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SUMMARY
To survive, animals need to balance their exploratory drive with their need for safety. Subcortical circuits play
an important role in initiating andmodulating movement based on external demands and the internal state of
the animal; however, howmotivation and onset of locomotion are regulated remain largely unresolved. Here,
we show that a glutamatergic pathway from the medial septum and diagonal band of Broca (MSDB) to the
ventral tegmental area (VTA) controls exploratory locomotor behavior in mice. Using a self-supervised ma-
chine learning approach, we found an overrepresentation of exploratory actions, such as sniffing, whisking,
and rearing, when this projection is optogenetically activated. Mechanistically, this role relies on glutamater-
gic MSDB projections that monosynaptically target a subset of both glutamatergic and dopaminergic VTA
neurons. Taken together, we identified a glutamatergic basal forebrain to midbrain circuit that initiates loco-
motor activity and contributes to the expression of exploration-associated behavior.
INTRODUCTION

There are multiple reasons for animals to engage in locomotor

activity: foraging, fleeing, searching for mates, or exploring the

environment.1 Environmental exploration is necessary for ani-

mals to acutely or perspectively satisfy various needs such as

food, shelter, or mating. It is expressed as a series of behav-

ioral responses including sniffing, walking, rearing, leaning,

jumping, and digging.2,3 Two different kinds of exploration

exist: goal-seeking behavior, which is classically associated

with dopaminergic neurotransmission and reward, and informa-

tion-seeking behavior.4 The former requires the presence of a

cue, or a learned reward site, while in the latter case, the animal

moves through an environment, detects salient stimuli, and col-

lects information in the absence of a specific immediate goal.

To select appropriate exploratory actions, cortical and subcor-

tical areas continuously integrate internal and external inputs.

Among these brain areas, the medial septum and the diagonal

band of Broca (MSDB) are in key positions at the interface of

the limbic, navigation, and locomotor circuits.5–10 The MSDB

glutamatergic subpopulation (MSDBglu) contributes to the

spatial representations of the environment by modulating theta
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oscillations and by conveying speed signals to the hippocam-

pal formation.7,11 Moreover, MSDBglu neurons play a role

both in the detection of salience via habenular projections, as

well as in locomotion via the medial basal forebrain bundle.9

All together, these features identify MSDBglu neurons as an

ideal candidate for the neural substrate of exploration. In order

to execute this function, MSDBglu neurons must convey infor-

mation to a downstream region linked to motor and motiva-

tional circuits. Tracing studies showed that MSDBglu neurons

send input to the ventral tegmental area (VTA),7,12 a region

known for its multiplexed activity underlying motivated behav-

iors. In vivo, VTA neuronal activity is tuned to the animal’s po-

sition and kinematics13,14 and sends an acceleration-depen-

dent output to the dorsal striatum,15 supporting its role in

motor execution. VTA neurons increase their activity when nov-

elty and salient stimuli are detected16,17 and during locomotion

in novel environments.18–20 Thus, we hypothesized that

MSDBglu inputs to VTA contribute to motor execution. Indeed,

our data demonstrate that the activation of the MSDBglu-VTA

network reliably induces locomotion and triggers exploration-

associated behavior. Moreover, our circuit mapping experi-

ments reveal the monosynaptic nature of the MSDBglu-VTA
ublished by Elsevier Inc.
commons.org/licenses/by/4.0/).
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projections as well as the electrophysiological and molecular

profile of the targeted VTA neurons.

RESULTS

MSDBglu-VTA circuit mediates locomotion
Activation of MSDBglu neurons evokes locomotion.7 To investi-

gate if the downstream effects of this neuronal population in mo-

tor control aremediated by its projections to the VTA, we injected

AAV1-Syn-Flex-GCaMP6s into the MSDB of vesicular glutamate

transporter 2 (VGluT2)::Cre mice. Head-fixed mice were allowed

to voluntarily move on a linear treadmill while we used fiber

photometry to record the activity-dependent Ca2+ transients

generated by MSDBglu axons in VTA (Figures 1A and S1A–

S1C). We observed a consistent increase in MSDBglu axonal ac-

tivity concurrent with locomotion (Figures 1B–1D). This suggests

that MSDBglu axons indeed convey locomotion-related input to

VTA. To confirm the causal role of this circuit for locomotion,

we specifically activated MSDBglu-VTA projections using

optogenetics. We injected VGluT2::Cre mice with either an excit-

atory opsin (AAV1-EF1a-DIO-ChR-EYFP) (MSDBglu-VTA:ChR)

or an appropriate control construct (AAV1-EF1a-DIO-EYFP)

(MSDBglu-VTA:EYFP) in the MSDB and used bilaterally im-

planted optic fibers in the VTA to deliver 473 nm laser light

(Figure 1E). Activation of MSDBglu-VTA projections along the

theta-frequency range (3, 6, 9, and 12 Hz) reliably initiated and

maintained locomotion in MSDBglu-VTA:ChR-injected animals

(Figures 1F and 1G). To exclude the possibility of retrograde

action potential propagation after optogenetic stimulation,21,22

we next silenced the MSDB with lidocaine, a Na+ channel

blocker, while optogenetically driving MSDBglu axons in VTA

(Figures S1D–S1F and S2). It has been previously reported that

infusion of lidocaine in MSDB significantly reduces hippocampal

theta amplitude.8 Thus, we also simultaneously performed local

field potentials (LFPs) recordings in the hippocampus (HPC) as a

readout of the effective silencing of septal neurons (Figures 1H

and 1I). Indeed, lidocaine injection in the MSDB significantly

reduced hippocampal theta amplitude compared with the con-

trol saline injection (Figures S3A and S3B). Despite septal inacti-

vation, optogenetic stimulation of MSDBglu-VTA axons was suf-

ficient to induce locomotion (Figure 1J). The reliability, mean and

maximum speed, and the latency of locomotion onset were not

significantly altered after lidocaine injection in the MSDB

(Figures S3C–S3F), providing strong evidence that the VTA is a

downstream target of the locomotor response initiated by the

MSDBglu neurons.

Because the VTA has classically been studied in relation to

reward prediction23 and goal-related behavior,24 we next tested

whether the observed locomotor response was reward oriented.

To this end, we trained the animals in a location-specific reward

learning task (Figures S4A and S4B). After the mice successfully

learned the reward location, we optogenetically stimulated the

MSDBglu-VTA circuit in both the learned reward zone and in a

second zone that was not linked to any reward. Our findings

reveal that stimulating the MSDBglu-VTA pathway did not signif-

icantly impact licking behavior or the ability for mice to encode

rewards, and it was not intrinsically rewarding. This was demon-

strated by no change in the effective reward consumption at the
designated reward location (Figures S4C–S4E) and by the

absence of licking behavior when optogenetic stimulation was

applied in the non-rewarding zone (Figures S4F and S4G).

Thus, these results indicate that the VTA is a direct downstream

target of the MSDBglu neuron-driven pathway that is responsible

for locomotor activity but not directly linked to reward.
MSDBglu-VTA activation increases sniffing and whisking
behaviors preceding movement
Information-seeking exploration in mice is typically associated

with specific behaviors such as sniffing andwhisking.25 To inves-

tigate the contribution of the MSDBglu-VTA pathway to explor-

atory behavior, we monitored the facial dynamics of the animals

by applying optical flow detection to high-speed near-infrared

camera recordings. We automatically segmented nose and

whisker pad regions using markerless pose estimation

(DeepLabCut26) and quantified the average movement magni-

tude for these facial regions as proxies for the animals’ sniffing

and whisking activities27 (Figure 2A; Video S1). Strikingly, opto-

genetic stimulation triggered immediate sniffing and whisking

behaviors in MSDBglu-VTA:ChR mice that preceded locomotion

onsets by about 0.5 s, comparable to that of spontaneous

behavior (Figures 2B–2D). This increase in facial movement

was unaffected by lidocaine injection in the MSDB (Figures 2E–

2H). Thus, our data support a role for the MSDBglu-VTA network

not only in locomotion onset but also in activity related to explor-

atory behavior.
MSDBglu-VTA pathway drives exploratory actions in
freely moving mice
Head-fixed experiments may limit behavioral expression. Thus,

we sought to determine the effect of stimulation of the

MSDBglu-VTA projection in mice moving freely in an open-field

arena. We optogenetically activated MSDBglu-VTA axons using

9 Hz theta stimulation while continuously video monitoring the

movement of the animals from a bottom-view camera. Mice ex-

hibited an increase in locomotion and speed in the open-field

condition upon activation of the circuit (Figures 3A and 3B).

