.1172/JCI29031
https://doi.org/10.1523/JNEUROSCI.2279-06.2007
https://doi.org/10.1016/j.neulet.2017.09.047
https://doi.org/10.1016/j.neulet.2018.04.036
https://doi.org/10.1073/pnas.1012220108
https://doi.org/10.1073/pnas.1012220108
https://doi.org/10.1002/cne.23167
https://doi.org/10.3389/fnbeh.2013.00017
https://doi.org/10.1002/cne.24217
https://doi.org/10.1016/j.tips.2016.11.001
https://doi.org/10.1002/cne.901960206
https://doi.org/10.1002/cne.901960206
https://doi.org/10.1523/jneurosci.2927-13.2013
https://doi.org/10.1016/j.neuron.2010.12.038
https://doi.org/10.1021/acs.jproteome.7b00811
https://doi.org/10.1021/acs.jproteome.7b00811
https://doi.org/10.1016/s0888-7543(02)00040-x
https://doi.org/10.1016/s0888-7543(02)00040-x
https://doi.org/10.1523/ENEURO.0109-16.2016
https://doi.org/10.1523/JNEUROSCI.1861-14.2014
https://doi.org/10.1038/s41598-017-01088-6
https://doi.org/10.1038/s41598-017-01088-6
https://doi.org/10.3389/fpsyt.2019.00100
https://doi.org/10.1002/cne.901870103
https://doi.org/10.1002/cne.901870103
https://doi.org/10.1126/science.1168878
https://doi.org/10.1126/science.1168878

www.nature.com/scientificreports/

28. Steinberg, E. E. et al. Positive reinforcement mediated by midbrain dopamine neurons requires D1 and D2 receptor activation in
the nucleus accumbens. PLoS ONE 9, €94771. https://doi.org/10.1371/journal.pone.0094771 (2014).

29. Tye, K. M. et al. Dopamine neurons modulate neural encoding and expression of depression-related behaviour. Nature 493,
537-541. https://doi.org/10.1038/nature11740 (2013).

30. Wang, H. L. et al. Dorsal raphe dual serotonin-glutamate neurons drive reward by establishing excitatory synapses on VTA mes-
oaccumbens dopamine neurons. Cell Rep 26, 1128-1142. https://doi.org/10.1016/j.celrep.2019.01.014 (2019).

31. McDevitt, R. A. et al. Serotonergic versus nonserotonergic dorsal raphe projection neurons: differential participation in reward
circuitry. Cell Rep. 8, 1857-1869. https://doi.org/10.1016/j.celrep.2014.08.037 (2014).

32. Fletcher, P.J.,, Ming, Z. H. & Higgins, G. A. Conditioned place preference induced by microinjection of 8-OH-DPAT into the dorsal
or median raphe nucleus. Psychopharmacology 113, 31-36. https://doi.org/10.1007/bf02244330 (1993).

33. Ahn, K. C. et al. Differential effects of intra-midbrain raphe and systemic 8-OH-DPAT on VTA self-stimulation thresholds in rats.
Psychopharmacology 178, 381-388. https://doi.org/10.1007/s00213-004-2031-3 (2005).

34. Browne, C.]. et al. Dorsal raphe serotonin neurons inhibit operant responding for reward via inputs to the ventral tegmental area
but not the nucleus accumbens: evidence from studies combining optogenetic stimulation and serotonin reuptake inhibition.
Neuropsychopharmacology 44, 793-804. https://doi.org/10.1038/s41386-018-0271-x (2019).

35. American Psychiatric Association. Desk Reference to the Diagnostic Criteria from DSM-5 (American Psychiatric Publishing, Wash-
ington, DC, 2013).

36. Steinhoff, M. S., von Mentzer, B., Geppetti, P., Pothoulakis, C. & Bunnett, N. W. Tachykinins and their receptors: contributions
to physiological control and the mechanisms of disease. Physiol. Rev. 94, 265-301. https://doi.org/10.1152/physrev.00031.2013
(2014).

37. Cruz, C.D. & Cruz, E. The ERK 1 and 2 pathway in the nervous system: from basic aspects to possible clinical applications in pain
and visceral dysfunction. Curr. Neuropharmacol. 5, 244-252. https://doi.org/10.2174/157015907782793630 (2007).

