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Abstract

Enhancing endocannabinoid signaling produces anxiolytic- and antidepressant-like effects, but
the neural circuits involved remain poorly understood. The medial habenula (MHDb) is a
phylogenetically-conserved epithalamic structure that is a powerful modulator of anxiety-

and depressive-like behavior. Here, we show that a robust endocannabinoid signaling system
modulates synaptic transmission between the MHb and its sole identified GABA input,

the medial septum and nucleus of the diagonal band (MSDB). With RNAscope in situ
hybridization, we demonstrate that key enzymes that synthesize or degrade the endocannabinoids
2-arachidonylglycerol (2-AG) or anandamide are expressed in the MHb and MSDB, and that
cannabinoid receptor 1 (CB1) is expressed in the MSDB. Electrophysiological recordings in MHb
neurons revealed that endogenously-released 2-AG retrogradely depresses GABA input from the
MSDB. This endocannabinoid-mediated depolarization-induced suppression of inhibition (DSI)
was limited by monoacylglycerol lipase (MAGL) but not by fatty acid amide hydrolase. Anatomic
and optogenetic circuit mapping indicated that MSDB GABA neurons monosynaptically project to
cholinergic neurons of the ventral MHb. To test the behavioral significance of this MSDB-MHb
endocannabinoid signaling, we induced MSDB-specific knockout of CB1 or MAGL via injection
of virally-delivered Cre recombinase into the MSDB of Crr1!oXP/1oxP or pgg/fjoxPIloXP mice.
Relative to control mice, MSDB-specific knockout of CB1 or MAGL bidirectionally modulated
2-AG signaling in the ventral MHb and led to opposing effects on anxiety- and depressive-like
behavior. Thus, depression of synaptic GABA release in the MSDB-ventral MHb pathway may
represent a potential mechanism whereby endocannabinoids exert anxiolytic and antidepressant-
like effects.
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Introduction

Results

Cross-sectional studies report that the majority of medical cannabis users use cannabis or
other cannabinoids for anxiety and/or depression, and that cannabis improves self-reported
symptoms of these disorders: 2. In rodents, pharmacological inhibition of monoacylglycerol
lipase (MAGL), the primary degradative enzyme for the endocannabinoid (eCB) 2-
arachidonoylglycerol (2-AG)3, had anxiolytic and antidepressant-like behavioral effects in
mouse models of chronic* ° and acute® 7 stress. Conversely, mice deficient in diacylglycerol
lipase a (DAGLa), the major biosynthetic enzyme for 2-AG, displayed elevated anxiety-
like behavior®: 9. Likewise, inhibition of fatty acid amide hydrolase (FAAH), the primary
degradative enzyme for the eCB anandamidel®, had anxiolytic effects® 7. Recent studies
have begun to untangle the distinct neural circuits which mediate the anxiolytic and
antidepressant-like effects of eCBs1! 12, though there remains an incomplete understanding
of the neural circuit basis of their action.

Emerging evidence has implicated the medial habenula (MHb) in the regulation of anxiety
and depressive behavior. The MHb is an epithalamic structure that regulates anxiety-

and depressive-like behavior in rodents3-17 and its volume is decreased in humans with
depressionl8. The MHb expresses mRNA and protein for DAGLa1®, suggesting that 2-AG
may be released by MHb neurons and regulate anxiety- and depressive-like behavior by
retrograde modulation of synaptic strength20: 21,

The medial septum and nucleus of the diagonal band (MSDB) provides the sole identified
GABAergic input to the MHb, as identified by retrograde tracing?2. The MSDB has

been implicated as a neural substrate of anxiety and mood-related behavior?3: 24, though
the downstream circuits involved remain poorly understood. We hypothesized that 2-AG
synthesized in the MHb produces anxiolytic and antidepressant-like behavioral effects via
suppression of MSDB GABA input to the MHb. To test this hypothesis, we first used
RNAscope fluorescent 7 situ hybridization (FISH)2® to quantify the expression levels of
components of the eCB system in the MSDB and MHb. Using slice electrophysiology, we
show that 2-AG released from MHb neurons retrogradely suppresses synaptic GABA input.
We further combined whole-cell electrophysiology with optogenetics and demonstrated that
2-AG acts at a selectively GABAergic input from the MSDB to cholinergic neurons of the
ventral MHb. Lastly, viral-genetic knockout of CB1 or MAGL in the MSDB bidirectionally
modulated 2-AG signaling in the MHb and led to opposing effects on anxiety- and
depressive-like behavior, suggesting that eCB signaling in the MSDB-MHb pathway may
exert anxiolytic- and antidepressant-like behavioral effects.

The MHDb expresses components of the eCB system

RNAscope FISH allows detection of single mMRNA transcripts with high specificity and
sensitivity?®. We utilized RNAscope to quantify the expression of components of the eCB
system in defined MHb neuron populations. The MHb is anatomically organized into
dorsal and ventral subnuclei that express tachykinin 1 (Tac1) and choline acetyltransferase
(ChAT), respectively®. DAGLa is the major enzyme for 2-AG synthesis® 9, whereas
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N-acyl phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) and fatty acid
amide hydrolase (FAAH) synthesize and degrade the eCB anandamide, respectivelyl0: 26,
We observed mRNA expression of DAGLa, NAPE-PLD, and FAAH in the MHb (Fig.
la—c). DAGLa, NAPE-PLD, and FAAH were expressed in both Tacl+ and ChAT+ cells.
ChAT+ neurons expressed a significantly higher mMRNA puncta density of these eCB system
components than Tac1+ neurons (Fig. 1d). DAGLa puncta density was significantly higher
than that of both NAPE-PLD and FAAH, and FAAH had a significantly higher puncta
density than NAPE-PLD. These results suggest that the MHb may be an important locus
for eCB signaling and that 2-AG signaling predominates over anandamide signaling in the
MHb.

The eCB 2-AG suppresses GABAergic input to MHb neurons

Depolarization-induced suppression of excitation (DSE) or inhibition (DSI) is a form of
retrograde depression mediated by Ca?* influx-triggered, “on demand” synthesis and release
of 2-AG20: 21 \We made whole-cell recordings from putative cholinergic neurons in the
ventral MHb in slices prepared from adult C57BL/6J mice, as well as cholinergic tdTomato+
neurons in ChAT-tdTomato reporter mice, which were generated by crossing ChAT-Cre mice
with Ai9 mice?’. GABA-mediated inhibitory postsynaptic currents (IPSCs) were evoked by
electrical stimulation in the presence of the AMPA receptor antagonist CNQX (20 uM).
Although GABA receptor activation can be excitatory in MHb neurons?8: 29, we call these
currents IPSCs to maintain convention. A brief depolarization (from -70 to 0 mV, 5 s)

