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Abstract 30 

Stress management is a prerequisite for the survival of vertebrates because chronic stress may 31 

cause depression and is known to negatively modulate the dopaminergic reward system1. 32 

Enhanced excitability of neurons in the lateral habenula (LHb) induced by chronic stress is 33 

essential for silencing dopaminergic neurons in the ventral tegmental area (VTA) via 34 

GABAergic neurons in the rostromedial tegmental nucleus (RMTg)2-10. However, the effect of 35 

acute stress on the LHb-RMTg-VTA pathway is unknown11-14. Here, we show that both aromatic 36 

L-amino acid decarboxylase (AADC)-expressing neurons (D-neurons)15 in the LHb and 37 

dopaminergic neurons in the VTA are activated by acute stress, whereas GABAergic neurons in 38 

the RMTg are not. Selective stimulation of LHb D-neurons and AADC knockdown of these 39 

neurons reverse-regulate the RMTg-VTA pathway. Circuit tracing and electrophysiology data 40 

demonstrate that trace aminergic signalling by LHb D-neurons directly suppresses RMTg 41 

GABAergic neurons. Furthermore, local activation of trace amine-associated receptor 1 (TAAR1; 42 

a trace amine receptor) in the RMTg is sufficient to rescue the despair-like behaviour produced 43 

by the loss of AADC expression. Our results identify a novel efferent pathway from the LHb to 44 

the RMTg whereby trace aminergic signalling allows the brain to manage acute stress by 45 

preventing VTA dopaminergic neuron hypoactivity. The TAAR1-mediated trace aminergic 46 

signalling in the LHb-RMTg pathway may hold promise as a therapeutic target for stress-47 

mediated psychological diseases. 48 
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Main 49 

The lateral habenula (LHb) is a behavioural system associated with depression, stress, pain, 50 

anxiety, fear, aversive motivation and reward2-10. In humans and animals, there is evidence to 51 

suggest that this brain region is a powerful negative regulator of dopaminergic systems in the 52 

midbrain1. The dopaminergic pathway, a major reward-related pathway that projects from the 53 

ventral tegmental area (VTA) to the nucleus accumbens (NAc), is important for regulating 54 

chronic-stress-induced depression1,16. 55 

The current understanding of the neural circuitry between the LHb and the rostromedial 56 

tegmental nucleus (RMTg) is that increased activity of LHb glutamatergic neurons might drive 57 

augmented RMTg GABAergic neuronal activation, leading to the hypoactivity of VTA 58 

dopaminergic neurons17,18. However, various types of acute stress excite VTA dopaminergic 59 

neurons as well as LHb glutamatergic neurons11-14, and little is known about how the activity of 60 

the RMTg changes under these circumstances. Since RMTg GABAergic neurons receive a large 61 

amount of input from the LHb19, acute-stress-induced activation of the LHb and VTA is 62 

inconsistent with the known function of the LHb-RMTg-VTA pathway. Therefore, it is 63 

important to determine whether the efferent pathway from the LHb to the RMTg plays an 64 

inhibitory role as a paradoxical effect of acute stress. 65 

Interestingly, the ‘D-neurons’ in the LHb express L-amino acid decarboxylase (AADC) and 66 

produce trace amines rather than monoamines, such as dopamine and serotonin15,20. Notably, 67 

trace amine-associated receptor 1 (TAAR1)-mediated signalling inhibits the firing frequency of 68 

monoaminergic neurons in the midbrain21,22. Hence, we reasoned that LHb D-neurons may have 69 
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a unique suppressive role in the pathway that regulates RMTg GABAergic neurons via trace 70 

aminergic signalling under acute stress. 71 

Acute stress activates AADC-expressing D-neurons in the LHb 72 

D-neurons are located in various parts of the brain, including the LHb (Extended Data Fig. 1a). 73 

To clarify the function of the LHb-RMTg-VTA pathway in response to acute stress (Fig. 1a) and 74 

gain molecular insights into the function of D-neurons in the LHb, we first performed 75 

fluorescence in situ hybridization (FISH) analysis in mice by double-labelling AADC in 76 

conjunction with a dopaminergic neuron marker (tyrosine hydroxylase, TH), a serotonergic 77 

neuron marker (tryptophan hydroxylase 2, TPH2), and a glutamatergic neuron marker (vesicular 78 

glutamate transporter 2, VGLUT2). The majority of AADC mRNA was colocalized with 79 

VGLUT2 mRNA (Fig. 1b and d) but not with TH or TPH2 mRNA (Fig. 1c, Extended Data Fig. 80 

1), suggesting that a substantial majority of AADC-expressing cells in the LHb are glutamatergic 81 

and nonmonoaminergic D-neurons. 82 

To evaluate the neuronal activity regulated by acute stress in the LHb-RMTg-VTA pathway, we 83 

measured c-Fos expression in the LHb, VTA and RMTg of mice subjected to tail suspension for 84 

10 min. c-Fos expression was increased in glutamatergic neurons, including D-neurons, in the 85 

mice exposed to acute stress caused by tail suspension compared to stress-naïve mice (Fig. 1e−I, 86 

Extended Data Fig. 2), and no difference in the proportions of c-Fos-expressing glutamatergic 87 

neurons and D-neurons was observed (Extended Data Fig. 2). Moreover, acute stress caused by 88 

tail suspension increased c-Fos expression in VTA dopaminergic-positive neurons and decreased 89 

c-Fos expression in RMTg GAD1-positive neurons (Fig. 1j and k). These findings indicate that 90 

acute stress attenuates RMTg GABAergic neuronal activity and augments VTA dopaminergic 91 
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neuronal activity, despite the increase in LHb neuronal activity; thus, LHb neurons may play an 92 

inhibitory role via an as-yet-unknown signalling pathway between the LHb and RMTg (Fig. 1l). 93 

Activation of LHb D-neurons modulates dopamine secretion through the RMTg-VTA 94 

pathway 95 

To investigate the function of LHb D-neurons in acute stress caused by tail suspension, we used 96 

a chemogenetic tool. We first confirmed the coexpression of Cre recombinase with endogenous 97 

AADC expression in the LHb of AADCCre mice (Extended Data Fig. 3a−c). The selective 98 

activation of LHb D-neurons in these mice by chemogenetic stimulation significantly lowered 99 

the immobility time in the tail-suspension test (TST; Fig. 2a, b) but did not impact locomotion in 100 

the open-field test (OFT; Extended Data Fig. 3d and e). Furthermore, c-Fos expression was 101 

increased in VTA dopaminergic neurons and decreased in RMTg GABAergic neurons in 102 

chemogenetically stimulated mice (Fig. 2c-h, Extended Data Fig. 6c and d). Consistent with the 103 

above results, these findings demonstrate that the D-neurons in the LHb regulate the activity of 104 