This locomotor effect continued even after we successfully inac-

tivated the action potential firing of neurons in the MSDB using

lidocaine (Figures S5A–S5C), confirmed by a reduction in hippo-

campal theta activity (Figures S5D–S5G). We next applied varia-

tional animal motion embedding (VAME)28 to investigate and

segment animal behavior. Using this approach, we analyzed

the visible behavioral repertoire with sub-second resolution,

classified it into individual behavioral motifs, and clustered

them into communities. VAME identified 35 motifs that were hi-

erarchically organized into three non-stationary (run, rear, and

walk) and three stationary (sniff, groom, and rest) communities

(Figures 3C and 3D; Video S2). The increase in locomotion was

reflected by a consistent increase in the prevalence of running

motifs. Interestingly, we also observed a significant increase in

the prevalence of rearing during stimulation, while resting motifs

were nearly absent (Figure 3C). This indicates that the optoge-

netic activation of MSDBglu-VTA inputs is sufficient to evoke

not only locomotion but also actions traditionally linked with

exploration.
Neuron 112, 1020–1032, March 20, 2024 1021
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Figure 1. Activity inMSDBglu-VTA axons correlateswith locomotion and is sufficient to reliably initiatemovementwhen optogenetically stim-

ulated

(A–D) Fiber photometry recordings.

(A) Scheme of injection site, implant, and setup.

(B) Representative example of GCaMP6s fluorescence of MSDBglu-VTA axons in different locomotion episodes in a head-fixed mouse on a treadmill. Arrows

indicate the time of movement onset. Upper trace: DF/F signal recorded in MSDBglu-VTA axons. Lower trace: corresponding speed trace.

(C) Z score fluorescence correlates with locomotor speed (velocity is binned in 5 cm/s from 0 to 30 cm/s, n = 4 GCaMP6s mice).

(D) Difference in Z score between running and resting phases (n = 4 GCaMP6s mice, average across all trials; paired t test).

(E–G) Optogenetic manipulation.

(E) Scheme of injection site and experimental setup.

(F) Representative example of 20 s optogenetic stimulation at different frequencies in the same animal. Five repetitions, mean and SD displayed.

(G) Mean locomotor speed at different stimulation frequencies (n = 5MSDBglu-VTA:ChRmice, n = 5MSDBglu-VTA:EYFPmice; repeated measures (RM) two-way

ANOVA: group 3 frequency interaction, F(3,24) = 9.363, p = 0.0003; Sidak’s multiple comparison test).

(H–J) Optogenetic stimulation with pharmacological manipulation.

(H) Scheme of injection site and experimental setup.

(I) Representative spectrogram of CA1 LFP during 9 Hz stimulation of MSDBglu-VTA axons. Upper panel: spectrogram before lidocaine injection. Middle panel:

spectrogram after lidocaine injection. Lower panel: corresponding speed trace before (gray) and after (orange) lidocaine injection.

(J) Mean locomotor speed before and after lidocaine injection (n = 5 MSDBglu-VTA:ChR mice before and after lidocaine injection; n = 3 MSDBglu-VTA:Ctrl mice

after lidocaine injection; RM two-way ANOVA: group interaction, F(2,10) = 6.903, p = 0.0131; Tukey’s multiple comparison test). All data are presented as mean ±

SEM. n.s., non-significant, *p < 0.05, **p < 0.01. See also Figures S1–S4.
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Figure 2. Increase of sniffing and whisking behavior preceding optogenetically evoked locomotion onset

(A) Representative frame from an infrared camera recording superimposed with optical flow analysis. Dotted lines represent automatically detected nose (red)

and whisker pad (green) areas.

(B) Representative trace showing sniffing (red) and whisking (green) behavior elicited by optogenetic stimulation (bright blue dashed line) preceding locomo-

tion (blue).

(C) Optical flow magnitude difference (post-stimulation—pre-stimulation) between optogenetically induced sniffing (left panel) and whisking (right panel) in

MSDBglu-VTA:ChR (bold color) and MSDBglu-VTA:EYFP (shaded color) mice at different stimulation frequencies (n = 5 MSDBglu-VTA:ChR mice, n = 3 MSDBglu-

VTA:EYFP mice, average across all trials; one-sample t test against a difference of 0).

(D) Z score magnitude of nose (red) and whisker pad (green) movement aligned to the onset (black dashed line) of spontaneous locomotor episodes (blue) in

MSDBglu-VTA:ChR mice without optogenetic stimulation (n = 5 MSDBglu-VTA:ChR mice).

(E) Scheme of lidocaine injection timeline.

(F) Z score magnitude of nose (red) and whisker pad (green) movement aligned to the onset (blue dashed line) of 9 Hz optogenetically evoked locomotor episodes

(blue) in MSDBglu-VTA:ChR mice after lidocaine injection (n = 5 MSDBglu-VTA:ChR mice).

(G and H) Optical flow magnitude difference (post-pre stimulation) between optogenetically induced sniffing (G) and whisking (H) before and after lidocaine

injection at different stimulation frequencies (n = 5 MSDBglu-VTA:ChR mice, average across all trials, pairwise t test with Bonferroni correction). All data are

presented as mean ± SEM. *p < 0.05, **p < 0.01. See also Video S1.
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MSDBglu-VTA circuit promotes environmental
exploration
Because VTA circuits can encode for both rewarding and aver-

sive stimuli,29 we examined whether the increased locomotion

and exploratory actions were associated with a specific valence.
To do this, we tested MSDBglu-VTA:ChR and MSDBglu-

VTA:EYFP mice in both a novel cue test (Figures 4A–4C) and

an open-field anxiety test (Figures 4D–4J). First, we designed a

behavioral paradigm in which mice were exposed to a series of

novel cues (object, food, or another mouse). To confirm the
Neuron 112, 1020–1032, March 20, 2024 1023
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Figure S5 and Video S2.
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locomotor effect of theMSDBglu-VTA stimulation, we applied the

same activation pattern as previously used in the open-field con-

dition for all three novel cues (Figure S6A). In line with our obser-

vations in the open-field arena, we found an increase in locomo-

tor speed and VAME running motifs (Figures S6B and S6C). All

animals spent more time approaching the social stimulus

compared with a novel object or food (Figure S6D) as previously

reported also in other studies.30,31 Given that our stimulation was

not spatially confined in this paradigm, we hypothesized that a

surprising reward delivery could evoke the described behavior.

Thus, we further tested whether the specific activation of this cir-

cuit near the cue would modulate the exploration of the animal

toward it (Figure 4A). To additionally reduce the confounding ef-

fect of neophobia during exposure to novelty,32,33 we modified

the paradigm by introducing 10 min exploration time without

stimulation, followed by 10 min exploration with optogenetic

stimulation in proximity to the novel cue. We reasoned that this

modification of the paradigm would reveal a potential valence-

specific response following MSDBglu-VTA manipulation. Quanti-

fication of mean speed and time spent approaching the novel

cue showed the highest values when the social stimulus was
1024 Neuron 112, 1020–1032, March 20, 2024
explored compared with food or an object, a finding in line with

previous literature30,31 as well as our results above. When

comparing the effect of the spatially confined optogenetic stim-

ulation between MSDBglu-VTA:ChR and MSDBglu-VTA:EYFP for

each novel stimulus, we observed a significant increase in the

approach time toward the novel object (Figures 4B and 4C).

While the MSDBglu-VTA circuit activation did not affect the

behavior of the animals toward a homeostatic stimulus, such

as food or a conspecific, it did increase the number of ap-

proaches toward the object. Collectively, the analysis indicates

that this behavior reflects environment-oriented exploration.