of ventral MHb neurons led to a transient suppression of IPSC amplitude (Fig. 1¢). There
was no significant difference in DSI amplitude in ventral MHb neurons from C57BL/6J
mice relative to tdTomato+ neurons from ChAT-tdTomato mice (49 = 1.323, p=0.202), so
these data were pooled. DSI was blocked by pretreatment of slices with the CB1 receptor
antagonist AM251 (2 uM) or the DAGL inhibitor DO34 (1 uM) (Fig. 1e). The MAGL
inhibitor JZL184 (1 uM) significantly prolonged DSI, as determined by the average time
constant of its exponential decay, without significantly affecting DSI amplitude, whereas

the FAAH inhibitor URB597 (1 uM) did not significantly affect DSI duration or amplitude
(Supplementary Fig. 1). DSI amplitude was not significantly different between tdTomato+
neurons in the ventral MHb and putative Tacl+/tdTomato-negative neurons in the dorsal
MHb in slices from ChAT-tdTomato reporter mice (Supplementary Fig. 2). Additionally,
bath application of the CB1/CB2 receptor agonist WIN55212-2 (2 uM) decreased evoked
IPSC amplitude (Fig. 1f) and increased the paired-pulse ratio (PPR) (Fig. 1g), suggesting

a presynaptic mechanism whereby CB1 activation depresses GABA release. Thus, 2-AG
released from MHb neurons induces short-term depression of synaptic GABA input by
retrograde activation of CB1, and the duration of this depression is limited by MAGL but not
FAAH activity.

We next tested whether cannabinoid-induced suppression of synaptic GABA input affects
MHDb neuron activity. As MHb action potential (AP) firing in /n vitro slice conditions is

not affected by the AMPA receptor antagonist CNQX and the GABA receptor blocker
picrotoxin?® 30, we tested the effect of WIN55212-2 on electrical stimulation-induced,
GABA receptor-mediated excitation of AP firing. Unlike most regions in the adult brain,
GABA receptor activation can be excitatory in the MHb due to uniquely low expression of
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the K*/CI~ co-transporter KCC228: 29, We first determined the effects of GABAA receptor
activation in MHb neurons. Cell-attached recordings were made so that intracellular [CI7]
was not altered. The internal solution contained 0 or 10 pM of the fluorescent dye Alexa
594, as unwanted “spontaneous” mini-breaks into whole-cell mode can be detected by dye
diffusion into the recorded cell. Pressure ejection of the GABA agonist muscimol (2 M)
via a puff pipette (1-2 um tip opening, 5 psi, 1 s) increased the frequency of AP firing in
MHDb neurons (Supplementary Fig. 3a). Additionally, in the presence of CNQX (20 uM), the
NMDA receptor antagonist AP5 (50 uM), and the GABAg receptor antagonist CGP55845
(1 M), burst (50 Hz, 5 stimuli) electrical stimulation increased the frequency of AP firing
(Supplementary Fig. 3c). Muscimol and electrical stimulation-induced increases in AP firing
were blocked by the GABA receptor blocker picrotoxin (100 uM) (Supplementary Fig.
3b,d). In the presence of WIN55212-2 (2 uM), the effect of electrical stimulation to increase
AP firing was significantly reduced (Supplementary Fig. 3e,f). Thus, CB1 activation reduced
the excitatory effect of synaptic GABA receptor activation on MHb neuron AP firing.

MSDB GABA neurons innervate the ventral MHb

What is the source of GABA input to MHb neurons? The MHDb itself does not contain
GABA neurons; rather, microinjection of the anatomical tracer biotinylated dextran amine
(BDA) into the MHb in Gad1-GFP reporter mice identified the MSDB as the sole
GABAergic input to the MHb22. However, BDA is a bidirectional tracer and can be

taken up by damaged fibers-of-passage that do not form functional synapses in the target
region3. Further, it does not reveal the cell-type-specific connectivity between structures.
To overcome these limitations, we injected the adeno-associated virus (AAV) vector AAV1-
phSyn1(S)-Flex-tdTomato-T2A-SypEGFP-WPRE into the MSDB of GAD2-Cre mice to
selectively label GABA neurons (Fig. 2a). With this vector, the somata and axons of the
transduced neurons express tdTomato, and putative synaptic contacts express synaptophysin-
EGFP (SypEGFP). Synaptophysin is a major synaptic vesicle protein located in virtually
all synapses32. Thus, this approach can distinguish direct synaptic connections from fibers-
of-passage. After 4-5 weeks, expression of tdTomato was observed within the MSDB,
indicating precise targeting (Fig. 2b). Expression of tdTomato and SypEGFP was abundant
in the ventral MHb bilaterally (Fig. 2c). In the MHb, SypEGFP was expressed in close
approximation to both the inhibitory postsynaptic marker gephyrin, which anchors and
clusters postsynaptic GABA receptors33 (Supplementary Fig. 4a), and the dendritic and
somatic protein microtubule-associated protein 2 (MAP2)34 (Supplementary Fig. 4b). Thus,
MSDB GABA neurons send axonal projections to the ventral MHb and form putative
synaptic contacts with MHb neurons.

In addition to GABAergic neurons, the MSDB also contains glutamatergic and cholinergic
neurons3®. We determined whether the MSDB selectively sends a GABAergic input to

the MHb and determined whether MSDB GABA neurons form functional synapses on
MHDb neurons. We injected AAVp;-ChR2(H134R)-GFP into the MSDB of ChAT-tdTomato
reporter mice (Fig. 2d,e). After 2-3 weeks, ChR2(H134R)-GFP-expressing axon terminals
were observed in the ventral MHb clustered around tdTomato+ MHb neurons (Fig. 2f). We
prepared ex vivo brain slices and made whole-cell recordings from tdTomato+ neurons

in the ventral MHb. Blue laser stimulation (473 nm, 3 ms) induced fast-onset IPSCs
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that were blocked by picrotoxin (100 pM) and that were unaffected by CNQX (20 uM;
Fig. 2g). Light-evoked IPSCs had an average reversal potential (&) of —27.8 £ 1.2

mV, corrected for a calculated liquid junction potential of —=7.7 mV (Fig. 2h). This is
consistent with the calculated £, of CI~, based on CI™ concentrations in the ACSF (128
mM) and pipet (50.2 mM) solutions (E¢). = —24.5 mV at 31°C). The average Lo, Was
not affected by CNQX (vehicle: —=27.8 £ 1.2 mV, n = 15 neurons/N = 4 mice; CNQX:
-25.3 £0.80 mV, n =9 neurons/N = 3 mice; &y = -2.52, p=0.138). Lastly, in 4 of 4
independent experiments from the Allen Brain Atlas Mouse Brain Connectivity database
(connectivity.brain-map.org), a projection from ChAT-expressing MSDB neurons to the
MHb was not observed Supplementary (Fig. 5). Thus, the MSDB sends an exclusively
GABAergic projection to neurons of the ventral MHb.