RMTg GABAergic neurons and VTA dopaminergic neurons. 105 

To determine whether the LHb D-neuron activation-induced increase in the activity of VTA 106 

dopaminergic neurons affects dopamine secretion, we performed microdialysis in the ventral 107 

striatum, including the NAc, of the chemogenetically stimulated mice (Fig. 2i, Extended Data 108 

Fig. 3f). Notably, the level of dopamine increased after chemogenetic stimulation of LHb D-109 

neurons (Fig. 2j), which was consistent with the results of c-Fos experiments in VTA 110 

dopaminergic neurons (Fig. 2e and f). 111 

 112 
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Reduced AADC expression in neurons in the LHb causes depressive-like behaviours 113 

Next, we investigated whether AADC expression is changed in animals with depression induced 114 

by chronic restraint stress (CRS) or learned helplessness (LH) protocols using quantitative 115 

polymerase chain reaction (qPCR) analysis. The analysis revealed that AADC mRNA was 116 

significantly decreased in rats exposed to CRS and in mice exposed to unpredictable electric foot 117 

shocks compared to animals that did not undergo stress (Fig. 3a, b). Then, to better understand 118 

the role of AADC expression in the LHb in the development of depressive phenotypes, we 119 

performed AADC-knockdown experiments in the LHb using adeno-associated virus (AAV)-120 

mediated delivery of a short hairpin RNA (shRNA; shAADC) to reduce AADC mRNA levels 121 

(Fig. 3c-e, Extended Data Fig. 4). Depressive phenotypes induced by AADC knockdown were 122 

assessed in mice injected bilaterally with shAADC or the control (GFP) virus with behavioural 123 

assays (Fig. 3f). Notably, AADC-knockdown mice did not show body weight gain and displayed 124 

depressive-like phenotypes, including anhedonia and despair-like behaviours, in the sucrose 125 

preference test (SPT) and TST, respectively (Fig. 3g-h). Control and AADC-knockdown mice 126 

showed no significant differences in anxiety-like behaviour or locomotion in the OFT or elevated 127 

zero maze (EZM; Extended Data Fig. 5). 128 

We next examined c-Fos expression in VTA dopaminergic neurons and RMTg GABAergic 129 

neurons in control and AADC-knockdown mice. In contrast to chemogenetic stimulation of LHb 130 

D-neurons in mice (Fig. 2e-h), AADC knockdown reduced c-Fos expression in VTA 131 

dopaminergic neurons and increased c-Fos expression in RMTg GABAergic neurons (Fig. 3k-n, 132 

Extended Data Fig. 6a and b). 133 

 134 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 14, 2022. ; https://doi.org/10.1101/2022.02.02.478114doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.02.478114
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

 

LHb D-neurons form direct synapses with RMTg GABAergic neurons 135 

To identify the neurons innervated by LHb D-neurons, we examined which neurons received 136 

direct synaptic input from LHb D-neurons using an anterograde tracing approach (Fig. 4a). 137 

Axons of LHb D-neurons labelled with mGFP/synaptophysin-mRuby mostly traversed through 138 

the fasciculus retroflexus (fr) and terminated in the RMTg (Fig. 4b and c, Extended Data Movie 139 

1). 140 

To further confirm whether LHb D-neurons form direct synaptic contacts, we assessed the 141 

activity of RMTg GABAergic neurons using an optogenetic tool and electrophysiology tools 142 

(Fig. 4d). Brief optogenetic stimulation of the terminals on LHb D-neurons induced temporally 143 

precise inward currents, which were abolished by CNQX and AP5 application (Fig. 4e), 144 

suggesting glutamatergic transmission. Thus, we next evaluated whether D-neurons with 145 

downregulated AADC expression in the LHb altered the activity of RMTg GABAergic neurons. 146 

Electrophysiological recordings of RMTg GABAergic neurons revealed that AADC-knockdown 147 

mice had a significantly increased neuronal firing frequency compared with control mice, but the 148 

resting membrane potential of neurons in AADC-knockdown mice did not differ from that of 149 

control mice (Fig. 4f and g). Therefore, we suggest that glutamatergic LHb D-neurons are 150 

inhibitory rather than excitatory to RMTg GABAergic neurons. 151 

 152 

LHb D-neurons regulate RMTg GABAergic neurons by suppressing their activity 153 

To further address whether selective stimulation of LHb D-neurons in chemogenetically 154 

stimulated mice suppresses RMTg GABAergic neurons, we measured the firing frequency of 155 

RMTg GABAergic neurons using optogenetics. For optogenetic stimulation, a viral vector 156 
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encoding either shAADC/ChR2 or GFP/ChR2 was bilaterally injected into the LHb of AADCCre 
157 

mice (Fig. 5a). Interestingly, optogenetic stimulation of the nerve terminals of LHb D-neurons in 158 

the RMTg significantly reduced the spontaneous firing frequency of RMTg GABAergic neurons 159 

in control mice, but this reduction in firing frequency was not observed in AADC-knockdown 160 

mice (Fig. 5b, Extended Data Fig. 7a and b). These results indicated that glutamatergic LHb D-161 

neurons have an inhibitory rather than excitatory effect on RMTg GABAergic neurons. 162 

Given that the selective activation of D-neurons in the LHb plays an inhibitory role, we next 163 

explored the molecular pathway whereby D-neurons mediate the suppression of RMTg 164 

GABAergic neurons. Considering that D-neurons produce trace amines but no monoamines, 165 

trace aminergic signalling may play a major role in LHb D-neurons in the RMTg GABAergic 166 

neuronal circuit. TAAR1 is the main receptor for trace amines in the brain23. Thus, to determine 167 

whether RMTg GABAergic neurons express TAAR1, we examined these neurons using FISH. 168 

Approximately 98% of GAD1-positive GABAergic neurons in the RMTg expressed TAAR1 169 

mRNA (Fig. 5c and d, Extended Data Fig. 8), which suggests that most RMTg GABAergic 170 

neurons are affected by trace amines. 171 

Next, to assess the effect of trace amines on RMTg GABAergic neurons, slices containing the 172 

RMTg from control and AADC-knockdown mice were acutely exposed to a selective TAAR1 173 

agonist ((4S)-4-(3-fluoro-2-methylphenyl)-4,5-dihydro-2-oxazolamine hydrochloride, or 174 

RO5263397) or antagonist (N-(3-ethoxy-phenyl)-4-pyrrolidin-1-yl-3-trifluromethyl-benzamide, 175 

or EPPTB) by bath application (Fig. 5e). Bath application of RO5263397 (500 nM) suppressed 176 

the spontaneous firing frequency of RMTg GABAergic neurons in slices from control mice. In 177 

contrast, additional application of EPPTB (1 μM) not only inhibited the RO5263397-mediated 178 

decrease in firing frequency but also significantly increased the firing frequency of these neurons 179 
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above the basal level (Fig. 5f, Extended Data Fig. 7c). In AADC-knockdown mice, RO5263397 180 

also significantly decreased the firing frequency of RMTg GABAergic neurons, but additional 181 

application of EPPTB restored the firing frequency of these neurons to the basal level (Fig. 5f, 182 