Increased locomotion and exploration may also represent a

proxy for stress and anxiety.34,35 Therefore, we tested the

animals in an open-field anxiety test. Mice were placed in a pre-

viously unexplored arena of 70 cm diameter with 200 lux light in-

tensity in the center and 10 lux intensity on the walls (Figure 4D).

In this test, a reduction in both locomotion and frequency of cen-

ter crossings is typically associated with increased stress or anx-

iety.36 First, we confirmed that we could reliably increase the

speed of locomotion of MSDBglu-VTA:ChR mice during stimula-

tion in this setting (Figure 4E). The increase in movement not only
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(A) Experimental setup of the novel cue paradigm: mice were exposed for 10 min to the novel object, food, or another mouse. In the next 10 min, they received a

spatially confined optogenetic stimulation close to the novel cue.

(B) Mean speed during the spatially confined optogenetic stimulation (three-way ANOVA: novel cue 3 optogenetic stimulation 3 group interaction,

F(2,35) = 0.2596, p = 0.7728).

(C) Time spent approaching the novel cues during the spatially confined optogenetic stimulation (three-way ANOVA: novel cue3 optogenetic stimulation3 group

interaction, F(2,35) = 0.7988, p = 0.4579; RM two-way ANOVA: stimulation 3 condition interaction in novel object: F(1,11) = 6.605, p = 0.0260; Tukey’s multiple

comparison test) (for the novel cue tests n = 8 MSDBglu-VTA:ChR mice, n = 6 MSDBglu-VTA:EYFP mice;).

(D) Experimental setup of the open-field anxiety test.

(legend continued on next page)
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resulted in higher speeds, larger total distances, and longer time

spent moving but also led to an increased time spent in the cen-

ter of the arena for MSDBglu-VTA:ChR mice compared with

MSDBglu-VTA:EYFP controls (Figures 4F–4J). This suggests

that optogenetic stimulation of the MSDBglu-VTA pathway was

instrumental to overcome the innate anxiety arising in the open

field while increasing environmental exploration.

MSDBglu-VTA network inhibition reduces locomotion
and exploration
After investigating the effects of optogenetic circuit activation, we

tested the behavioral output following MSDBglu-VTA circuit

inhibition during freely moving behavior (Figure 5A). We injected

VGluT2::Cre mice with either an inhibitory opsin (AAV9-

FLEX-Arch-GFP) (MSDBglu-VTA:Arch) or an appropriate control

construct (AAV9-EF1a-DIO-EYFP) (MSDBglu-VTA:EYFP). In vitro

patch-clamp (Figures S7A–S7D) and multi-electrode array

(Figures S7E–S7J) recordings confirmed the efficient hyperpo-

larization of MSDBglu Arch+ neurons and the reduced firing fre-

quency of postsynaptic neurons receiving inputs from MSDBglu

Arch+ axons. When inhibiting the MSDBglu-VTA pathway, we

observed a reliable reduction of the mean speed, the distance

traveled, and the time spent moving in MSDBglu-VTA:Arch

mice, while the control group did not display any significant dif-

ference (Figures 5B–5D). Thus, manipulating the MSDBglu-VTA

pathway exerts bidirectional control over the animal’s locomotor

activity.

To further investigate the optogenetically induced exploratory

drive, we tested mice in the elevated plus maze (EPM) test. The

EPM creates an approach-avoidance conflict: the novelty of the

maze drives innate exploration (approach), while the open,

elevated arms have been shown to induce fear and discomfort

(avoidance).37 Entering the open arms allows animals to collect

spatial information, and head-dipping behavior has been re-

ported as a form of exploration in this specific test.38We optoge-

netically activated or inhibited the MSDBglu-VTA network while

animals were in the EPM closed arms (Figures 5E and 5F), which

can be considered safe zones for themice. If the activation of the

circuit was inducing a purely locomotor behavior, one might

expect increased running activity confined to these closed

arms. However, the MSDBglu-VTA:ChR mice displayed

increased exploratory behavior, as shown by an increased

amount of time spent in the open arms, a higher number of

open arm entries, and more prominent head-dipping behavior.

Conversely, MSDBglu-VTA:Arch mice spent less time in the

open arms and displayed less head-dipping behavior, similar

to control mice (Figures 5G–5J). Interestingly, the analysis of

the population variance revealed that MSDBglu-VTA:Arch mice

had a smaller standard deviation than control mice in the time
(E) Mean locomotor speed in MSDBglu-VTA:ChR and MSDBglu-VTA:EYFP mice d

(F) Distance traveled (group 3 stimulation interaction, F(1,5) = 46.95, p = 0.0010

(G) Time spent moving (group 3 stimulation interaction, F(1,5) = 211.2, p < 0.001

(H) Time spent in the center (group 3 stimulation interaction, F(1,5) = 10.71, p =

(I) Ratio of the time spent in the center and the time spent in the periphery of the

(J) Open-field arena occupancy of one exemplary MSDBglu-VTA:ChR and one

anxiety test n = 4 MSDBglu-VTA:ChR mice, n = 3 MSDBglu-VTA:EYFP mice; two-

mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. See also Figure S6.
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spent in the open and closed arm and in the percentage of

head dipping, which suggests that this significant reduction in

behavioral variability is a result of circuit inhibition. Taken

together, these results indicate that the MSDBglu-VTA circuit

contributes to solving the animal’s approach-avoidance conflict

by promoting exploratory behavior and reducing innate fear of

novel environments.

MSDBglu inputs monosynaptically target a
heterogeneous VTA cell population
Following the identification of this glutamatergic basal forebrain

to midbrain pathway, we next aimed to determine the cellular

connectivity. First, we performed immunostainings for the pre-

synaptic marker protein synapsin I in VGluT2::Cre mice express-

ing AAV1-EF1a-DIO-EYFP in the MSDB and AAV1-FLEX-tdTo-

mato in the VTA. As expected, we found MSDBglu synapsin I

axon terminals in the proximity of identified tyrosine hydroxylase

(TH) and tdTomato-positive neurons, as well as neurons co-

labeled with both TH and tdTomato in the VTA (Figures S8A–

S8D). Moreover, we confirmed the existence of a MSDBglu to

VTAglu synaptic contacts as demonstrated by the proximity of

the presynaptic protein Bassoon inMSDBglu axons and the post-

synaptic protein Shank3 in VTAglu neurons (Figure S8E). To vali-

date the functional relevance of our anatomical findings, we per-

formed whole-cell patch-clamp recordings of VTA neurons in

acute slices of VGluT2::Cre mice that were injected with AAV2/

1-DIO-ChR-EYFP inMSDB (Figure 6A).We recorded the electro-

physiological properties of the patched neurons and photoacti-

vated MSDBglu axonal terminals to elicit excitatory postsynaptic

potentials (EPSPs) in targeted cells. We found that 68% of the

patched VTA neurons exhibited EPSPs, of which 43% re-

sponded with subthreshold and 25% with suprathreshold

activity (Figures 6B and 6C). These results indicate that the num-

ber of synaptic terminals of the MSDBglu-VTA projections is suf-

ficiently high to depolarize and drive spiking in a substantial

population of target neurons. In addition, we quantified the

MSDBglu-VTA monosynaptic connectivity. Bath application of

2,3-dioxo-6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX) and

D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5), as well as

tetrodotoxin (TTX) and 4-amynopyridine (4-AP) confirmed the

glutamatergic and monosynaptic nature of these projections

(Figure 6D). Overall, �15% of the patched neurons received

monosynaptic glutamatergic inputs from MSDB (n = 16 con-

nected neurons out of 106 patched cells; Figure 6E), consistent

with the small and sparse MSDB projections to the VTA reported

in previous studies.12,39,40 VTA neurons responding to MSDBglu

inputs were found throughout the anterior-posterior and me-

dio-lateral axess of the VTA region, suggesting target heteroge-

neity (Figure 6F). To further characterize this heterogeneity, we
uring stimulation and non-stimulation periods.

).

).