CB1 and MAGL mRNA are expressed in MSDB GABA neurons

As DSI was observed in the MHb, and as the MSDB is reported to be the only GABAergic
input to the MHb22, we determined whether MSDB GABA neurons express CB1 mRNA.
We performed RNAscope for CB1 mRNA along with either the GABAergic neuron
marker glutamate decarboxylase 1 (Gadl), the glutamatergic neuron marker vesicular
glutamate transporter 2 (VGIuT2), or the cholinergic neuron marker ChAT. CB1 mRNA
was abundantly expressed in the MSDB, but not in neighboring regions (Fig. 3a). Greater
than 90% of CB1-expressing MSDB neurons co-expressed mRNA for Gad1l (Fig. 3b; 1107
Gadl+/CB1+ of 1221 CB1+ cells, 90.7%). Nearly all MSDB Gad1-expressing neurons
co-expressed CB1 (Fig. 3B; 1107 Gad1+/CB1+ of 1150 Gad1+ cells, 96.3%). A minority
of CB1-expressing MSDB neurons co-expressed VGIuT2 (Fig. 3B,S6; 432 VGIuT2+/CB1+
of 3157 CB1+ cells; 13.7%) or ChAT (Fig. 3b, Supplementary Fig. 7; 185 ChAT+/CB1+
of 1752 CB1+ cells, 10.6%). CB1 mRNA was less abundant in MSDB VGIuT2+ neurons
relative to Gad1l+ or ChAT+ neurons (Fig. 3a, Supplementary Figs. 6 & 7). MAGL is
predominantly expressed in neuron presynaptic terminals3®. MAGL mRNA was expressed
in the MSDB, including in CB1+/Gad1+ neurons (Supplementary Fig. 8). Thus, CB1 and
MAGL are expressed in MSDB GABA neurons, with CB1 predominantly expressed in
MSDB GABA neurons. Together with DAGLa.,, NAPE-PLD, and FAAH, these studies
indicate that a robust eCB signaling system is expressed in the MSDB and MHb.

2-AG specifically suppresses GABA input from the MSDB

We determined whether 2-AG released from MHb neurons acts at MSDB axon terminals

in the ventral MHb. We injected AAVp;-DIO-ChR2(H134R)-GFP into the MSDB of GAD2-
Cre mice, which resulted in ChR2-GFP expression in the ventral MHb 2-3 weeks after
injection. We made whole-cell recordings in ventral MHb neurons in brain slices. GABA
release from MSDB axon terminals was evoked by local blue light illumination (473 nm, 3
ms) from an optical fiber lowered to the recorded cell. Depolarization (from =70 to 0 mV,

5 sec) of MHDb neurons led to robust DSI, which was blocked by pretreatment with AM251
(Fig. 4a). This indicates that 2-AG from ventral MHb neurons acts at CB1-expressing
MSDB axon terminals to retrogradely depress GABA release.

Additionally, we injected AAV1.hSyn.HI.eGFP-Cre. WPRE.SV40 (AAV1-hSyn-Cre-eGFP)
into the MSDB of CrrlIoxPI1oxP o pfg/foxP/oxP mice to knock out (KO) CB1 or MAGL
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from MSDB neurons. These mice are referred to as MSDB-CB1-KO and MSDB-MAGL-
KO, respectively. C57BL/6J mice injected with AAV1-hSyn-Cre-eGFP in the MSDB
(MSDB-WT mice) were the control for both knockouts. MHb slices were prepared from
these mice 3-4 weeks following the AAV injection. Strikingly, DSI was absent in MHb
neurons from MSDB-CB1-KO mice, whereas DSI duration was significantly prolonged

in MHb neurons from MSDB-MAGL-KO mice relative to MSDB-WT mice (Fig. 4b).
Immunostaining for Nissl in the MSDB after AAV1-hSyn-Cre-eGFP injection indicated that
88.9 + 1.5% (n = 5 mice) of Nissl+ MSDB cells also expressed eGFP. The absence of DSI
in MSDB-CB1-KO mice indicates that the MSDB likely provides the only CB1-expressing
GABA input to the ventral MHb. Further, MSDB-specific CB1 or MAGL KO bidirectionally
modulates 2-AG signaling at MSDB-MHDb synapses.

Anxiety- and depressive-like behavior in MSDB-specific CB1 and MAGL knockouts

The MSDB23: 24,37 MHb13: 15 and cannabinoids3® are each independently linked to the
regulation of anxiety and depressive-like behavior. We hypothesized that 2-AG signaling in
the MSDB-MHb pathway is a neurobiological locus where these mechanisms converge. In

a separate cohort of C57BL/6J, Crr1!oXP/1oxP and pg/foxPIoxP mice. AAV1-hSyn-Cre-eGFP
was injected into the MSDB to induce loss- or gain-of-function in 2-AG/CBL1 signaling in
the ventral MHb. Beginning ~3-4 weeks after virus injection, anxiety- and depressive-like
behaviors were assessed in these mice (Fig. 5a). Body weight was not significantly affected
by MSDB-specific KO (Supplementary Fig. 9a).

Mice tend to avoid open spaces, and this avoidance behavior is responsive to
anxiolytics3%-41, In the open field test (OFT), total distance traveled was not significantly
affected by MSDB-specific KO, but MSDB-CB1-KO mice spent less time in the center

of a novel open field and made fewer entries into the center relative to MSDB-WT and
MSDB-MAGL-KO mice. MSDB-CB1-KO mice also had a smaller percentage of distance
traveled in the center area relative to MSDB-MAGL-KO mice (Fig. 5b). In the light-dark
box test, MSDB-CB1-KO mice spent less time in the light box relative to MSDB-MAGL-
KO mice (Supplementary Fig. 9b), but there was no significant effect of MSDB-specific
KO on light-dark box transitions (Supplementary Fig. 9b) or elevated plus maze behavior
(Supplementary Fig. 9c). Increased marble burying behavior reflects neophobic anxiety
and is responsive to anxiolytics*2. MSDB-CB1-KO mice buried significantly more marbles
than MSDB-WT and MSDB-MAGL-KO mice in the marble burying test (MBT) (Fig. 5c),
indicating increased neophobic anxiety in MSDB-CB1-KO mice. Thus, MSDB-CB1-KO
mice had increased avoidance and neophobic anxiety behavior, whereas MSDB-MAGL-KO
mice did not have significantly altered anxiety-like behavior relative to MSDB-WT mice.

Latency to feed in a novel open field in the novelty-suppressed feeding (NSF) test is
sensitive to anxiolytics or chronic antidepressant treatment*3: 44, MSDB-CB1-KO mice had
a dramatic increase in the latency to feed in a novel open field relative to MSDB-WT

and MSDB-MAGL-KO mice, without a significant change in latency to feed in the home
cage, indicating increased anxiety/depressive-like behavior (Fig. 5d). Decreased sucrose
preference in rodents is interpreted as a manifestation of anhedonia®®, which is a core
feature of major depressive disorder®8. Interestingly, MSDB-MAGL-KO mice had increased
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sucrose preference relative to MSDB-WT and MSDB-CB1-KO mice (Fig. 5e), suggesting
an antidepressant-like behavioral effect. Immobility in the forced swim test (FST) is a
measure of behavioral despair and reflects a depressive phenotype*’. MSDB-CB1-KO mice
had greater immobility time relative to MSDB-MAGL-KO mice in the FST (Supplementary
Fig. 9d). These phenotypes cannot be attributed to inherent behavioral differences between
C57BL/6J, Cnr1'oxP/oxP and pfg/foxPloxP mice, as there were no significant differences
between these mice in any of the aforementioned tests when not injected with AAV1-hSyn-
Cre-eGFP (Supplementary Fig. 10). Together, these results indicate that MSDB-specific
CB1 or MAGL KO led to opposing effects on anxiety- and/or depressive-like behavior in
multiple behavioral tests.