Extended Data Fig. 7d). Together, these findings indicate that trace aminergic signalling between 183 

glutamatergic LHb D-neurons and RMTg GABAergic neurons acts as a powerful inhibitor. 184 

To determine the effect of trace amines on RMTg GABAergic neurons in vivo, we administered 185 

RO5263397 or saline directly into the RMTg in AADC-knockdown mice and subjected them to 186 

the TST (Fig. 5g). The immobility time in the TST was rescued in RO5263397-treated AADC-187 

knockdown mice compared with saline-treated knockdown mice (Fig. 5h). This result shows that 188 

in vivo administration of the TAAR1 agonist led to a full recovery of the despair-like behaviour 189 

induced by the lack of trace amines induced by AADC knockdown. 190 

 191 

Conclusion 192 

LHb neuron hyperexcitability suppression has emerged as a major target for the restoration of the 193 

LHb-midbrain monoamine pathway to its normal condition. As part of this effort, several 194 

researchers have attempted to elucidate the existence and role of GABAergic neurons within the 195 

LHb24-28. However, the presence and function of GABAergic neurons capable of inhibiting LHb 196 

hyperexcitability were insufficient. Even though LHb D-neurons are glutamatergic neurons, we 197 

revealed that these cells can sufficiently perform inhibitory functions using trace amines in the 198 

well-known LHb-RMTg-VTA pathway and that this inhibitory role plays a defence function 199 

under acute stress. Trace aminergic output from LHb D-neurons suppresses RMTg GABAergic 200 

neurons; such suppression is strengthened by acute stress under normal conditions to increase the 201 
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activity of VTA dopaminergic neurons, thereby preventing rapid onset of depressive phenotypes 202 

(Extended Data Fig. 9). 203 

We classified LHb glutamatergic neurons into pure glutamatergic neurons and D-neurons. 204 

Optogenetic stimulation of distinct pathways projecting from the medial prefrontal cortex29 and 205 

lateral hypothalamus13,30,31 to LHb glutamatergic neurons showed the opposite effect on escape-206 

related behaviour. These contradictory results need further investigation to close the gap between 207 

studies exploring behavioural paradigms of the LHb. The inhibitory role of LHb D-neurons can 208 

explain this discrepancy and present a new paradigm for understanding various functions of the 209 

LHb. 210 

Trace aminergic signalling has attracted attention as a new therapeutic target due to the reduction 211 

in trace amines in psychiatric disorders, including depression and schizophrenia32-37. Because 212 

trace amines have the limitations of short half-lives and unusual characteristics for storage, 213 

transport, and diffusion38, many researchers focus on molecular function studies on TAARs to 214 

understand trace aminergic signalling22,39,40. Our findings overcome these limitations and provide 215 

new insight that could help clarify the as-yet-unknown role of the remaining D-neurons in the 216 

brain. Further studies on the neural circuits between numerous D-neurons and TAAR-expressing 217 

neurons in the brain might promote an understanding of the brain functions involved in trace 218 

aminergic signalling. 219 
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Methods 236 

Animals 237 

Adult male C57BL/6J mice and Sprague–Dawley rats (7 weeks of age) were purchased from 238 

Japan SLC Inc. (Shizuoka) and were used after habituation for one week. AADCCre 239 

(B6.FVB(Cg)-Tg(Ddc-cre)SD56Gsat/Mmucd, RRID:MMRRC_037410-UCD) mice were 240 

obtained from the Mutant Mouse Resource and Research Center (MMRRC) of the University of 241 

California-Davis (Davis) and were used for chemogenetics, optogenetics, microdialysis, and 242 

anterograde tracing experiments. VGATCre (B6J.129S6(FVB)-Slc32a1tm2(cre)Lowl/MwarJ, 243 

RRID:IMSR_JAX:028862)41 mice were crossed with Ai14 (B6. Cg-Gt(ROSA)26Sortml4(CAG-
244 

tdTomato)Hze/J, RRID:IMSR_JAX:007914)42 mice to identify GABAergic neurons in the RMTg. All 245 

animals were housed three to four per cage under a 12/12-h light/dark cycle (lights on at 8 a.m.) 246 

and given ad libitum access to food and water. Animals were habituated to the facility for at least 247 

1 week prior to the experiments. All animal experiments were approved by the Korea University 248 

Institutional Animal Care and Use Committee (IACUC) and performed in accordance with the 249 

guidelines of Korea University (Study approval number KOREA-2017-0007-C1). 250 

 251 

FISH analysis 252 

In situ hybridization was performed according to the procedure described by Yang et al.43. In 253 

brief, frozen sections (14 µm thick) were cut coronally through the Hb, VTA, and RMTg. 254 

Sections were thaw-mounted onto Superfrost Plus Slides (#12-550-15, Fisher Scientific). Then, 255 

the sections were fixed in 4% paraformaldehyde (PFA) for 10 min, dehydrated in increasing 256 

concentrations of ethanol for 5 min, and finally air-dried. Tissues were then pretreated for 257 

protease digestion for 10 min at room temperature. Probe hybridization and amplification were 258 
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performed at 40 °C using a HybEZ hybridization oven (Advanced Cell Diagnostics). The probes 259 

used in this study are described in Supplementary Information Table 1. The labelled probes were 260 

conjugated to Alexa Fluor 488, Atto 550, and Atto 647. The sections were hybridized with the 261 

labelled probe mixture at 40 °C for 2 h. Unbound hybridization probes were removed by 262 

washing the sections three times with 1× wash buffer at room temperature for 2 min; then, the 263 

slides were treated with Amplifier 1-FL for 30 min, Amplifier 2-FL for 15 min, Amplifier 3-FL 264 

for 30 min, and Amplifier 4 Alt B-FL for 15 min. After each amplifier solution treatment session, 265 

sections were washed with 1× wash buffer at room temperature for 2 min before being treated 266 

with the next amplifier solution. Next, the slides were viewed, analysed, and photographed using 267 

a TCS SP8 Dichroic/CS microscope (Leica). After FISH was performed, the average number of 268 

dots per cell was quantified using the HALO image analysis algorithm in HALO v2.3.2089.18 269 

(Indica Labs) software44. 270 

 271 

Histology 272 

Mice were anaesthetized and perfused with 0.9% saline, followed by perfusion with 4% PFA. 273 

The brains were removed from the skulls and then postfixed in 4% PFA overnight at 4°C. After 274 

postfixation, the brains were incubated in 30% sucrose at 4°C. With a cryotome (Leica CM300, 275 

Leica), the brains were cut into 100 µm thick coronal sections; sectioned brain regions 276 

encompassed the habenula. Next, sections were washed with phosphate-buffered saline (PBS) 277 

three times for 5 min at room temperature. The washed sections were incubated with Hoechst 278 