38. Xu, C. et al. Medial habenula-interpeduncular nucleus circuit contributes to anhedonia-like behavior in a rat model of depression.
Front. Behav. Neurosci. 12, 238. https://doi.org/10.3389/fnbeh.2018.00238 (2018).

39. Agren, H. & Lundqvist, G. Low levels of somatostatin in human CSF mark depressive episodes. Psychoneuroendocrinology 9,
233-248. https://doi.org/10.1016/0306-4530(84)90003-9 (1984).

40. Molchan, S. E. et al. CSF somatostatin in Alzheimer’s disease and major depression: relationship to hypothalamic-pituitary-adrenal
axis and clinical measures. Psychoneuroendocrinology 18, 509-519. https://doi.org/10.1016/0306-4530(93)90044-1 (1993).

41. Tripp, A., Kota, R. S., Lewis, D. A. & Sibille, E. Reduced somatostatin in subgenual anterior cingulate cortex in major depression.
Neurobiol. Dis. 42, 116-124. https://doi.org/10.1016/j.nbd.2011.01.014 (2011).

42. Fuchs, T. et al. Disinhibition of somatostatin-positive GABAergic interneurons results in an anxiolytic and antidepressant-like
brain state. Mol. Psychiatry 22, 920-930. https://doi.org/10.1038/mp.2016.188 (2017).

43. Redrobe, J. P,, Dumont, Y., Fournier, A. & Quirion, R. The neuropeptide Y (NPY) Y1 receptor subtype mediates NPY-induced
antidepressant-like activity in the mouse forced swimming test. Neuropsychopharmacology 26, 615-624. https://doi.org/10.1016/
$0893-133X(01)00403-1 (2002).

44. Stogner, K. A. & Holmes, P. V. Neuropeptide-Y exerts antidepressant-like effects in the forced swim test in rats. Eur. J. Pharmacol.
387, R9-10. https://doi.org/10.1016/s0014-2999(99)00800-6 (2000).

45. Sadakata, T., Shinoda, Y., Oka, M., Sekine, Y. & Furuichi, T. Autistic-like behavioral phenotypes in a mouse model with copy
number variation of the CAPS2/CADPS2 gene. FEBS Lett. 587, 54-59. https://doi.org/10.1016/j.febslet.2012.10.047 (2013).

46. Lecourtier, L., Neijt, H. C. & Kelly, P. H. Habenula lesions cause impaired cognitive performance in rats: implications for schizo-
phrenia. Eur. J. Neurosci. 19, 2551-2560. https://doi.org/10.1111/j.0953-816X.2004.03356.x (2004).

47. Geddes, S. D. et al. Target-specific modulation of the descending prefrontal cortex inputs to the dorsal raphe nucleus by cannabi-
noids. Proc. Natl. Acad. Sci. USA 113, 5429-5434. https://doi.org/10.1073/pnas.1522754113 (2016).

48. Qi, J. et al. A glutamatergic reward input from the dorsal raphe to ventral tegmental area dopamine neurons. Nat. Commun. 5,
5390. https://doi.org/10.1038/ncomms6390 (2014).

49. Hernandez-Vazquez, F,, Garduno, J. & Hernandez-Lopez, S. GABAergic modulation of serotonergic neurons in the dorsal raphe
nucleus. Rev. Neurosci. 30, 289-303. https://doi.org/10.1515/revneuro-2018-0014 (2019).

50. Varga, V., Szekely, A. D., Csillag, A., Sharp, T. & Hajos, M. Evidence for a role of GABA interneurones in the cortical modulation
of midbrain 5-hydroxytryptamine neurones. Neuroscience 106, 783-792. https://doi.org/10.1016/50306-4522(01)00294-9 (2001).

51. Challis, C. et al. Raphe GABAergic neurons mediate the acquisition of avoidance after social defeat. J. Neurosci. 33, 13978-13988.
https://doi.org/10.1523/J]NEUROSCI.2383-13.2013 (2013).

52. Hikosaka, O. The habenula: from stress evasion to value-based decision-making. Nat. Rev. Neurosci. 11, 503-513. https://doi.
0rg/10.1038/nrn2866 (2010).