Discussion

We have shown that the MSDB and MHb express a robust eCB system, and that activation
of the CB1 receptor by endogenously-released 2-AG or an exogenous CB1 agonist led

to depression of MSDB GABA input to cholinergic ventral MHb neurons. Loss- or gain-
of-function of 2-AG/CBL. signaling in the MHb after MSDB-specific CB1 or MAGL KO
led to elevated anxiety-like (MSDB-CB1-KO) and antidepressant-like (MSDB-MAGL-KO)
behavioral effects in multiple behavioral tests. Collectively, these data suggest that this
GABAergic MSDB-MHDb pathway may be a critical locus where cannabinoids act to
modulate anxiety- and depressive-like behaviors.

Traditional anatomical tracing studies suggested the presence of a projection from the
MSDB to the MHb?2, We found that expression of AAV1-Flex-tdTomato-T2A-SypEGFP
in MSDB GABA neurons resulted in expression of both tdTomato and SypEGFP in

the ventral MHDb, suggesting that MSDB GABA neurons make direct synaptic contacts
onto ventral MHb neurons. In support of this idea, SypEGFP was expressed in close
approximation to MAP2 and gephyrin in the MHb. Further, optogenetic activation of MSDB
axon terminals in the ventral MHb evoked GABAp receptor-mediated IPSCs in cholinergic
MHb neurons. These rapid, light-evoked IPSCs were not affected by CNQX, indicating

a direct, monosynaptic innervation of MHb neurons by MSDB GABA neurons, and that
MSDB glutamate neurons do not innervate MHb neurons. A projection from cholinergic
MSDB neurons to the MHb was not observed in 4 of 4 independent experiments from the
Allen Brain Atlas Mouse Brain Connectivity database. Consistent with this, expression of
ChR2-EYFP in MS cholinergic neurons did not lead to EYFP expression in the MHb*8,
Thus, the MSDB sends a selective GABAergic projection to cholinergic neurons in the
ventral MHb. We showed that electrically-evoked IPSCs and DSI were observed in ChAT-
negative neurons in the dorsal MHb. Consistent with this, spontaneous and evoked GABA
IPSCs were previously observed in the dorsal MHb in mice*®. However, GABAergic input
to these putative Tacl neurons remains to be identified.

We found that the MSDB and MHb express a robust eCB system. DAGLa.,, NAPE-PLD,
and FAAH mRNA were expressed in the MHb, particularly in cholinergic ventral MHb
neurons, indicating that MHb neurons are likely capable of 2-AG and anandamide synthesis.
DAGLa expression was more abundant than that of NAPE-PLD or FAAH, suggesting that
2-AG signaling predominates over anandamide signaling. However, anandamide synthesis
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can also occur via biochemical pathways that were not assessed in this study>%. CB1 mRNA
was abundantly expressed in MSDB GABA neurons, and MAGL mRNA was expressed

in CB1+/Gad1+ MSDB neurons. Robust CB1- and DAGL-dependent DSI was observed in
the MHDb, indicating that 2-AG mediates short-term synaptic depression of GABA input.
Further, as DSI was observed with optogenetic stimulation of MSDB input, it is apparent
that 2-AG acts at GABAergic MSDB axon terminals in the ventral MHb. Consistent with the
study identifying the MSDB as the only known GABAergic input to the MHb?2, DSI was
abolished in MSDB-CB1-KO mice, suggesting that the MSDB is the only CB1-expressing
GABA input to ventral MHb neurons. As GABA receptor activation can be excitatory in
the MHb due to low expression of KCC228, GABA release onto MHb neurons may trigger
activity-dependent feedback suppression of GABA release via 2-AG.

CB1 expressed in presynaptic terminals of MHb neurons projecting to the interpeduncular
nucleus (IPN) regulates the expression of aversive memories®l. We investigated the effects
of loss- or gain-of function of 2-AG/CBL1 signaling in the ventral MHb after MSDB-specific
CB1 or MAGL KO on anxiety- and depressive-like behavior. MSDB-specific CB1 knockout
led to elevated anxiety-like behavior in multiple behavior tests, including the open field,
marble burying, and NSF tests. The increased avoidance behavior in the OFT was similar

to that in global CB1 knockout mice®2. Systemic treatment with the CB1 antagonist
rimonabant similarly increased latency to feed in the NSF test®3 54, These results suggest
that CB1 expressed in MSDB neurons may be a critical locus mediating avoidance and
novelty-induced hypophagia. The minimal impact of MSDB-CB1 knockout on light dark
box and EPM behavior suggests that these behaviors are regulated by 2-AG/CB1 signaling
in other neural pathways. Interestingly, MSDB-MAGL-KO mice had minimal effects on
anxiety-like behavior across all behavior tests. This may be because these behavior tests do
not evoke high levels of anxiety that are amenable to anxiolytic manipulations. Consistent
with this, systemic MAGL inhibition had anxiolytic and antidepressant-like behavioral
effects in mice that were exposed to chronic unpredictable stress (CUS), but not those
without CUS exposure® °. Furthermore, MAGL is expressed in both neurons and astrocytes,
and both limit 2-AG signaling at synapses®® %6, MAGL in local MHb astrocytes may
therefore limit excessive 2-AG levels from strongly suppressing MSDB GABA input to

the MHDb. It also remains possible that 2-AG and anandamide collectively act to regulate
anxiety-like behavior, as MSDB-CB1-KO would also abolish the effects of anandamide.
Although JZL 184 but not URB597 prolonged DSI in the MHb, tonic regulation of synaptic
input by anandamide may act in parallel with 2-AG to suppress MSDB GABA release onto
ventral MHb neurons. Together, these results suggest that eCB signaling in the MSDB-MHb
pathway may have anxiolytic and antidepressant-like effects.