(H3570, Invitrogen), a blue fluorescent stain that labels DNA, at room temperature for 10 min. 279 
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The stained sections were immersed in mounting solution for 30 min at 37 °C. The sections were 280 

viewed and photographed using a TCS SP8 Dichroic/CS microscope (Leica). 281 

 282 

Stress models 283 

Acute stress was induced in mice by tail suspension as previously described14. After 1 week of 284 

habituation to their home cages, experimental mice were suspended by the tail for 10 min. The 285 

mice were sacrificed 25 min after the onset of tail suspension, and samples were collected for 286 

FISH analysis. 287 

CRS was induced as previously described45. In brief, eight-week-old Sprague–Dawley rats were 288 

subjected to restraint stress in DecapiCones® rodent restrainers (MSPP-DCL120, Braintree 289 

Scientific) for 2 h per day for 2 weeks. Control rats (no stress, NS) were maintained in their 290 

home cages without being disturbed. 291 

LH was assessed as previously described46. Briefly, eight-week-old C57BL/6J mice were placed 292 

in shock chambers (chamber dimensions, 30 cm wide × 30 cm deep × 25 cm high; Multi 293 

Conditioning System, TSE system), where they underwent 100 inescapable electric foot shocks 294 

of 0.3 mA intensity and 5 sec duration with intershock intervals of 5-99 sec. 295 

 296 

qPCR 297 

qPCR was performed using the same protocol as a previous study45. Briefly, the habenula was 298 

isolated from rats (10 weeks of age) and mice (8 weeks of age), and the RNA from the habenula 299 
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tissue was subjected to reverse transcription. The reverse-transcribed sequences were then 300 

amplified by qPCR, and the products were electrophoresed using 2% agarose gels. The 301 

comparative Ct method (∆∆Ct) was used for the relative quantification of the amplification 302 

products and to calculate the fold changes in gene expression between rats that underwent CRS 303 

and those with NS47 and between naïve mice and those that completed the LH experiment. The 304 

expression levels of AADC were normalized to the expression level of the housekeeping gene 305 

GAPDH. The sequences for the specific primers were as follows: for the CRS rat model, AADC 306 

forward, 5′-TTCTTCGCTTACTTCCCCACG-3′; AADC reverse, 5′-307 

CCCAGCCAATCCATCATCACT-3′; GAPDH forward, 5′-308 

CATCCACTGGTGCTGCCAAGGCTG-3′; and GAPDH reverse, 5′-309 

ACAACCTGGTCCTCAGTGTAFCCCA-3′ and for the LH mouse model, AADC forward, 5′-310 

GGCTTACATCCGAAAGCACG-3′; AADC reverse, 5′-CTTTAGCCGGAAGCAGACCA-3′; 311 

GAPDH forward, 5′-ACCCAGAAGACTGTGGATGG-3′; and GAPDH reverse, 5′-312 

CACATTGGGGGTAGGAACAC-3′. 313 

 314 

Viruses 315 

The virus production methodology used in this study to achieve AADC knockdown was based 316 

on a previously described protocol45 but was modified such that recombinant AAV serotype 2/9 317 

was used, and the virus titres were determined by real-time PCR. AAV plasmids expressing 318 

hM3Dq [pAAV-hSyn-DIO-hM3D(Gq)-mCherry (#44361)], mCherry [pAAV-hSyn-DIO-319 

mCherry (#50459)], mGFP/synaptophysin-mRuby [pAAV-hSyn-FLEx-mGFP-2A-320 

Synaptophysin-mRuby (#71760)] and channel rhodopsin (ChR) [pAAV-EF1a-double floxed-321 
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hChR2(H134R)-EYFP-WPRE-HGHpA (#20298)] were purchased from Addgene. The viral 322 

vector was constructed using GFP [pAAV-U6-GFP (provided by Cell Biolabs)] with the shRNA 323 

sequence against AADC mRNA (shAADC, 5′-GTGATCTAGCAAGCAGTGT-3′) inserted to 324 

knock down AADC expression. A virus encoding only GFP and with no shRNA was used as a 325 

control. For AADC-knockdown validation, full-length complementary DNA (cDNA) of AADC 326 

was transcribed from a C57BL/6N mouse brain cDNA library using RT–PCR and inserted into a 327 

pDEST-GFP plasmid. For transfection, HEK293T cells were plated on 60 mm dishes and 328 

cultured for 24 h. Plasmids encoding GFP-AADC, AADC, and scrambled shRNAs were 329 

transfected into the cells using Lipofectamine (GIBCO). Seventy-two hours after transfection, 330 

HEK293T cells were suspended in RIPA lysis buffer (T&I) containing a protease inhibitor 331 

cocktail (Roche). After centrifugation, cell lysates were cleared of cell debris, and the remaining 332 

components were separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis 333 

(SDS–PAGE) before being transferred to polyvinylidene fluoride (PVDF) membranes. 334 

Membranes were immunoblotted overnight at 4°C with anti-GFP (1:1000; B-2, Santa Cruz) as 335 

the primary antibody. The membranes were washed, incubated with species-specific horseradish 336 

peroxidase–conjugated secondary antibody for 1 h at room temperature and developed using 337 

electrochemiluminescence (ECL) solution (Thermo Scientific Pierce). 338 

 339 

Stereotaxic surgery 340 

Male adult mice (8 weeks of age) were anaesthetized with isoflurane (5% induction, 1% 341 

maintenance) and placed on a stereotaxic apparatus (Ultra Precise stereotaxic instruments for 342 

mice; Stoelting Co.). After an incision was made in the scalp, a craniotomy was performed using 343 
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a hand drill so that the virus designed to achieve AADC knockdown could be injected into the 344 

LHb. Approximately 1 µL of the virus was injected into the LHb (coordinates from bregma: 345 

−1.58 mm anterior/posterior (A/P), ±0.9 mm medial/lateral (M/L), −3.1 mm dorsal/ventral (D/V), 346 

10° angle towards the midline in the coronal plane) using a microinjection cannula (30 gauge, 347 

Plastics One) and Ultra Micro Pump III (World Precision Instruments) at a speed of 0.12 μL/min. 348 

The incision was closed with 9 mm autoclips (#205016, MikRon Precision Inc.), and antibiotics 349 

and analgesics were administered to the mice. Mice were placed in a clean cage on a heating pad 350 

and allowed to recover from anaesthesia. Then, they were kept in their home cage for 3 weeks so 351 

that the AAV could take effect before behavioural tests were performed. 352 

For chemogenetic stimulation experiments, recombinant AAVs expressing hM3Dq or mCherry 353 

were bilaterally injected into the LHb of AADCCre mice. A CMA7 guide cannula (CMA 354 

microdialysis) was implanted to measure dopamine in the ventral striatum (+1.00 mm A/P, +1.60 355 

mm M/L and -3.00 mm D/V), including the NAc. Mice were injected with clozapine N-oxide 356 