0.0221).

arena (group 3 stimulation interaction, F(1,5) = 10.71, p = 0.0221).

MSDBglu-VTA:EYFP mouse with and without optogenetic stimulation (for the

way ANOVA with Tukey’s multiple comparison test). All data are presented as
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Figure 5. Optogenetic inhibition in freely moving animals decreases locomotion

(A) Scheme of injection site and experimental setup.

(B) Mean locomotor speed in cm/s (RM two-way ANOVA: stimulation 3 group interaction, F(1,10) = 7.239, p = 0.0227).

(C) Distance traveled in cm (RM two-way ANOVA: stimulation 3 group interaction, F(1,10) = 7.239, p = 0.0227).

(D) Time moving in s (RM two-way ANOVA: stimulation 3 group interaction, F(1,10) = 3.616, p = 0.0864). (B–D: n = 7 MSDBglu-VTA:Arch mice, n = 5 MSDBglu-

VTA:EYFP mice; Sidak’s multiple comparison test).

(E) Experimental setup in the EPM test.

(F) Representative traces of MSDBglu-VTA:ChR, MSDBglu-VTA:EYFP, and MSDBglu-VTA:Arch injected mice in the EPM.

(G) Time spent in the closed arm (one-way ANOVA, F(2,20) = 14.77, p = 0.0001; Arch vs. Ctrl unpaired t test, F(7,6) = 38.08, p = 0.0007).

(H) Time spent in the open arm (one-way ANOVA, F(2,20) = 13.85, p = 0.0002, Arch vs. Ctrl unpaired t test, F(7,6) = 9.551, p = 0.0138).

(I) Number of open arm entries per minute (one-way ANOVA, F(2,20) = 7.262, p = 0.0043).

(J) Time head dipping in the open arm (one-way ANOVA, F(2,20) = 5.682, p = 0.0111; Arch vs. Ctrl unpaired t test, F(7,6) = 6.587, p = 0.0352). (E–J: n = 8MSDBglu-

VTA:ChR mice, n = 8 MSDBglu-VTA:EYFP mice, n = 7 MSDBglu-VTA:Arch mice; Tukey’s multiple comparison test). All data are presented as mean ± SEM.

*p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S7.
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used immunohistological staining for TH and a viral injection of

AAV1-FLEX-tdTomato in the VTA of n = 5 VGluT2::Cre mice to

identify dopaminergic (DA), glutamatergic, and double-labeled

cells receiving monosynaptic MSDBglu inputs (Figures 6G and

6H). In addition, we performed hierarchical cluster analysis

over the electrophysiological features of VTA recorded neurons
(n = 145, Figure S9). Five clusters emerged (Figure S9A), and

monosynaptically targeted VTA neurons were found in all clus-

ters (Figure S9B). In line with previous literature,41,42 the electro-

physiological features of these cells were not predictive of their

immunohistochemical identity, and we found VGluT2+ neurons

in all clusters and TH+ neurons in four out of the five clusters
Neuron 112, 1020–1032, March 20, 2024 1027
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(A) Scheme of injection site and experimental setup.

(B) Left panel: percentage of VTA neurons responding upon optogenetic stimulation (light blue: suprathreshold responses; dark blue: subthreshold responses;

gray: not responding). Right panel: exemplary traces of a suprathreshold and subthreshold response in patched VTA neurons at different stimulation frequencies.

(C) Mean number of APs elicited by optogenetic stimulation in suprathreshold responding neurons (n = 19 VTA neurons, mean in blue). Cells were recorded at a

holding membrane potential of either �50 mV (light gray) or �60 mV (dark gray).

(D) Representative example of whole-cell-recorded VTA neuron. Upper left: response to 500ms current injections (scale bar: 100ms, 20mV/200 pA). Upper right:

cell position in VTA and cell morphology after reconstruction. Bottom panel: EPSP in response to light stimulation of ChR+ MSDBglu neurons. Light green: ACSF/

control condition. Dark green: bath application of TTX and 4-AP. Black: bath application of NBQX and DAP5.

(E) Left panel: EPSP amplitude quantification (n = 16 cells, in gray single-cell values, in bold colors mean values, Kruskal-Wallis test, p < 0.0001; Dunn’s multiple

comparison test **p < 0.001, ****p < 0.0001). Right panel: percentage of VTA neurons receiving monosynaptic MSDBglu inputs.

(F) Localization of VTA neurons receiving monosynaptic MSDBglu inputs.

(G) Exemplary responses of two VTA neurons receiving monosynaptic inputs from MSDBglu axons. Left panel: localization of the cell in the VTA and optogenetic

response at different stimulation frequencies in ACSF and TTX-4-AP condition. Right panels: immunohistochemistry of the two exemplary cells.

(H) Percentage of TH+, VGluT2+, and co-labeled cells recovered from the monosynaptic VTA neurons. See also Figures S8 and S9.
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(Figures S9C and S9D). When comparing each cluster feature

based on well-known electrophysiological parameters such as

rheobase, input resistance, sag index, rebound index, and action

potential latency, we found clear differences between the groups

(Figures S9E–S9G). The highest number of monosynaptically

connected neurons was observed in cluster 1 and located in

themedial VTA, in line with our axonal density quantification (Fig-

ure S2C). This cluster was characterized by neurons showing

high rheobase, high input resistance, and high latency before

the first action potential firing, resembling the properties of the

glutamate-GABA (gamma-aminobutyric acid) co-releasing neu-

rons recently described in VTA.43 Overall, these data demon-

strate the existence of a monosynaptic glutamatergic MSDB

projection targeting a molecularly and functionally heteroge-

neous population of VTA neurons capable of driving a strong cir-

cuit response in the VTA.

DISCUSSION

In this study, we reveal that the activity of MSDBglu axons in VTA

bidirectionally drives locomotion and exploration. Exploratory

behaviors result from various kinds of motivations that can be

broadly categorized into homeostatic needs and environmental

curiosity.4,33,44,45 The pursuit of homeostatic needs leads to

goal-seeking behavior: animals perform a series of operant tasks

and conditioned responses to obtain food or water. In this para-

digm, the exploratory behavior is interrupted in the moment the

animal reaches its goal. By contrast, environmental curiosity is

not dependent on any immediate external goal or reward. It re-

sults from the animal’s internal drive to explore a given environ-

ment and is expressed as a set of behavioral responses including

walking, rearing, whisking, and sniffing.2 To identify and quantify

such behaviors in the absence of reinforcing stimuli, we lever-

aged machine learning tools in both head-fixed and freely mov-

ing mice. It has been shown that rodents move their nose and

vibrissae to explore their peri-personal space,46 while sniffing

has been associated with motivated behavior.47 Under head-

fixed conditions, we observed the same orofacial movements

preceding optogenetically induced locomotion, thus indicating

an increase of exploratory andmotivated actions upon activation

of the circuit. Interestingly, it has also been observed that during

bouts of exploration, whisking and sniffing are phase-locked

within the theta-frequency range48 that is in turn regulated by

the septo-hippocampal network.

We previously showed that the stimulation of MSDBglu neu-

rons elicits locomotion and hippocampal theta generation prior

to locomotion onset7; here, we demonstrate that locomotion

can be reliably initiated via activation of projections to VTA

and that those specific inputs are increasing exploratory-

like behavior prior to its onset. As head-fixed animals are rela-

tively limited in their behavioral repertoire, we activated the

MSDBglu-VTA pathway in a series of experiments where mice

can move freely. In the open field, we detected an increase in

rearing, which is considered a way for the animal to sample envi-

ronmental information, especially when cues are distant and

otherwise inaccessible. To disentangle if this exploratory

behavior is oriented toward the environment or toward cues of

specific valence, we exposed the mice to a novel object, food,
or another mouse. We reasoned that the spatially confined opto-

genetic activation of the pathway in the presence of novel cues

may reveal specificity in the exploratory drive. As reported in pre-

vious studies,30,31 we found that both control and opsin mice

spent more time investigating the novel mouse rather than the

novel object or food. However, when comparing the approach

time during optogenetic stimulation, we saw an increased time

approaching the object in opsin mice compared with controls.