Immobility in the FST reflects behavioral despair and a depressive phenotype?’. Although
neither group differed significantly from control mice, we observed significantly greater
immobility time in MSDB-CB1-KO mice than in MSDB-MAGL-KO mice. Additionally,
we found that MSDB-MAGL-KO mice had increased sucrose preference. As novelty-
suppressed feeding and sucrose preference are sensitive to chronic antidepressant
treatment#3: 45, these results collectively suggest that bidirectional modulation of 2-AG/CB1
signaling in the MHb after MSDB-specific KO has opposing effects on depressive-like
behavior.
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MSDB-CB1-KO abolished DSI in the ventral MHb, indicating a complete loss of 2-AG-
mediated depression of GABA release in the ventral MHb. Although this KO is not specific
for the MSDB-MHb pathway, the anxiety- and depression-related behaviors may be due to
effects in this pathway. RNAscope FISH demonstrated that >90% of MSDB CB1-expressing
neurons co-express Gadl, indicating that this CB1 knockout predominantly affects MSDB
GABA neurons. Additionally, CB1 expression in MSDB glutamate neurons is comparatively
low, and MSDB cholinergic neurons are primarily known to regulate hippocampal theta
oscillations®” and not anxiety or depressive-like behavior. Additional projection targets

of MSDB GABA neurons are inhibitory interneurons in the hippocampus and entorhinal
cortex®8: 59, put hippocampal interneurons do not display DSI%0, suggesting that MSDB
GABA neurons in this pathway may not express CB1 or MAGL. These data are consistent
with the hypothesis that the behavioral consequences of MSDB-specific CB1 or MAGL
knockout are perhaps mediated by the MSDB-MHb pathway. Although approaches for
pathway-specific gene knockout have recently been established in micell, the small size of
the MHb makes it highly technically challenging to bilaterally inject viral vectors selectively
in the MHb in enough mice for behavioral studies. Though we provide evidence for a role
of the MSDB-MHb pathway in mediating the behavioral effects of MSDB-specific CB1 or
MAGL knockout, the contributions of other MSDB output projections cannot be excluded.

There are limited studies on the role of the MHb in anxiety or depressive disorders

in humans. The human MHb is enriched for genes that are negatively correlated with
hedonic well-being®L. Post-mortem histological analysis revealed reduced volume and
neuronal cell numbers in the MHb in patients with depressionl8. Post-mortem analysis

of the habenula in suicide victims diagnosed with major depressive disorder observed
significantly reduced mRNA expression of components of cholinergic signaling, including
the choline transporter (SLC5A7) and the $3 subunit of the nicotinic acetylcholine receptor
(CHRNB3)%2. Functional MRI in individuals with generalized anxiety disorder revealed
increased functional connectivity of the habenula with regions associated with threat
anticipation and avoidance behavior, such as the prefrontal cortex and orbitofrontal cortex®3.
As a link between the basal forebrain and serotonergic midbrain nuclei by way of the

IPN, the MSDB-MHb pathway is positioned to transduce cortical information processing
and evaluative decision-making to the control of monoamine release. Further, as CB1
antagonists increase brain serotonin levels®4, the MSDB-MHb pathway may be a link
between cannabinoid signaling and serotonin release. Interestingly, the IPN and serotonergic
dorsal and median raphe project back to the MS6° 66, thereby forming a polysynaptic loop
of synaptically connected structures. Thus, the MSDB-MHDb pathway could be an important
neural correlate of anxiety and/or depressive disorders amenable to targeted modulation.

In summary, we provide evidence that CB1/eCB signaling suppresses synaptic GABA
input to cholinergic neurons of the ventral MHDb specifically via actions at CB1-expressing
MSDB axon terminals, and that eCBs released from MHb neurons may have anxiolytic
and antidepressant-like behavioral effects via suppression of this GABAergic MSDB-
MHb pathway (Supplementary Fig. 11). This may be a potential mechanism whereby
endocannabinoids can exert anxiolytic and antidepressant-like effects.
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Methods and Materials

Animals

Animal maintenance and use were in accordance with protocols approved by the
Institutional Animal Care and Use Committee of The Medical College of Wisconsin. Mice
were given ad /ibitum access to food and water, unless stated otherwise, and housed four

to five per cage in a temperature (23 £ 1°C) and humidity-controlled room (40-60%) with

a 14 hr light, 10 hr dark cycle. All experiments were performed on adult (8-16 weeks old

at the beginning of the experiments) male or female mice. C57BL/6J (Jax stock#: 000664),
Gad2-Cre (Gad2m2(cre)Zjhj), Jax stock#: 010802), ChAT-Cre (Chafm2(cre)Lowl/y jax stock:
006410), and Ai9 reporter mice (B6.Cg-Gt(ROSA)26SorMICAG-tdTomato)Hze| 3. jax stock#:
007909) were obtained from the Jackson Laboratory (Bar Harbor, Maine). ChAT-Cre mice
were originally on a mixed C57BL/6;129 background and were backcrossed to C57BL/6J
mice. Cnr1/oXF/IoxP mice (CnritM112xX MGI: 6119514) were generously provided by
Zheng-Xiong Xi at NIDA/NIH and were maintained on a C57BL/6J background®”,
Magl'oxF/IoxP mice were generated as described in our previous study®8 and maintained on a
C57BL/6J background. ChAT-tdTomato reporter mice were generated by crossing ChAT-Cre
mice with Ai9 mice, which express tdTomato following Cre-mediated recombination?’.

Animal surgery and microinjection of AAVs

Behavior

Mice were anesthetized with ketamine (90 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.)

and placed in a stereotaxic device (Neurostar, Tubingen, Germany). For injections into

the MSDB, injections were made at the following coordinates: AP 0.86 mm; ML 0.00
mm; DV 4.78-4.80 mm. AAV1.hSyn.H1.eGFP-Cre. WPRE.SV40 (1.78 x 1012 GC/ml) was
obtained from the Penn Vector Core of the University of Pennsylvania (Philadelphia,

PA). AAV1-phSyn1(S)-Flex-tdTomato-T2A-SypEGFP-WPRE (1.12 x 1012 GC/ml) was
obtained from the Viral Vector Core of Salk Institute. AAVp;-ChR2(H134R)-GFP (1.40

x 1013 GC/ml) was obtained from Neuroscience Gene Vector and Virus Core of Stanford
University. AAVs were injected in a volume of 200 nl. The AAV injections were delivered
through a Nanoject 111 Programmable Nanoliter Injector (Drummond Scientific Company,
Broomall, PA). The injection rate was 60 nl/min and the injectors were kept in place

for 5 min to ensure adequate diffusion from the injector tip. After the surgery, animals
received subcutaneous injections of analgesic (buprenorphine-SR, 1 mg/kg). There was a
minimum of 3—-4 weeks given between AAV injection and electrophysiological, behavioral,
or anatomical experiments to allow for sufficient time for transgene expression or genetic
knockout.

Animal numbers and sample sizes are calculated based on statistical power analysis (a =
5%, Power = 0.8), with consideration of prior experience and sample sizes generally used
in the field. Mice were assigned to groups without randomization. The experimenters were
blinded to the treatment groups and genotypes of animals when analyzing behavioral tests
that require manual scoring (e.g. forced swim test, marble burying test). Behavioral tests
have been described in detail in our recent study?. Less stressful behavioral tests were
performed before more stressful behavioral tests. Behavioral tests were conducted in the
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order listed below with only one behavioral test conducted per day. Mice were handled for
3 days prior to the first behavioral test. A complete timeline for the behavior experiments is
provided in Fig. 5a.