(CNO; BML-NS105, Enzo), prepared in sterile 1× PBS with 0.5% dimethyl sulfoxide (DMSO; 357 

SHBD9284V, Sigma–Aldrich), at 5 mg/kg of body weight for hM3Dq 40 min before the start of 358 

behavioural testing. 359 

For knockdown experiments, recombinant AAVs expressing GFP or shAADC were bilaterally 360 

injected into the LHb of wild-type mice. A guide cannula (26 gauge, Plastics One) was 361 

implanted to enable the administration of a TAAR1 agonist in the RMTg (-4.24 mm A/P, +0.70 362 

mm M/L, -4.00 mm D/V and 10° angle), and mice were allowed to recover for 1 week after 363 

implantation. 364 
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For anterograde tracing experiments, recombinant AAVs expressing mGFP/synaptophysin-365 

mRuby were bilaterally injected into the LHb of AADCCre mice. After 4 weeks, mice were 366 

sacrificed for histology. 367 

For optogenetic stimulation experiments, recombinant AAVs expressing ChR, ChR with GFP or 368 

ChR with shAADC were bilaterally injected into the LHb of AADCCre mice. After 3 weeks, the 369 

mice were sacrificed to obtain tissues for electrophysiology. 370 

For pharmacological experiments, recombinant AAVs expressing GFP or shAADC were 371 

bilaterally injected into the LHb of VGATCre::Ai14 mice. After 3 weeks, the mice were sacrificed 372 

to obtain tissues for electrophysiology. 373 

 374 

Behavioural assays 375 

All behavioural assays were performed during the light phase except for the SPT, which was 376 

performed during the dark phase to maximize the consumption of solution. In all behavioural 377 

experiments, the experimenter was blinded to the animals’ genotypes and the experimental 378 

conditions; the data were analysed in a blinded manner as well. 379 

OFT: Each mouse was placed in the corner of the open-field chamber (45 cm × 45 cm × 40 cm) 380 

and allowed to explore for 15 min. The total distance moved, time spent in the centre, frequency 381 

of visits to the centre, and latency to visit the centre were all calculated using EthoVision XT 12 382 

tracking software (Noldus). 383 
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EZM: Mice were singly placed in a closed quadrant and allowed to explore the apparatus freely 384 

for 5 min. The apparatus consisted of two open quadrants and two closed quadrants and was 385 

elevated 60 cm above the floor. The total distance travelled, time spent in the open quadrants, 386 

frequency of visits to the closed quadrants, and latency to visit the open quadrants were all 387 

recorded by EthoVision XT 12 tracking software. 388 

TST: The TST was conducted using a 4-chamber apparatus divided by opaque, matte-surfaced 389 

acrylic partitions. Each mouse was suspended by their tail in one of the chambers using adhesive 390 

tape. A video was recorded for 6 min, and the last 4 min was scored for the immobility time. 391 

Immobility was determined every 5 sec, and the immobility time was calculated by (number of 392 

instances of immobility × 5 sec). Any instance when the mouse did not move any of its limbs 393 

was scored as immobility. 394 

SPT: The SPT was conducted using a previously described procedure48 with modifications. 395 

Singly housed mice were habituated to two water bottles containing tap water for a day and then 396 

presented with two identical bottles, one with 1% sucrose solution and the other with tap water. 397 

To minimize the potential effect of side preference, the positions of the two bottles were 398 

switched daily. Sucrose and water consumption were recorded daily by reweighting the 399 

preweighed bottles of test solutions. Sucrose preference was calculated as a relative ratio (mass 400 

of sucrose solution intake/total fluid intake). 401 

 402 

Microdialysis 403 
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To examine the extracellular level of dopamine in vivo, a CMA7 microdialysis probe with a 2 404 

mm membrane length (#P000083, CMA Microdialysis) was used. The probe was slowly inserted 405 

into the ventral striatum of mice through guide cannulas and connected to a single-channel liquid 406 

swivel and a counterbalancing system 2 h before the experiments. The probe was perfused with 407 

sterile artificial cerebrospinal fluid (ACSF) from CMA Microdialysis (147 mM NaCl, 2.7 mM 408 

KCl, 1.2 mM CaCl2, 0.85 mM MgCl2) at a flow rate of 1.0 μl/min with a microinfusion pump. 409 

The perfusate was collected every 20 min with a refrigerated microfraction collector; the first 3 410 

times, perfusate was collected for baseline measurements after 2 h of preperfusion, and then 411 

perfusate was collected 6 times after the injection of CNO 5 mg/kg (0.5% DMSO, 1× PBS). 412 

Dopamine quantification was performed using an ultrahigh-performance liquid chromatography–413 

tandem mass spectrometry (UPLC–MS/MS) system. This system consisted of a SCIEX ExionLC 414 

system with a Waters Acquity HSS T3 column (2.1 × 100 mm, 1.8 μm) and a 6500+ quadrupole 415 

ion trap (QTRAP) mass spectrometer with an electrospray ionization (ESI) source. The data were 416 

acquired and quantified using Analyst software version 1.7. The mobile phase consisted of 5 mM 417 

ammonium formate and 0.1% formic acid in water and 5 mM ammonium formate in 418 

acetonitrile:methanol (v/v, 1:1). The flow rate was 0.3 mL/min, and the injection volume was 10 419 

μL. The mass spectrometer was optimized, and a multiple reaction monitoring (MRM) scan was 420 

performed in positive ion mode. 421 

 422 

Circuit tracing 423 

To track mGFP/synaptophysin-mRuby neurons or terminals, mice were perfused with 0.9% 424 

saline, followed by 4% PFA at 4 weeks after virus injection. The brains of the mice were 425 
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removed from the skull and then postfixed in 4% PFA overnight at 4 °C. Fixed brains were cut 426 

into 2 mm thick midline sagittal sections, including the LHb and the RMTg, using a sagittal brain 427 

matrix for mice (Harvard Apparatus). Sagittal brain sections were optically cleared by a Tissue 428 

Clearing Kit (HRTC-001 and SHMS-060, Binaree). Briefly, brain sections were incubated in 429 

starting solution at 4 °C and then washed with distilled water three times, 1 h each time, at 4 °C. 430 

The washed brain sections were incubated with the tissue-clearing solution in a shaking 431 

incubator at 37 °C for 4 days and then incubated in mounting and storage solution. A z-stack of 432 

the sections was acquired on a z.1 light sheet fluorescence microscope (Carl Zeiss), and the 433 

images were three-dimensionally reconstructed using Imaris software (Bitplane). 434 

For the characterization of presynaptic neurons in the LHb and postsynaptic neurons in the 435 

RMTg, FISH was performed using free-floating brain sections that included the LHb and the 436 

RMTg. For this analysis, the perfused and postfixed brains were equilibrated in RNase-free 30% 437 

sucrose and then cut into 40-μm-thick coronal sections on a cryotome (Leica CM300, Leica). 438 