This suggests that while the activation of the MSDBglu-VTA

pathway does not modulate the innate exploratory drive toward

homeostatic cues such as food or conspecifics, it does increase

the interest toward environmental cues such as a novel object.

Rearing and environmental exploration could also represent a

proxy of escaping behavior, with the mice exploring the environ-

ment to find a shelter or an exit point.33,35 For this reason, we per-

formed an anxiety test where the animals were exposed to a

novel and potentially dangerous environment. This situation is

expected to drive thigmotaxis, freezing, and jumping behavior.2

Instead, stimulation of the MSDBglu-VTA circuit increased not

only locomotion during the anxiety test but also the time spent

in the center of an open field and in the open arms of an EPM,

further supporting the increased exploratory behavior evoked

by the upregulation of this pathway. By contrast, inhibiting the

MSDBglu-VTA pathway in the open-field arena led to a significant

reduction in locomotor speed and distance traveled, as well as

reduced time spent moving and exploratory drive in the EPM.

Taken together, these results reveal that the MSDBglu-VTA cir-

cuit bidirectionally modulates locomotion and exploratory

behavior. Sniffing and whisking allow the animal to sample a

higher number of peri-personal information, while rearing gives

access to distant environmental cues, independently of the na-

ture of the stimulus that is presented. Our data are in line with

previous studies suggesting a role of this network in motivation

and information-seeking behavior.49 Indeed, mice increase lever

pressing for intracranial self-stimulation of the MSDBglu-VTA

axons in the absence of any reward, and this activation increases

DA release in the nucleus accumbens.49 This study corroborates

the role of the MSDBglu-VTA network in information-seeking

behavior and shows that theta-frequency stimulation of this cir-

cuit increases an animal’s drive to explore the environment and

promotes approach when the animal faces an approach-avoid-

ance conflict.

These findings also raise the question of which VTA subpopu-

lations may receive MSDBglu inputs. Anatomical data revealed

that only 2% of the total glutamatergic projections reaching

VTA arise from the MSDB,12 and tracing data that labeled the

entire septal region reported projections targeting DAT+, GAD+,

and VGluT2+ neurons in the VTA.39 Here, we provide circuit map-

ping results showing that optogenetic activation of MSDBglu

axons reliably induced EPSPs in VTA neurons even in the pres-

ence of action potential blockers, functionally demonstrating

the monosynaptic nature of this projection. VTA-responding

neurons included glutamatergic (VGluT2+), putative dopami-

nergic (TH+), and putative co-releasing cells (TH+/VGluT2+) in

agreement with previous studies that reported a high variability

of VTA cell types with regard to their electrophysiological prop-

erties as well as neurotransmitter release and co-release.42,50,51

How can the MSDBglu inputs targeting a heterogeneous VTA
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circuit give rise to a distinct behavioral outcome? It was shown

that multiple brain regions send qualitatively similar yet quantita-

tively different inputs to the three distinct cell populations within

the VTA.52 Thus, it stands to reason that depending on the ani-

mal’s internal state and external environment, the strength of

these inputs changes. Key circuits involved in motivation, ho-

meostasis, and fear responses project to the VTA and innervate

all cell types. We hypothesize that the behavioral outcome is

computed within the diverse VTA network to produce a coherent

and unified behavioral response based on the relative strength

that different inputs generate at each time point.

In conclusion, we have identified a subcortical glutamatergic

circuit that bidirectionally mediates locomotion and exploration.

This places the MSDB at the critical interface of the spatial and

cognitive map formation via septo-hippocampal projections

and the execution of information-seeking behavior via VTA

projections.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-TH, rabbit polyclonal Millipore Cat.: #AB152; RRID: AB_390204

Anti-synapsin I-Cy5, mouse

monoclonal prelabeled

SySy Cat.: #106 011C5; RRID: AB_2619761

Anti-Bassoon, rabbit polyclonal Custom-made N/A

Anti-Shank3, guinea pig polyclonal antiserum SySy Cat.: #162304; RRID: AB_2619863

Donkey Anti-rabbit Alexa Fluor 405 Abcam Cat.: #ab175649; RRID: AB_2715515

Donkey Anti-rabbit Alexa Fluor 594 Abcam Cat.: #ab150076; RRID: AB_2782993

Goat Anti-guinea pig-Alexa Fluor 647 ThermoFisher Scientific Cat.: #A-21450; RRID: AB_2535867

Bacterial and virus strains

AAV1.Syn.Flex.GCaMP6s.WPRE.SV40 Chen et al.53 Addgene, Cat.: #100845

AAV1 or AAV9-EF1a-double floxed-hChR2

(H134R)-EYFP-WPRE-HGHpa

gift from Karl Deisseroth Addgene, Cat.: #20298

AAV9-FLEX-Arch-GFP Chow et al.54 Addgene, Cat.: #22222

AAV1-EF1a-DIO EYFP gift from Karl Deisseroth Addgene, Cat.: #27056

AAV1-FLEX-tdTomato gift from Edward Boyden Addgene, Cat.: #28306

AAV2.1-Ef1a-double floxed-hChR2

(H134R)-EYFP-WPR

Wu et al.55 Addgene, Cat.: #20940

Chemicals, peptides, and recombinant proteins

TTX Tocris Cat.: #1069

4-AP Sigma Cat.: #A78403-25G

NBQX Tocris Cat.: #0373

D-AP5 Tocris Cat.: #0106

Lidocaine Sigma Cat.: #L5647-15G

PFA Sigma Cat.: #158127-500G

NaCl Sigma Cat.: #S3014-1KG

Sucrose Sigma Cat.: #S0389-500G

KCl Sigma Cat.: #P9541-500G

NaHPO4 Sigma Cat.: #S8282-500G

NaHCO3 Sigma Cat.: #S5761-500G

CaCl2 Sigma Cat.: #C5670-100G

MgCl2 Sigma Cat.: #M2670-500G

MgSO4 Sigma Cat.: #230391-1KG

Glucose Sigma Cat.: #G8270-1KG

K-gluconate Sigma Cat.: #G4500-100G

HEPES-acid Sigma Cat.: #H3375-250G

Phosphocreatine Sigma Cat.: #P7936-1G

EGTA Sigma Cat.: #E3889-10G

Biocytin Sigma Cat.: #B4261-25MG

Aqua-Poly/mount Polysciences Cat.: #18606-20

Normal Donkey Serum (NDS) Jackson Cat.: #017-000-121

Triton X 100 Roth Cat.: #3051.4

Experimental models: Organisms/strains

Mouse: Vglut2-ires-cre/Slc17a6tm2(cre)Lowl/J The Jackson Lab Strain #: 016963; RRID:IMSR_JAX:016963

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Pylon Viewer Basler https://www2.baslerweb.com/en/

downloads/software-downloads/

IGOR Pro WaveMetrics RRID: SCR_000325

Prism GraphPad RRID: SCR_002798

DeepLabCut Mathis et al.26 https://github.com/DeepLabCut

VAME Luxem et al.28 https://github.com/LINCellularNeuroscience/VAME

DeepGraphPose Wu et al.55 https://github.com/paninski-lab/deepgraphpose

MouseFlow Barnstedt et al.27 https://github.com/obarnstedt/MouseFlow

Custom written MATLAB code this article https://doi.org/10.5281/zenodo.10407377

Custom written Python code this article https://doi.org/10.5281/zenodo.10406017

OpenCV library OpenCV RRID: SCR_015526

Elephant library Elephant RRID: SCR_003833

Scipy library Scipy RRID: SCR_008058

Scikit-learn library Scikit-learn RRID: SCR_002577

Imaris Bitplane RRID: SCR_007370

Huygens Professional Scientific Volume Imaging RRID: SCR_014237

Fiji/ImageJ NIH RRID: SCR_002285; SCR_003070

MATLAB Mathworks RRID: SCR_000325

Python Python RRID: SCR_008394

Other

NI board National Instruments NI USB-6009

Fiberphotometry system NPI Electronic https://www.npielectronic.com/

product/fiberoptometer/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources, reagents, and code should be addressed to and will be fulfilled by the Lead Contact,