Open Field Test (OFT)—Mice were placed individually in one corner of an open field (50
cm length x 45 cm width x 30 cm depth box) and allowed to freely explore the arena during
a 10 min test session. Locomotor activity was recorded using an automated video-tracking
system (ANY-maze; Stoelting, Wood Dale, IL). Total distance traveled and time spent in the
center of the box was calculated. Center time is defined as the amount of time that was spent
in the central 25 cm x 22.5 cm area of the open field.

Elevated Plus Maze (EPM)—The elevated plus maze apparatus (Stoelting, Wood Dale,
IL) consists of two open arms (35 x 5 cm) across from each other and perpendicular to

two closed arms (35 x 5 x 15 cm) that are connected by a center platform (5 x 5 cm). The
apparatus is elevated 40 cm above the floor. Mice were placed in the center platform facing
a closed arm and allowed to freely explore the maze for 5 min. The location of the mice was
tracked with ANY-maze. The time spent in open arms and the number of entries into open
arms were quantified.

Light-Dark Box (LDB)—Mice were placed individually in an apparatus (46 cm length x
20 cm width x 20 cm depth) with two compartments. One compartment (30 cm length x

20 cm width x 20 cm depth) is exposed to light and has white walls, whereas the other
compartment (16 cm length x 20 cm width x 20 cm depth) is covered and has black walls.
An opening (6 cm tall x 5 cm wide) separates the two compartments. Mice were placed

in the light side and allowed to freely move throughout a 5 min session. Time spent in the
light side and number of entries into the light side were tracked using ANY-maze (Stoelting,
Wood Dale, IL).

Marble Burying Test (MBT)—Mice were placed individually in their home cage (30 cm
length x 18 cm width x 12 cm depth) filled with bedding 7-8 cm deep. Twenty-four dark
blue marbles (1.35 cm diameter) were placed on top of the bedding. Mice were allowed to
freely move throughout a 20 min session without a cage lid. The number of marbles buried
at the end of the 20 min session were counted. Marbles were considered buried if at least
two thirds of an individual marble was covered in bedding.

Sucrose Preference (SP)—Mice were individually housed and trained to drink from two
drinking bottles for 48 hr. One bottle contained 1% sucrose (in tap water) and the other
contained tap water. During the SPT, mice were deprived of food and water for 8 hr, and

the consumption of sucrose solution and water over the next 16 hr was measured. Sucrose
preference (%) was calculated as sucrose solution consumed divided by the total amount of
solution consumed.

Novelty-Suppressed Feeding (NSF)—The NSF test was carried out similar to our
previous study®. Mice were food deprived for 24 hr before being placed in a novel
environment (a plastic box 50 cm long x 35 cm wide x 30 cm deep) where 2-3 food
pellets (regular chow) were placed on a piece of white filter paper (8 cm in diameter) in the
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center of the box. A mouse was placed in one corner of the box and the latency to feed was
measured. Feeding was defined as biting the food with the use of fore-paws, but not simply
sniffing or touching the food. Immediately after the test, the animal was transferred to the
home cage, and the latency to feed in the home cage was measured to serve as a control.

Forced Swim Test (FST)—Muice were placed individually into glass cylinders (13 cm
diameter, 25 cm tall) filled to a depth of ~18 cm with water (30 + 1°C). The mice were
placed in the cylinders for 6 min. The time spent immabile during the last 4 min was scored.
Immobility was defined as the cessation of all movements (e.g., climbing, swimming) except
those necessary for the mouse to keep its head above water (i.e., floating).

Slice preparation and electrophysiology

Brain slices containing the medial habenula were prepared as described in our recent
study’0. Briefly, mice were anesthetized by isoflurane inhalation and decapitated. The brain
was embedded in low-melting- point agarose, and coronal slices (200 um thick) containing
the medial habenula were cut using a vibrating microtome (Leica VT1200s). Slices were cut
in a choline-based solution containing the following (in mM): 110 choline chloride, 2.5 KClI,
1.25 NaH,P0Oy, 0.5 CaCl,, 7 MgSQy, 26 NaHCO3, 25 glucose, 11.6 sodium ascorbate, and
3.1 sodium pyruvate at room temperature. After slice cutting, artificial cerebrospinal fluid
(ACSF) was progressively spiked into the choline solution every 5 min for 20 min at room
temperature to gradually reintroduce Na*, similar to a previous method’!. ACSF contained
the following (in mM): 119 NaCl, 3 KCI, 2 CaCl,, 1 MgClI2, 1.25 NaH,POy4, 25 NaHCO3,
and 10 glucose. The slices were allowed to recover for at least an additional 30 min in ACSF
prior to recording. All solutions were saturated with 95% O, and 5% CO».

Whole-cell and cell-attached patch clamp recordings were made from neurons in the MHb
using patch-clamp amplifiers (Multiclamp 700B) under infrared differential interference
contrast microscopy, as described in our previous study®?. Data acquisition and analysis
were performed using DigiData 1440A and 1550B digitizers and analysis software

pClamp 10 (Molecular Devices). Signals were filtered at 2 kHz and sampled at 10 kHz.
Neurons were voltage-clamped at =70 mV unless stated otherwise. GABA postsynaptic
currents were recorded in the presence of the AMPA receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX; 20 uM). Electrical stimulation was delivered by a
bipolar tungsten stimulation electrode (WPI) placed =50 pm from the recorded neuron.
Pressure ejection of the GABAa agonist muscimol (2 pM) was via a puff pipette (1-2

um tip opening, 5 psi, 1 s). Tetanic stimulation was delivered as 5 pulses of electrical
stimulation at 50 Hz. For whole-cell recordings of reversal potential and picrotoxin/CNQX
sensitivity of MSDB-ChR2-induced currents in MHb neurons, glass pipettes (4—-6 MQ) were
filled with an internal solution containing the following (in mM): 100 Cs-methanesulfonate,
40 CsCl, 10 NaCl, 1 EGTA, 0.1 CaCl,, 2 Mg-ATP, 0.3 Na,-GTP, pH to 7.2 with CsOH.
Depolarization to 0 mV for DSI induced large inward currents in Cs-based internal solutions
(not shown), likely via activation of Ca2*-activated CI~ channels’2, precluding the use of
Cs-based solutions for these recordings. DSI and all other whole-cell recordings used an
internal solution containing the following (in mM): 90 K-gluconate, 50 KCI, 10 HEPES,

0.2 EGTA, 2 MgCly, 4 Mg-ATP, 0.3 NapGTP, and 10 Nay-phosphocreatine, pH 7.2 with
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KOH. Cell-attached recordings of MHb neurons were carried out similar to a previous
study’3. For cell-attached recordings of action potential firing, glass pipettes were filled with
ACSF and 0 or 10 uM of the fluorescent dye Alexa 594 to monitor for “spontaneous” mini-
breaks into whole-cell mode, detectable by dye diffusion into the recorded cell. For slice
optogenetics experiments, blue laser stimulation (473 nm, 3 ms; Laserglow Technologies,
Ontario, Canada) was delivered by an optical fiber (200 um diameter, 0.37 or 0.39 NA,
Thorlabs) placed either directly (~50 um) above the recorded cell or in contact with the slice,
therefore providing localized illumination. Series resistance (10-30 MQ) was monitored
throughout all whole-cell recordings, and data were discarded if the resistance changed by >
20%. All recordings were performed at 31 + 1°C using an automatic temperature controller
(Warner Instruments, Inc.).