Floating brain sections were placed in chamber slides (Thermo Fisher Scientific) containing 439 

pretreatment 2 (ACD) preheated to 60 °C and were then incubated for 10 min to allow sucrose 440 

cross-link digestion. The brain sections were then pretreated with pretreatment 4 (ACD) to allow 441 

protease digestion at room temperature for 30 min. Probe (GAD1) hybridization, amplification, 442 

and analysis were conducted as described above (FISH). 443 

 444 

Electrophysiology 445 
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For slice preparation, mice were euthanized by isoflurane inhalation, and using an oscillating 446 

tissue slicer (Leica VT1000s, Leica), 300 μm thick coronal brain slices containing the RMTg 447 

area were obtained in cold cutting solution with the following composition (in mM): 92 N-448 

methyl-D-glucamine (NMDG), 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 30 HEPES, 0.5 CaCl2, 10 449 

MgCl2, and 25 glucose, aerated with 95% O2/5% CO2. The slices were allowed to recover at 450 

room temperature for at least 1 h in a recovery solution with the following composition (in mM): 451 

92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 30 HEPES, 2 CaCl2, 2 MgCl2, and 25 glucose, 452 

saturated with 95% O2/5% CO2. Each slice was transferred from a recovery reservoir to the 453 

recording chamber of a fixed-stage upright microscope (Olympus BX51WI, Olympus) and 454 

perfused with oxygenated ACSF with the following composition (in mM): 124 NaCl, 2.5 KCl, 455 

1.25 NaH2PO4, 24 NaHCO3, 1.5 CaCl2, 1.5 MgCl2, and 10 glucose, saturated with 95% O2/5% 456 

CO2. ACSF was supplied to the chamber at a rate of 1.5–2 mL/min. Each submerged slice was 457 

visualized either directly via the microscope’s optics or indirectly via a high-resolution charge-458 

coupled device (CCD) camera system (optiMOS, Qimaging) receiving output from a CCD 459 

camera attached to the microscope’s video port. 460 

Whole-cell patch-clamp recordings in current-clamp mode were used to measure spontaneous 461 

action potential (AP) firing in RMTg GABAergic neurons indicated by red fluorescence in 462 

VGATCre::Ai14 mice. The recordings were obtained using borosilicate glass pipettes (resistance 463 

4–10 MΩ) prepared using a 2-stage vertical pipette puller (P-1000, Sutter Instrument, or PP-83, 464 

Narishige). The pipettes were filled with a solution containing the following (in mM): 140.0 K-465 

gluconate, 10.0 HEPES, 0.5 EGTA, 10.0 glucose, 2.0 Na-ATP, and 0.5 Na-GTP; the pH was 466 

adjusted to 7.2 with KOH. Signals were amplified and filtered (2 kHz) using a MultiClamp 700B 467 

amplifier, sampled at 5 kHz using Digidata 1440, and recorded using pClamp10 software 468 
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(Molecular Devices, Union City, CA, USA). No correction for liquid junction potential was 469 

made. Analyses were performed using Clampfit 10 (Molecular Devices). Only cells with stable 470 

access resistance of < 25 MΩ were included in the analysis. 471 

To examine whether the RMTg directly receives synaptic input from LHb D-neurons, we 472 

investigated the responses of RMTg neurons using optogenetic stimulation in AADCCre mice. For 473 

brief stimulation (10 ms), blue light (473 nm, 0.5 ∼ 1 sec, and ∼ 10 mW) was delivered by a 474 

light-emitting diode (LED) light source (PSU-III-LED, Optoelectronics Tech. Co. Ltd) via an 475 

optic fibre during whole-cell recordings from RMTg neurons. Recording pipettes were filled 476 

with a solution containing the following (in mM): 127 CsMeSO4, 10 NaCl, 5 EGTA, 4 Mg-ATP, 477 

2 Na-GTP, and 2 QX314. To confirm glutamatergic inputs, optically evoked excitatory 478 

postsynaptic currents (oEPSCs) were recorded during the application of the competitive 479 

AMPA/kainate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 μM, 480 

Tocris) and the selective NMDA receptor antagonist amino-5-phosphonopentanoic acid (AP5; 50 481 

μM, Tocris). 482 

For optogenetic stimulation experiments to confirm the function of LHb D-neurons using 483 

AADCCre mice, blue light (473 nm, 0.5 ∼ 1 sec, and ∼ 10 mW) was delivered by an LED light 484 

source via an optic fibre during whole-cell recordings from RMTg neurons. Blue light was 485 

applied between 60 ∼ 80 sec and then turned off. 486 

For pharmacological experiments on RMTg GABAergic neurons using control mice and AADC-487 

knockdown mice, APs were recorded under the effects of the TAAR1 agonist RO5263397 (500 488 

nM, Tocris) and the TAAR1 antagonist EPPTB (1 μM, Tocris) in ACSF. All drugs were 489 

dissolved in 1% DMSO and stored at −70 °C before use. Recordings began at least 2 min after 490 
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whole-cell recording was established via break-in. The frequency of AP firing was analysed 491 

based on a 30-sec period after drug application. 492 

 493 

Drug administration 494 

For in vivo administration, RO5263397 was dissolved in sterilized 1× PBS at a concentration of 495 

1 μg/μL. The drug or vehicle was injected into the RMTg of AADC-knockdown mice through 496 

the cannula using an Ultra Micro Pump III at a speed of 0.3 μL/min. Thirty minutes after drug or 497 

vehicle injection, the mice were subjected to the TST for 6 min. 498 

 499 

Statistical analysis 500 

Samples were excluded from analyses if the viral injection sites were outside the LHb. Statistical 501 

analysis was conducted with IBM SPSS Statistics 25 for Windows (IBM). Pairwise comparisons 502 

between 2 groups were performed using a two-tailed independent Student’s t test or the Mann–503 

Whitney U test. For comparisons among more than 2 groups, analysis of variance (ANOVA) was 504 

used with the appropriate post hoc tests. For body weight data, repeated-measures ANOVA was 505 

conducted with post hoc tests. To monitor changes over time, repeated-measures ANOVA was 506 

run, followed by a contrast test. Data are expressed as the mean ± s.e.m., and P < 0.05 was 507 

considered significant. Details of the statistical analysis, including the numbers of animals, the 508 

exact statistical tests used, and the analysis results, are reported in the Source Data. 509 

 510 
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Data availability 511 

The data that support the findings of this study are available from the corresponding author upon 512 

reasonable request. 513 
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Figure legends 514 

Figure 1: Acute stress alters the neuronal activity of the LHb-RMTg-VTA pathway. a, 515 

Schematic of changes in neuronal activity of the LHb-RMTg-VTA pathway in chronic and acute 516 

stress responses. b, c, Expression of AADC/VGLUT2 (b) and AADC/TH/TPH2 (c) in the LHb. 517 

d, Pie chart of the percentage of VGLUT2-expressing AADC-positive cells. e, Experimental 518 

schematic of acute tail-suspension-induced stress (TS), which was followed by FISH analysis. f, 519 