53. Kim, ]. Y, Yang, S. H., Kwon, ]., Lee, H. W. & Kim, H. Mice subjected to uncontrollable electric shocks show depression-like behav-
iors irrespective of their state of helplessness. Behav. Brain Res. 322, 138-144. https://doi.org/10.1016/j.bbr.2017.01.008 (2017).

54. Yang, E. et al. Three-dimensional analysis of mouse habenula subnuclei reveals reduced volume and gene expression in the
lipopolysaccharide-mediated depression model. Exp. Neurobiol. 28, 709-719. https://doi.org/10.5607/en.2019.28.6.709 (2019).

Acknowledgments

This work was supported by the Brain Program through the National Research Foundation of Korea
(NRF), funded by the Ministry of Science, ICT & Future Planning [NRF-2017M3C7A1079692, NREF-
2015M3C7A1029034 to H. Kim; NRF-2017R1D1A1B06032730 to H.W. Lee].

Author contributions

H.Y, S.H.Y, LJ.R.,, HW.L, and H.K. designed the research and H.Y., H-W.L, and H.K. wrote the manuscript. H.Y.,
S.H.Y,J.YK, EY, HS.P, S.J.L. performed the experiments and analyzed the data. G.T. gave the critical comments.
All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-83310-0.

Correspondence and requests for materials should be addressed to H-W.L. or H.K.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2021) 11:3700 | https://doi.org/10.1038/s41598-021-83310-0 nature portfolio


https://doi.org/10.1371/journal.pone.0094771
https://doi.org/10.1038/nature11740
https://doi.org/10.1016/j.celrep.2019.01.014
https://doi.org/10.1016/j.celrep.2014.08.037
https://doi.org/10.1007/bf02244330
https://doi.org/10.1007/s00213-004-2031-3
https://doi.org/10.1038/s41386-018-0271-x
https://doi.org/10.1152/physrev.00031.2013
https://doi.org/10.2174/157015907782793630
https://doi.org/10.3389/fnbeh.2018.00238
https://doi.org/10.1016/0306-4530(84)90003-9
https://doi.org/10.1016/0306-4530(93)90044-l
https://doi.org/10.1016/j.nbd.2011.01.014
https://doi.org/10.1038/mp.2016.188
https://doi.org/10.1016/S0893-133X(01)00403-1
https://doi.org/10.1016/S0893-133X(01)00403-1
https://doi.org/10.1016/s0014-2999(99)00800-6
https://doi.org/10.1016/j.febslet.2012.10.047
https://doi.org/10.1111/j.0953-816X.2004.03356.x
https://doi.org/10.1073/pnas.1522754113
https://doi.org/10.1038/ncomms6390
https://doi.org/10.1515/revneuro-2018-0014
https://doi.org/10.1016/s0306-4522(01)00294-9
https://doi.org/10.1523/JNEUROSCI.2383-13.2013
https://doi.org/10.1038/nrn2866
https://doi.org/10.1038/nrn2866
https://doi.org/10.1016/j.bbr.2017.01.008
https://doi.org/10.5607/en.2019.28.6.709
https://doi.org/10.1038/s41598-021-83310-0
https://doi.org/10.1038/s41598-021-83310-0
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:3700 | https://doi.org/10.1038/s41598-021-83310-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Down-regulation of habenular calcium-dependent secretion activator 2 induces despair-like behavior
	Results
	Down-regulation of CAPS2 mRNA seen in the habenula of the animal models of depression. 
	MHb CAPS2 knockdown evokes despair-like behavior. 
	MHb CAPS2 knockdown leads to accumulation of presynaptic dense-core vesicles in the IPN. 
	MHb CAPS2 knockdown affects c-Fos and p-ERK levels in the IPN. 
	MHb CAPS2 knockdown alters neuronal activity in the monoamine centers. 

	Discussion
	Methods
	Animals. 
	Animal model of depression and human subject samples. 
	qRT-PCR. 
	Viral vector and administration into mouse brain. 
	Behavioral paradigms. 
	Sucrose preference test. 
	Open field test. 
	Elevated zero maze test. 
	Tail-suspension test. 
	Forced swim test. 
	Social interaction test. 
	Novelty suppressed feeding test. 

	RNAscope assay. 
	Electron microscopy. 
	Immunohistochemistry. 
	Antibodies. 
	Western blot. 
	Statistics. 

	References
	Acknowledgments