RNAscope in situ hybridization

Mice were deeply anesthetized with isoflurane and transcardially perfused with 0.1 M
sodium phosphate buffered saline (PBS) followed by 4% paraformaldehyde in 4% sucrose-
PBS (pH 7.4). After perfusion, the brain was removed and post-fixed in the same fixative for
4 hr at 4°C and was then dehydrated in increasing concentrations of sucrose (20% and 30%)
in 0.1 M PBS at 4°C and frozen on dry ice. Coronal MHb or MSDB sections (10 um) were
cut with a Leica cryostat (Leica CM1860) and mounted on Superfrost Plus microscope
slides (Fisher Scientific). Probes targeting the mRNA transcripts of DAGLa (target

region: base pairs 396-1259 of Mus musculus diacylglycerol lipase alpha, NM_198114.2),
Tacl (target region: base pairs 20-1034 of Mus musculustachykinin 1, NM_009311.2),
ChAT (target region: base pairs 1090-1952 of Mus musculus choline acetyltransferase,
NM_009891.2), CB1 (target region: base pairs 530-1458 of Mus musculus cannabinoid
receptor 1, NM_007726.3), VGIuUT2 (target region: base pairs 1986—-2998 of Mus musculus
vesicular glutamate transporter 2, NM_080853.3), and GAD1 (target region: base pairs
62-3113 of Mus musculus glutamate decarboxylase 1, NM_008077.4), were designed by
and purchased from Advanced Cell Diagnostics Inc. (Hayward, CA). The experiment was
carried out as per the manufacturer’s instructions for the RNAscope Multiplex Fluorescent
V2 Assay. Stained slides were counterstained with DAPI and mounted with Vectashield
Antifade Mounting Medium (Vector Laboratories) and imaged on a Leica TCS SP8 confocal
microscope. A probe targeting Bacillus subtilis protein DapB was used as a negative control,
whereas probes targeting the ubiquitously-expressed Polr2a, PPIB, and UBC served as
positive controls. Tyramide signal amplification (TSA®)-conjugated fluorescein, cyanine 3,
and cyanine 5 at 1:1000 dilutions were used (Akoya Biosciences). Identical experimental
and confocal imaging settings were used to quantify and compare relative expression

levels of CB1 in MSDB neuron populations. Imaris (Bitplane) was used for imaging data
quantification. The “spots” tool was used to identify and quantify individual fluorescent
puncta, which represent one mMRNA molecule and therefore provides a measure of mMRNA
expression25. Cyanine 5 was used for CB1 and DAGLa probes to minimize non-specific
autofluorescence. Negative control-stained slides were always imaged at the settings used
for target probe imaging and did not result in appreciable signal, particularly for cyanine
5-linked targets.
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Immunohistochemistry—Mice were anaesthetized by ketamine (90 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.) and transcardially perfused with 0.1 M sodium phosphate buffered
saline (PBS) followed by 4% paraformaldehyde in 4% sucrose-PBS (pH 7.4). After
perfusion, the brain was removed and post-fixed in the same fixative for 4 hours at 4°C,

and was then dehydrated in increasing concentrations of sucrose (20% and 30%) in 0.1

M PBS at 4°C and frozen on dry ice. Coronal MSDB and MHb sections (20 pm) were

cut with a Leica cryostat (Leica CM1860). MHb sections were washed with PBS and

then incubated with blocking solution (0.3% Triton X-100 + 5% normal donkey serum in
PBS) for 2 hours. MHb sections were incubated with primary antibodies against Gephyrin
(mouse, 1:500, #147011; Synaptic systems) or MAP2 (Rabbit, 1:500, #188002; Synaptic
systems) at 4°C for 24 hours. MHb sections were then incubated with secondary antibodies:
Cy™S5 AffiniPure donkey anti-Mouse 1gG (1:100, 3715175151, Jackson ImmunoResearch)
or Alexa Fluor 647 donkey anti-Rabbit 1gG (1:100, #A21245, Thermo Fisher Scientific)
for 4 hours at room temperature in the dark. MSDB sections were rehydrated in PBS and
permeabilized with 0.1% Triton X-100 in PBS followed by 640/660 Deep-Red Fluorescent
Nissl stain (N-21483) incubation for 20 min.

Statistical and data analysis

Sample sizes for electrophysiological experiments are based on our previous

studies®® 56. 69, 70 and those commonly used in the field’3. Data are presented as the

mean + SEM. The magnitude of DSI was calculated as follows: DSI (%) = 100 x [1

— (mean of 2 IPSCs after depolarization/mean of 5 IPSCs before depolarization)]. The
decay time constant (z) of DSI was measured using a single exponential function of y

= yp + kx exp(=x 7). Values of two to four DSI trials were averaged for each neuron.
Unpaired Student’s #tests were used to analyze differences in DSI magnitude and decay
time constants between drug pretreatment conditions and between MSDB knockouts. Action
potential firing frequency during tetanic electrical stimulation (50 Hz, 5 pulse) was analyzed
between the first and last stimulation pulses. Action potential firing frequency in response to
muscimol pressure ejection was analyzed from the 3 sec period beginning from the onset of
muscimol pressure ejection (1 s duration). The percent increase in firing frequency to tetanic
stimulation was calculated as the AP firing frequency during the tetanic stimulation period
relative to a 2 sec baseline period. The percent increase in firing frequency to muscimol
pressure ejection was calculated as the AP firing frequency during the 3 sec after muscimol
application relative to a 5 sec baseline period. Paired Student’s £tests were used to analyze
before-and-after drug treatments in single neurons. Behavioral results were analyzed using
one-way ANOVA followed by Tukey’s post hoc tests for multiple comparisons when the
Shapiro-Wilk normality test and equal variance test indicated normally distributed data

with equal variances (p > 0.05). With non-normally distributed data (Shapiro-Wilk test p

< 0.05), or data with un-equal variances (equal variance test p < 0.05), one-way ANOVA

on Ranks (Kruskal-Wallis test) followed by Dunn’s post hoc tests for multiple comparisons
were used. DAGLa mRNA expression density in Tacl- or ChAT-expressing MHb neurons
was quantified for each individually-identified MHb and statistically analyzed via unpaired
Student’s #test.
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Data Availability

All data necessary for evaluation of the paper’s conclusions are present in the main text
and/or Supplementary information.
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Fig. 1. Expression and function of the endocannabinoid system in the MHb.
a-c. DAGLa, NAPE-PLD, and FAAH mRNA are expressed in the MHb in both Tacl-

and ChAT-expressing neurons of the dorsal and ventral MHb. d. mRNA puncta density of
eCB system components. ChAT+ neurons had a significantly higher mMRNA puncta density
than Tac1+ neurons (two-way ANOVA significant main effect: / 4 = 14.803, p < 0.001).
DAGLa puncta density was significantly higher than NAPE-PLD (p < 0.001) and FAAH
puncta density (p < 0.001). FAAH puncta density was significantly higher than NAPE-PLD
puncta density (p < 0.001). e. Depolarization (from =70 to 0 mV, 5 s) induced DSI (n =