Expression of AADC/c-Fos/VGLUT2 in the LHb of naïve and TS model mice. g−i, Percentages 520 

of c-Fos-expressing AADC-positive cells (g), VGLUT2-positive cells (h), and c-Fos-expressing 521 

cells in the LHb (i). j, Expression of c-Fos/TH (top) in the VTA and c-Fos/GAD1 in the RMTg 522 

(bottom). k, Percentages of c-Fos-expressing TH-positive cells in the VTA (left) and GAD1-523 

positive cells (right) in the RMTg of naïve and TS model mice. L, Acute-stress-mediated 524 

alterations in neuronal activity in the LHb-RMTg-VTA pathway compared to the activity 525 

induced by chronic stress. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are presented as the 526 

means ± s.e.m. Details on the statistical analyses and sample sizes are provided in 527 

Supplementary Table 2. 528 

 529 

Figure 2: Chemogenetic stimulation of LHb D-neurons regulates dopamine secretion. a, 530 

Schematic of AAV vectors for Cre-dependent hM3Dq or mCherry expression; illustration of 531 

viral injection. b, Effect of CNO-induced activation of LHb D-neurons on behaviour observed in 532 

the TST. c−h, Changes in the expression of c-Fos in VTA dopaminergic neurons and RMTg 533 

GABAergic neurons caused by chemogenetic stimulation of LHb D-neurons. Representative 534 

FISH images in the LHb (c) and the percentage of c-Fos-expressing AADC-positive neurons (d). 535 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 14, 2022. ; https://doi.org/10.1101/2022.02.02.478114doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.02.478114
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

 

Expression of c-Fos/TH in the VTA (e) and c-Fos/GAD1 in the RMTg (g). Percentage of c-Fos-536 

expressing TH-positive neurons (f) and c-Fos-expressing GAD1-positive neurons (h). i, j, Effect 537 

of chemogenetic stimulation of LHb D-neurons on dopamine release in the NAc. Experimental 538 

schematic of microdialysis (i) and dopamine release changes (j). *P < 0.05, **P < 0.01, and 539 

***P < 0.001. Data are presented as the means ± s.e.m. Details on the statistical analyses and 540 

sample sizes are provided in Supplementary Table 2. 541 

 542 

Figure 3: AADC knockdown in the LHb elicits depressive-like behaviours. a, b, Reduced 543 

expression of AADC mRNA in animal models of depression. Experimental schematic (a, left, b, 544 

left), qPCR analysis in rats with CRS (a, right) and mice with LH (b, right). c, Schematic and 545 

location of the injection of AAV engineered to overexpress shRNA against AADC. d, e, In vivo 546 

validation of AADC knockdown demonstrated by the expression of EGFP/AADC in the LHb (d) 547 

and the percentage of AADC-positive cells (e). f, Experimental paradigm for behavioural assays. 548 

g−j, Effect of AADC knockdown in the LHb on animals’ body weight gain (g), immobility time 549 

in the TST (h), percentage of sucrose preference (i), and total fluid intake (j) in the SPT. k−n, 550 

Effect of AADC knockdown in the LHb on VTA dopaminergic and RMTg GABAergic neuronal 551 

activity. Expression of c-Fos/TH in the VTA (k) and RMTg (m). Percentage of c-Fos-expressing 552 

TH-positive neurons in the VTA (l) and GAD-1-positive neurons in the RMTg (n). *P < 0.05, 553 

**P < 0.01, and ***P < 0.001. Data are presented as the means ± s.e.m. Details on the statistical 554 

analyses and sample sizes are provided in Supplementary Table 2. 555 

 556 
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Figure 4: LHb D-neurons innervate RMTg GABAergic neurons. a, Schematic of the AAV 557 

used and experimental procedure for anterograde tracing. b, Representative AAV-hSyn-mGFP-558 

Syp-mRuby infection pattern in the LHb (inset) and sagittal fluorescent image showing LHb D-559 

neuron projections. The LHb, fr, and RMTg are indicated. LHb D-neuronal fibres passing in the 560 

fr track and the RMTg. c, LHb D-neuronal terminals on GABAergic neurons of the RMTg. d, 561 

Schematic of AAV-ChR injection into the LHb and the response of RMTg GABAergic neurons 562 

to brief optical stimulation. e, Traces of oEPSCs (left) and summary data on normalized oEPSC 563 

amplitude under baseline conditions after CNQX (20 μM) and AP5 (50 μM) perfusion in ACSF 564 

(right). f, Schematic of the method for measuring the firing rate of RMTg GABAergic neurons in 565 

AADC-knockdown VGATCre::Ai14 mice. g, Representative traces (left), firing frequency 566 

(middle), and resting membrane potential (right). *P < 0.05 and ***P < 0.001. Data are 567 

presented as the means ± s.e.m. Details on the statistical analyses and sample sizes are provided 568 

in Supplementary Table 2. 569 

 570 

Figure 5: LHb D-neurons suppress RMTg GABAergic neurons through trace aminergic 571 

signalling. a, Schematic of the AAV used and RMTg GABAergic neuronal activity induced by 572 

the photostimulation of LHb D-neurons. b, Representative traces (left) and firing frequency in 573 

the control mice (middle) and AADC-knockdown mice (right) measured in the ON or OFF 574 

phases of blue light photoactivation. c, d, Expression of TAAR1/GAD1 mRNA in GABAergic 575 

neurons of the RMTg (c) and the percentage of TAAR1-expressing GAD1-positive GABAergic 576 

neurons in the RMTg (d). e, Schematic of AAV injection and RMTg GABAergic neuronal firing 577 

rates in response to the application of RO5263397 or EPPTB. f, Representative traces (left) and 578 
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firing frequency in control (middle) and AADC-knockdown mice (right) measured in response to 579 

the application of RO5263397 (500 nM) or EPPTB (1 μM). The firing frequency was normalized 580 

to the baseline value (b, f). g, h, Effect of RO5263397 application in AADC-knockdown mice in 581 

vivo on their performance in the TST. Schematic of an AAV in vivo injection (g) and TST 582 

immobility time results (h). *P < 0.05, **P < 0.01, and ***P < 0.001. Data are presented as the 583 

means ± s.e.m. Details on the statistical analyses and sample sizes are provided in 584 

Supplementary Table 2. 585 
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Extended data figure legends 586 