Stefan Remy (Stefan.Remy@lin-magdeburg.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed in adult male and female VGluT2-cremice. The transgenic mice (Slc17a6tm2(cre)Lowl/J, stock num-

ber 016963, Jackson Lab, Bar Harbor, USA) were bred under specific pathogen-free conditions. Heterozygous mice were group-

housed with 12 hours reversed dark-light cycle at 21�C and ad libitum access to food and water. Experiments were performed during

the dark phase. All experiments were performed according to the Directive of the European Communities Parliament and Council on

the protection of animals used for scientific purposes (2010/63/EU) andwere approved by the animal care committee of North Rhine-

Westphalia and Sachsen-Anhalt, Germany.
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METHOD DETAILS

Stereotactic viral injection
Themicewere anesthetized with an intraperitoneal (i.p.) injection of ketamine (0.13mg/g) and xylazine (0.01mg/g) andwarmedwith a

37�C heating pad (Fine Science Tools) for the entire length of the procedure. The animals were head-fixed using a non-punctuated

head bar and a nose clamp (MA-6N, Narishige), and placed under a motorized stereotactic frame (Luigs-Neumann). An incision was

made in the scalp, and bregma and lambda were measured to ensure the skull was horizontally aligned. A small craniotomy was

performed on top of the region of interest and a 34-gauge needle and Hamilton syringe (World Precision Instruments) were used

for the injection. All coordinates were calculated using the Allen Mouse Brain Atlas as a reference. For the stereotactic MSDB injec-

tions the coordinates were +1 mm anterior-posterior, -0.75 mm lateral, and -4.3 mm ventral relative to bregma with a 10� angle. All
viruses were injected using an UltraMicroPump (World Precision Instruments). For fiber photometry experiments 500 nl of a genet-

ically encoded calcium indicator (AAV1.Syn.Flex.GCaMP6s.WPRE.SV40, Addgene catalog number 100845, Chen et al.53) was in-

jected in the MSDB at a speed of 100 nl/min. For in vivo optogenetic experiments 200 nl of channelrhodopsin virus (AAV1 or

AAV9-EF1a-double flozed-hChR2(H134R)-EYFP-WPRE-HGHpa, Addgene catalog number 20298), archaerhodopsin (AAV9-FLEX-

Arch-GFP, Addgene catalog number 22222, Chow et al.54) or control virus (AAV1-EF1a-DIO-EYFP, Addgene catalog number

27056) was injected in the MSDB at 100 nl/min. For slice patching experiments 500 nl of AAV2.1-Ef1a-double floxed-

hChR2(H134R)-EYFP-WPR (Addgene catalog number 20940, Chow et al.54) was injected at 2 different depths (-4.6 mm and

-4.2 mm) at a speed of 100 nl/min into the MSDB. After all injections the needle was left in place for at least 5 minutes before with-

drawal. The scalp was then sutured, and the animals were injected i.p. with buprenorphine (0.05 mg/kg) twice daily for 3 days. Once

the experiments were concluded all mice were transcardially perfused, first with PBS, followed by 4% PFA in PBS. The brain was

removed and stored in 4% PFA in PBS for at least 24 hours. Afterwards, the brain tissue was sliced, and the viral expression was

confirmed under a confocal microscope.

Chronic surgery
As described before, mice were anesthetized and placed in the stereotactic frame. In addition, they received an i.p. injection of dexa-

methasone (0.2 mg/kg) and carprofen (5 mg/kg) before surgery. Dental acrylic (Cyano-Veneer fast; Heinrich Schein Dental Depot)

served to fix all the implants. For head-fixed experiments, a small metal bar was placed on the skull paramedially. After surgery,

themice received an i.p. buprenorphine injection for 3 days twice a day. Themice were allowed to recover for at least 2 weeks before

starting the behavioral tests.

Behavioral tests
Before any behavioral test, mice were handled by the experimenter for a week. For head-fixed experiments, the animals were habit-

uated for at least 1 week to the experimental room and the head-fixation. For freely moving experiments, the animals were habituated

to the room for a week before starting the experiments.

Head-fixed experiments
For head-fixed experiments the mice were running on a 7 cm wide, 3.6 m long linear treadmill (Luigs & Neumann). The rotation of the

belt (and thus themovement of the animal) is detected with a rotary encoder and computed into a virtual position change. In addition,

the actual position of the treadmill is checked using a reflection light barrier and the virtual position is corrected accordingly. The

signal was collected at 10 kHz by an I/O board (USB-6212BNC, National Instruments, Austin, USA) and recorded using custom-writ-

ten Python software. Head-fixed mouse behavior was continuously monitored by simultaneously using twomonochrome CCD cam-

eras (Basler acA 780-75gm) positioned at approximately 15 cm from themouse. To capture face dynamics, we used a high-resolution

zoom lens (50 mm FL, Thorlabs MVL50TM23); for body dynamics, we used a wide-angle lens (12 mm FL, Edmund Optics #33-303).

Infrared illumination was provided via two 850 nm LED arrays (Thorlabs LIU850A), and cameras were outfitted with 780 nm longpass

filters (Thorlabs FGL780). Both cameras’ positions were aligned for each mouse before the start of recordings. Camera images were

acquired at 75 Hz with 7823582 pixels using pylon Camera Software Suite (Basler), each frame triggered by TTL pulses from the

recording software. Files were saved in compressed MP4 format before further processing.

Head-fixed reward learning task
Two weeks before performing the reward learning task, mice were subjected to food restriction. They received 80% of their usual

consumption of food pellets every 24 hours. The animals were monitored so that their weight was kept constant and never exceeded

more than 10% loss of their initial bodyweight. During the habituation period, micewere exposed by the experimenter to high-fat milk

that they could receive from ametal cannula at the end of each handling session. The same treadmill apparatus described abovewas

used. The only difference was the enrichment of the belt with six different textures of 60 cm each for precise spatial indications of

where the reward would be delivered. The reward consisted of high-fat milk that the mice could receive from a metal cannula spout

placed in front of their mouths. In the first 6-8 days all mice learnt to run on the new cued belt and received the milk reward every time

they crossed the reward zone. Reward delivery was automated with custom-written Python code, which activated a peristaltic pump

whenever the animal’s position matched the defined reward position (90-180 cm from the beginning of the belt). After mice had
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learned to lick at the reward position, a threshold was introduced for the mice to receive the reward. Only when the licking activity at

the correct reward position was performed did the pump activate and the animal could collect the reward. Once all mice had learnt to

lick in the reward location, optogenetic stimulation was introduced. The mice received optogenetic stimulation at 9 Hz before and at

the reward zone (60-180 cm). Two days later, a second stimulation zone was introduced 180 cm from the first (240-300 cm).

Open field
Unless otherwise specified, the open field experiments were performed in a 50 cm wide circular arena made of transparent plexi-

glass. The arena was located in a custom-built metal structure with black curtains all around and a transparent floor at 1 meter height

from the ground made of 1 cm transparent plexiglass and 3 mm red plexiglass on top. Four infrared lights (LIU780A, Thorlabs) were

placed at the 4 edges of the arena to homogeneously illuminate the area from below. The animals were recorded with a bottom-view

CMOS camera (Basler acA2040-90umNIR) located at the center of the arena, 70 cm away from it. In a subset of experiments, the

animals were exposed to novel stimuli, one stimulus per day (a novel object of around 636 cm, novel food in the form of chocolate

chips, or a novel mouse with matched age and sex). All recordings were performed in darkness.

Open field anxiety test
For the anxiety test a 70 cm wide cardboard arena was used. A top-view camera (Basler acA2040-90umNIR) recorded the animal’s

position throughout the experiment. A bright light illuminated the center of the arena. A lux meter (MS 1300, Voltcraft) was used to

measure the light intensity in the middle (200 Lux) and at the walls (5 to 10 Lux) of the arena.