15 neurons/N = 5 mice), which was blocked by pretreatment with AM251 (p< 0.001, n =

9 neurons/N = 2 mice, vs. Control) or DO34 (p=0.017, n = 7 neurons/N = 3 mice, Vvs.
Control). The solid line is a single exponential fitting of the decay of DSI. f,g. Perfusion of
WIN55212-2 suppressed IPSC amplitude and increased the PPR (50 ms inter-pulse interval;
&3 =3.3, p=0.011, n = 9 neurons/N = 5 mice; paired £test).
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Fig. 2. The MSDB sends an exclusively GABAergic projection to cholinergic neurons in the
ventral MHb.

a. Anterograde tracing strategy: cell bodies and axons express tdTomato and putative
synaptic puncta express SypEGFP. b,c. tdTomato and SypEGFP expression in the MSDB
(b) and MHb (c) after injection of AAV1-Flex-tdTomato-T2A-SypEGFP in the MSDB (n

= 3 mice). d. Optogenetic circuit mapping strategy: ChR2(H134R)-GFP was expressed

in the MSDB and whole-cell recordings of tdTomato+ MHb neurons were made in ChAT-
tdTomato reporter mice. e. Expression of ChR2-GFP in the MSDB. f. ChR2-GFP+ axon
terminals were observed in the ventral MHb, where they clustered around tdTomato+
neurons. g. Blue (473 nm) light activation of ChR2 on MSDB afferents evoked IPSCs in
ventral MHb neurons which were blocked by picrotoxin (n = 9 neurons/N = 3 mice) but
were unaffected by CNQX (n = 9 neurons/N = 3 mice). h. I-V curve of light-evoked IPSCs
shows an average reversal potential (£e,) of —27.8 mV (n = 15 neurons/N = 4 mice). /nset.
representative light-evoked IPSCs at different junction potential-corrected holding potentials
(rounded to nearest integer). Abbreviations: 3V = third ventricle; fr = fasciculus retroflexus;
LHb = lateral habenula; MHb = medial habenula; PVT = paraventricular thalamus.
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Fig. 3. CB1 receptor mRNA is predominantly expressed in GABA neurons in the MSDB.
a. 7op. CB1 and Gadl mRNA are highly expressed in the MSDB. Bottorm. There is a high

degree of CB1 and Gadl co-expression in the MSDB. b. Percentage of cells in the MSDB
co-expressing CB1 and/or Gadl, VGIuT2, or ChAT, as determined by RNAscope /n situ
hybridization.
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Fig. 4. 2-AG from ventral MHb neurons suppresses MSDB GABA input and is limited by
MAGL.

a. AAVp;-DIO-ChR2(H134R)-GFP was injected into the MSDB and ChR2-expressing axon
terminals were observed bilaterally in the MHb. b. DSI was induced in MHb neurons when
IPSCs were evoked by blue laser stimulation of ChR2-expressing MSDB axon terminals.
DSl was blocked by AM251 pretreatment (4g = 6.09, p< 0.001, vehicle: n = 12 neurons/N
=4 mice, AM251: n = 8 neurons/N = 3 mice). c. AAV1-hSyn-Cre-eGFP was injected

into the MSDB to induce schematic for MSDB-specific knockout of CB1 or MAGL. d.

DSI was abolished in MSDB-CB1-KO mice (MSDB-WT vs. MSDB-CB1-KO, p=0.023,
MSDB-WT: n = 13 neurons/N = 3 mice, MSDB-CB1-KO: n = 8 neurons/N = 3 mice). DSI
was prolonged in MSDB-MAGL-KO mice, indicated by an increased time constant of the
decay of DSI (MSDB-WT vs. MSDB-MAGL-KO, #g = -2.22, p=0.039, MSDB-WT: n =
10 neurons/N = 3 mice, MSDB-MAGL-KO: n = 11 neurons/N = 2 mice). The solid lines are
single exponential fits of the decay of DSI.
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Fig. 5. MSDB-specific CB1 or MAGL knockout has opposing effects on anxiety- and depressive-
like behavior.

a. Timeline of AAV injection and behavior tests. b. Open field distance traveled was not
significantly altered by MSDB knockout (/34 = 1.524, p=0.232). Center time in the

open field was significantly decreased in MSDB-CB1-KO mice relative to MSDB-WT

and MSDB-MAGL-KO mice (£ 34 = 7.169, p= 0.003; MSDB-CB1-KO vs. MSDB-WT,
p=0.028; MSDB-CB1-KO vs. MSDB-MAGL-KO, p=0.002). The number of center
entries was significantly reduced in MSDB-CB1-KO mice relative to MSDB-WT and
MSDB-MAGL-KO mice (F 34 = 8.207, p=0.001; MSDB-CB1-KO vs. MSDB-WT, p=
0.004; MSDB-CB1-KO vs. MSDB-MAGL-KO, p=0.003). The percent distance traveled in
the center was significantly reduced in MSDB-CB1-KO mice relative to MSDB-MAGL-KO
mice, but was not significantly altered in MSDB-CB1-KO mice relative to MSDB-WT
mice (/34 = 4.571, p=0.017, MSDB-CB1-KO vs. MSDB-WT, p = 0.056; MSDB-CB1-
KO vs. MSDB-MAGL-KO, p=0.020). MSDB-WT: n = 12; MSDB-CB1-KO: n = 11,
MSDB-MAGL-KO: n = 14. c. Marble burying behavior was increased in MSDB-CB1-KO
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mice (F,34 = 8.076, p=0.001; MSDB-CB1-KO vs. MSDB-WT mice, p= 0.015; MSDB-
CB1-KO vs. MSDB-MAGL-KO mice, p=0.002). d. Novelty-suppressed feeding changes
induced by MSDB-specific CB1 or MAGL KO (H=22.461, p< 0.001; MSDB-CB1-KO

vs. MSDB-WT, p=0.0035; MSDB-CB1-KO vs. MSDB-MAGL-KO, p<0.001). Home
cage feeding behavior was not significantly altered between groups (= 6.149, p=

0.046; MSDB-WT vs. MSDB-CB1-KO, p=0.0803; MSDB-WT vs. MSDB-MAGL-KO,
p>0.9999; MSDB-CB1-KO vs. MSDB-MAGL-KO, p=0.1295). e. Sucrose preference
increased in MSDB-MAGL-KO mice (/34 = 6.060, p=0.006; MSDB-MAGL-KO vs.
MSDB-WT mice, p=0.026; MSDB-MAGL-KO vs. MSDB-CB1-KO mice, p=0.011). (c-e)
MSDB-WT: n =9; MSDB-CB1-KO: n = 13; MSDB-MAGL-KO: n = 15.
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