Extended Data Figure 1: Validation of FISH probes and the characterization of LHb D-587 

neurons a, Distribution of D-neurons in the brain49. D1, spinal cord; D2, nucleus tractus 588 

solitarius; D3, parabrachial complex (rostral medulla and pons); D4, midbrain (nuclei associated 589 

with the posterior commissure); D5, pretectal nuclei; D6, lateral habenula; D7, paracentral 590 

nucleus of the dorsal thalamus; D8, nucleus premammillaris of the hypothalamus; D9, arcuate 591 

nucleus; D10, zona incerta; D11, lateral hypothalamic region; D12, dorsomedial hypothalamic 592 

nucleus; D13, suprachiasmatic nucleus (SCN); D14, bed nucleus of the stria terminalis; D15, 593 

striatum; D16, nucleus accumbens; D17, basal forebrain; D18, cerebral cortex. b−d, Expression 594 

of VGLUT1/VGLUT2 in the habenula (Hb). VGLUT2 mRNA in both the medial habenula 595 

(MHb) and the LHb and (c) VGLUT1 mRNA only in the MHb (d). e−h, AADC mRNA also 596 

colocalized with TPH2-positive serotonergic neurons in the raphe nucleus. Neither TH nor TPH2 597 

mRNA was expressed in AADC-expressing D-neurons in the LHb, and 66.32% of VGLUT2-598 

positive neurons were AADC-positive (i, j). Details on the sample sizes are provided in 599 

Supplementary Table 2. 600 

 601 

Extended Data Figure 2: FISH analysis of activated neurons in the LHb after exposure to 602 

tail-suspension stress. a, Percentage of AADC-expressing cells among c-Fos-positive cells. b, 603 

Percentage of VGLUT2-expressing c-Fos-positive cells. c, Average total number of c-Fos copies 604 

per μm2 in the LHb. *P < 0.05. TS, tail suspension. Data are presented as the means ± s.e.m. 605 

Details on the statistical analyses and sample sizes are provided in Supplementary Table 2. 606 

 607 
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Extended Data Figure 3: Validation of AADCCre transgenic mice, effects of chemogenetic 608 

stimulation of LHb D-neurons on locomotor activity, and the localization of microdialysis 609 

probes. a−c, Schematic for the validation of AADCCre mice using the Cre-dependent virus (a 610 

recombinant AAV expressing mGFP/synaptophysin-mRuby) (a). Representative image of mGFP 611 

and AADC mRNA expression in the LHb (b). Pie chart depicting the proportion of AADC-612 

expressing cells among mGFP-positive cells (c). d, e, Travel distance (d) and velocity (e) of 613 

mice in the OFT after chemogenetic stimulation of LHb D-neurons. No significant difference 614 

was detected. f, Schematic drawing of the microdialysis probe placement in the NAc used in 615 

Figure 2i, j. Details on statistical analyses and sample sizes are provided in Supplementary Table 616 

2. 617 

 618 

Extended Data Figure 4: Validation of AADC knockdown in the LHb. a, b, In vitro 619 

validation of AADC knockdown in HEK293T cells expressing GFP-AADC (pDEST-GFP-620 

AADC) and shVeh or AAV-shAADC plasmid. After 72 h of expression, Western blot analysis 621 

(a) and the band intensity of exogenous AADC protein levels normalized to that of actin (b). c, d, 622 

In vivo validation of AADC knockdown in LHb cells expressing AAV-shVeh or AAV-shAADC 623 

for 3 weeks. Representative in situ hybridization images of EGFP and AADC (c). Magnified 624 

images of the region of interest are shown in Figure 3e. The average number of AADC mRNA 625 

copies/μm2 was multiplied by 103 (d). *P < 0.05, and ***P < 0.001. Data are presented as the 626 

means ± s.e.m. Details on the statistical analyses and sample sizes are provided in 627 

Supplementary Table 2. 628 

 629 
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Extended Data Figure 5: AADC knockdown in the LHb did not change locomotion or 630 

anxiety outcomes. a−c, OFT results: distance moved (a), number of centre visits (b), and 631 

duration spent in the centre (c). d−f, EZM results: distance moved (d), number of entries into 632 

open quadrants (e), and duration spent in open quadrants (f). No significant differences were 633 

detected. Data are presented as the means ± s.e.m. Details on the statistical analyses and sample 634 

sizes are provided in Supplementary Table 2. 635 

 636 

Extended Data Figure 6: AADC knockdown and chemogenetic stimulation of LHb D-637 

neurons altered c-Fos expression in RMTg GABAergic neurons. a, b, LHb AADC 638 

knockdown increased c-Fos expression in GAD1-positive RMTg neurons. c, d, Chemogenetic 639 

stimulation of hM3Dq-expressing LHb D-neurons decreased c-Fos expression in the GAD1-640 

positive neurons of the RMTg. Aq, aqueduct. SERT, serotonin transporter. 641 

 642 

Extended Data Figure 7: Raw frequency data corresponding to Figure 5. a−d, Firing 643 

frequencies of neurons in control mice (a) and AADC-knockdown mice (b) measured in the ON 644 

and OFF states of blue light photoactivation. Firing frequencies of neurons in control mice (c) 645 

and AADC-knockdown mice (d) measured after the application of RO5263397 (500 nM) or 646 

EPPTB (1 μM). *P < 0.05, **P < 0.01, and ***P < 0.001. Data are presented as the means ± 647 

s.e.m. Details on the statistical analyses and sample sizes are provided in Supplementary Table 2. 648 

 649 
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Extended Data Figure 8: Validation of TAAR1 mRNA expression in RMTg GABAergic 650 

neurons and LHb D-neurons. a−d, RMTg GABAergic neurons express TAAR1 but not SERT, 651 

VGLUT2, or VGLUT3. Representative FISH images for GAD1/GAD2/TAAR1 (a), 652 

GAD1/GAD2/SERT (b), GAD1/VGLUT2/SERT (c), and GAD1/VGLUT3/SERT in the RMTg 653 

(d). e, Pie charts depicting the percentage of GAD1-expressing cells coexpressing other 654 

molecular markers, namely, GAD2, VGLUT2, and VGLUT3. f, g, LHb D-neurons do not 655 

express TAAR1. Representative images of FISH for TAAR1/AADC (f) and a pie chart depicting 656 

the percentage of TAAR1-expressing cells among AADC-positive cells (g). Details on the 657 

sample sizes are provided in Supplementary Table 2. 658 

 659 

Extended Data Figure 9: Schematic illustration of the suggested role of LHb D-neurons. 660 

LHb D-neurons project to RMTg GABAergic neurons and are activated by acute stress. Acute 661 

stress evokes trace amine release from LHb D-neurons to RMTg GABAergic neurons, leading to 662 

neuronal inactivation via TAAR1-mediated trace aminergic signalling. Since the effect of trace 663 

amine overrides the excitatory glutamatergic transmission, LHb D-neurons act as the negative 664 

regulator of RMTg GABAergic neurons. This action ultimately activates VTA dopaminergic 665 

neurons to promote dopamine secretion into the NAc. In a depressed brain induced by chronic 666 

stress, the weakened trace aminergic signalling suppresses the activity of VTA dopaminergic 667 

neurons. 668 

 669 
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