Elevated plus maze (EPM) test
A custom-built EPMwas used in these experiments. Each armmeasured 30 cm in length, the corridors were 5 cmwide and the walls

15 cm high. The experimental roomwas illuminated with white light and the animals were placed in the centre of the maze and tested

for 10 minutes each. Optogenetic stimulation (9 Hz for MSDBglu-VTA:ChRmice and 0.1 Hz for MSDBglu-VTA:Archmice) was spatially

triggered by the animal’s position in the enclosed arm of the maze via a custom-written Python code.

Fiber photometry recordings
For fiber photometry experiments, a fiber-optic cannula (MFC_400/430-0.37_5mm_SM3(P)_FLT, Doric Lenses) was implanted

unilaterally on top of VTA (coordinates: -3.3 mm anterior-posterior, -0.4 mm lateral, -4 mm ventral, relative to bregma). A

FiberOptoMeter (npi electronics) was used to perform the fiber photometry recordings. The 470 nm diode was collimated into a fi-

ber-optic patch-cord (MFP_400/430/1100_0.37_1m_FC_CM3(P), Doric Lenses). The light intensity at the fiber tip was 0.6 to 1.2 mW.

The signal was converted into an analog voltage signal, sampled at 10 kHz using an ITC-18 interface (HEKA Elektronik) and recorded

with a custom-written Igor Pro 6.3 software (WaveMetrics).

Optogenetic recordings
For optogenetic experiments in head-fixed and freely moving conditions, a fiber-optic cannula (DFC_200/245-

0.37_5mm_GS1.0_FLT, Doric Lenses, Quebec, Canada) was implanted bilaterally on top of VTA (coordinates: -3.3 mm anterior-pos-

terior, -0.4mm lateral, -4 mm ventral, relative to bregma). Light stimulation was performed with a fiber-coupled 473 nm diode laser

(LuxX 473-80, Omicron-Laserage) for optogenetic excitation or a 561 nm laser (OBIS 561-80 LS FP, COHERENT, Santa Clara, CA,

USA) for optogenetic inhibition. For the optogenetic excitation, the square pulse TTL signal at 3, 6, 9, or 12 Hz was generated via

custom-written Igor Pro 6.3 software (WaveMetrics) to modulate the laser output. The square pulse width was adjusted based on

the frequency of the stimulation to guarantee a constant total time of illumination: 50 ms at 3 Hz, 25 ms at 6 Hz, 16 ms at 9 Hz,

and 12ms at 12 Hz. The length of each stimulation epoch is of 20 swith 20 s pre-stimulation and 20 s post-stimulation epochs, unless

otherwise specified. For the optogenetic inhibition, a TTL signal of 0.1 Hz was generated via custom-written Igor Pro 6.3 software

(WaveMetrics) to modulate the laser output.

Pharmacological manipulation
For treadmill experiments, animals had a small craniotomy on top of theMSDB (+1mm anterior-posterior, -0.75mm lateral relative to

bregma) sealed with Kwik-Cast (World Precision Instruments). On the day of the experiment, mice were head-fixed on the treadmill,

the sealant was removed, and lidocaine was acutely injected with a 34-gauge cannula and Hamilton syringe (World Precision Instru-

ments) using a UltraMicroPump (-4.3 mm ventral relative to bregma with a 10� angle). The UltraMicroPump connected to a plastic

tube to the internal cannula was used for drug injection. All mice were injected with 500 nl of lidocaine (40 mg/ml in cortex buffer)

delivered at 100 nl/min. After injections, mice were given 15 minutes to recover and to let the drug diffuse in the brain before the start

of recordings. The silencing efficiency was evaluated by comparing hippocampal LFP amplitude before and after the perfusion of the

drug. For open field experiments, mice were implanted with an infusion cannula (guide: C315GS-5-SP 388834 26GA 5MMPED, CUT

4 mm, dummy: C315DCS-5-SPC SM.008-.2mm, FIT 4mm C315GS-S W0 PROJ, internal: C315IS-5-SPC 33GA FIT 5mm PED

GUIDE, FIT 4mmC315GS-5W1mmPROJ, P1 Technologies, Virginia, USA) for drug delivery in theMSDB (anterior-posterior: +1mm,

lateral: -0.7, ventral: -3.5, relative to bregma with a 10� angle).
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LFP recordings
To record hippocampal local field potentials, a monopolar tungsten electrode (W558511, Advent ResearchMaterials) was positioned

in the hippocampus. The coordinates were: -2 mm anterior-posterior, +2 mm lateral, -1.6 mm ventral relative to bregma. Reference

and ground electrodes were placed on top of the cerebellum. The LFP was recorded using an extracellular amplifier (EXT-02F/2, npi

electronic), sampled at 25 kHz using an ITC-18 interface (HEKA Elektronik) and recorded with a custom-written Igor Pro software

(WaveMetrics).

Electrophysiological recordings in brain slices
Four to six weeks after virus injection, micewere deeply anesthetized and decapitated. The preparation of coronal VTA brain slices was

performedwith a VT-1200Svibratome (LeicaMicrosystems,Wetzlar,Germany)with standard solutions asdescribed inFuhrmannet al.7

Current-clamp whole cell recordings were performed at 35�C ± 1�C (Heated Perfusion Tube, ALA scientific) using a Dagan BVC-700A

amplifier and digitalized at 25 kHz using an ITC-18 interface board (HEKA Elektronik) controlled by IgorPro 6.3 software (WaveMetrics).

Recordingpipetteswerepulledwithahorizontalpuller (DMZ-UniversalPuller) toa resistanceof3-6MU. The recordingpipetteswerefilled

with standard intracellular solution ([mM]: 140 K-gluconate, 7 KCl, 5 HEPES-acid, 0.5 MgCl2, 5 phosphocreatine, 0.16 EGTA (pH: 7.3,

osmolarity: 289 mOsm)). Biocytin (0.4%) was added freshly before the recording to subsequently localize and reconstruct the patched

neurons. Whole-cell current-clamp recordings of VTA neurons were performed and the resting membrane potential was annotated

immediately after the whole-cell formation. The series resistance for the cell recordings was between 13 and 55 MU (29.9 ± 9.8 mean

series resistance ± s.d.). Neuronal membrane potential was kept between -65 and -60 mV. For electrophysiological characterization,

a series of hyperpolarizing and depolarizing step current injections lasting 500 ms each was performed with the following amplitudes:

�200pA,�100pA,�50pA,�30pA,�20pA,�10pA, +10pA, +20pA, +30pA, +50pA, +100pA, +200pA, +300pA, +400pAand+500-

pA. Optogenetic stimulation of VGluT2+ ChR+ MSDB axons was performed with a light fiber coupled 473 nm diode laser (LuxX 473-80,

Omicron-Laserage),placedataround5mmdistance fromtheslice,andactivatedat theta-band frequencies (3, 6,9and12Hz) for 1swith

3-ms light pulses. If VTA neurons exhibited PSPs in control conditionswith aCSF, the sameoptogenetic stimulationwas performed after

bath application of TTX (1mM)and 4-AP (100mM) to confirm themonosynaptic nature of the input, followedbyNBQX (10 mM) andD-AP5

(50 mM) application to confirm its glutamatergic origin. After recording, the slices were kept in 4% PFA overnight and then washed and

conserved in PBS.

Multielectrode array (MEA) recordings
MSDB coronal slices were prepared according to the procedure described by Hu et al.56 The recording aCSF solution was modified

as follows, in [mM]: 127 NaCl, 2.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 25 Glucose, 1.25 MgSO4, 2.5 CaCl2. MEA recordings were per-

formed using a CMOS-based high density MEA system (MaxOne, MaxWell Biosystems, Zurich, Switzerland). After recovery for at

least 1 hour at room temperature, a slice was placed on the CMOS chip and held with a handmade grid. During recording, the slice

was constantly perfusedwith recording aCSF at 37�C. For light stimulation, the end of an optical fiber connected to an 80mW561 nm

laser, OBIS 561-80 LS FP (Coherent, Santa Clara, CA, USA) was placed approximately 10mmabove the slice surface. Approximately

one thousands of recording channels were selected and placed over the MSDB area. Only the channels showing significant single

units were analyzed.

Antibody staining
Slices of 300 mm thickness were fixed in 4% PFA solution overnight and then washed three times in PBS (0.1M) for 10 minutes each.

Non-specific antibody binding was prevented by incubating for 1 hour at room temperature with a PBS-based blocking solution of

10% NDS and 1% Triton-X-100. The primary antibody anti-TH (1:500) was incubated for 16 hours at 4�C in PBS with 1% NDS and

0.5% Triton-X-100. After 4 times 5minutes washing in PBS, slices were incubated with the secondary antibody (Alexa Fluor 405) and

streptavidin (Alexa Fluor 647) in 0.5% Triton X-100 PBS for 2 hours at room temperature. To remove the unbound secondary anti-

bodies, slices were washed 6 times for 5 minutes each in PBS. Finally, they were mounted with Aqua-Poly/Mount and images

were acquired using a confocal microscope (LSM700, Zeiss, Germany) with a 203 objective (Plan-Apochromat 203/0.8, Zeiss, Ger-

many). The post-hoc validation of virus injection and implants for the in vivo experiments followed a similar procedure except that the

slice thickness was 100 mm. For some experiments an additional DAPI staining was performed.

For the assessment of anatomical connectivity between MSDB and VTA, knockin mice expressing Cre recombinase under the

control of the Slc17a6 locus (vesicular glutamate transporter; Vglut2-ires-cre/Slc17a6tm2(cre)Lowl/J) were injected with AAV parti-

cles expressing EYFP in excitatory neurons of theMSDB (AAV1-EF1a-DIO-EYFP) as well as tdTomato in the excitatory neurons in the

VTA (AAV1-FLEX-tdTomato) as described above. Four to five weeks post-injection, animals were perfused, their brains were

dissected, and 40 mm slices were obtained from cryostat slicing. Brain sections were permeabilized with 0.2% Triton X100 in

PBS for 1 hour, washed with 1xPBS, and incubated for at least 2 hours in a blocking buffer (2% glycine, 0.2% gelatin, 2% BSA,

and 50 mM NH3Cl (pH 7.4) containing 0.1% Triton X100. Primary antibodies were diluted in the blocking buffer (200 ml/per slice)

and incubated at 4�C on a shaker for 72 h. For immunohistochemical detection of dopaminergic (DA) neurons and DA neurons

co-releasing glutamate, anti-tyrosine hydroxylase (TH, Millipore) antibodies were co-applied with pre-labelled KO-verified mouse

monoclonal anti-synapsin I-Cy5 antibodies (SySy) detecting synaptic vesicles available for release. For the assessment of excitatory

synapses between MSDB terminals and VGluT2-positive neurons, antibodies raised against major scaffolding protein at the
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cytomatrix of the active zone, Bassoon (custom-mage rabbit polyclonal), and postsynaptic protein Shank3 (guinea pig polyclonal

antiserum, SySy) were used. Subsequently, sections were washed 33 times in 1X PBS and incubated with donkey anti-rabbit Alexa

Fluor 405 and goat anti-guinea pig-AlexaFluor 647 secondary antibodies accordingly for 2 hours. After additional washing steps,

brain sections were mounted with Mowiol 4-88 (Calbiochem), and images were acquired either with 633/1.4Oil (HC Pl APO SC2

633/NA1.4Oil, Leica) or 1003/1.4Oil (HC PL APO CS2 1003/1.4Oil, Leica) objectives along the z-axis with 200 nm z-step in

1024 3 1024-pixel formats at 8-bit image depth with at least two times frame average at 400 Hz laser frequency using the Leica

SP8 3X STED LCMsystem (Leica-Microsystems,Mannheim, Germany) equippedwith awhite light laser (WLL). Raw confocal images

were deconvolved using the Deconvolution wizard (Huygens Professional, Scientific Volume Imaging, The Netherlands, http://svi.nl).

Subsequently, imageswere rendered in 3D using Imaris software (Bitplane). Mainly, EYFP and tdTomato cell fill was used to create an

isosurface that was applied to mask synapsin I-Cy5 staining, as well as Bassoon and Shank3 accordingly.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis
Detection and analysis of movement

To consider a locomotor epoch valid the mouse had to move at a speed of at least 2 cm/s for 2 seconds with 1 second of immobility

before. Movement onset is calculated as the first time the speed overcomes 0.5 cm/s on the treadmill experiments. For freely moving

data we used the average x and y position of the pose estimation data (see pose estimation and behavioral quantification paragraph

for additional details) to calculate distance, mean speed, and max speed and time spent moving.

Treadmill camera recordings analysis

All analyses were performed either in Python or R. Markerless pose estimation (DeepGraphPose/DeepLabCut Mathis et al.26; Wu et

al.55) was used to detect facial movements. For this, a deep neural network was trained to automatically discriminate 13 markers for

videos of the face (6 for pupil, eye, nose, mouth, etc). The network was trained on a large variety of lighting conditions and angles until

it reached satisfactory performance.Whisker pad and nose facial regions of interest were automatically segmented using video-aver-

aged marker points of nose tip, the eye’s tear duct and the mouth as stable landmarks.

Dense optical flow of face regions was calculated using Python-based OpenCV (v4.2) cuda_FarnebackOpticalFlow function and

averaging frame-to-frame optical flow magnitude and angle per facial region.27 Optical flow magnitude was then Z-scored by sub-

tracting the mean and dividing by the standard deviation from the entire time series.

Fiber photometry analysis

Fiber photometry data were first downsampled to 1 kHz. A third-degree polynomial function was fitted to the original signal. The re-

sulting polynomial values were then subtracted to the signal along the time axes in order to detrend it (detrended signal = d_signal).

TheDF/Fwas calculated as d_signal/min(d_signal) and smoothed only for visualization purposes. The Z-score was calculated as (DF/

F)/standard deviation (DF/F) in order to compare the signal between animals.

Analysis of hippocampal local field potentials

First, we removed the 50 Hz noise from the hippocampal local field potentials using a notch filter (scipy.signal.iirnotch). Further, we

applied a Hilbert function (scipy.signal.hilbert) to calculate the signal envelope and use it to exclude fast, high frequency artifacts with

a custom written despike function. The signal was then processed with a butterworth bandpass filter (2 and 15 Hz). To calculate the

spectrogram we used the Morlet wavelet transform over 9 cycles (elephant.signal_processing.wavelet_transform). Welch’s method

was used to estimate the power spectral density (elephant.spectral.welch_psd) and calculate the maximum power for each fre-

quency in the theta range.

Pose estimation and behavioral quantification

Mice pose estimation from the 40Hz bottom-up view videos were extracted using DeepLabCut.26 20 frames per video weremanually

annotated selecting 6 points of the mouse body (nose, right front paw, left front paw, right hindpaw, left hindpaw, tail base). The

network (ResNet-50) was trained up to 106 iterations and DeepLabCut pose tracking results were saved. The approaches time

in the open field novel cue test were countedwhenever the line drawn from the coordinates of themouse’s tail to the nose intersected

the centrally positioned cue and the mouse was within 10 cm from the cue. The head dippings in the EPM were calculated based on

the position of the mouse’s nose. VAME,26 a self-supervised method for behavioral quantification, allowed to identify behavioral mo-

tifs starting from the DLC files. After training VAME on the freely moving data, we identified the relevant number of motifs by first seg-

menting the data into 100 motifs and then considering only the motifs that overcome the 1% usage threshold. This resulted in the

identification of 35 distinct behavioral motifs. Afterwards, we determined the communities as groups of highly connected motifs

by creating a hierarchical tree representation of the Markovian time series. After visual inspections of the single motif videos and

the hierarchical representation, six communities were identified describing well-defined behavioral actions.

Community glossary

VAME is assigning a motif number to each frame that is further categorized into communities. The community behavioral represen-

tation was defined by observing the videos (as the one provided in Video S2) and identifying themost prominent actions performed by

the mice referring to mousebehavior.org. Our definitions are described below:

a_Running: rapid locomotion in the center or around the arena (motifs #0, 2, 27, 29, 32)
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b_Rearing: weight on hind legs, raise, forelimbs on the ground (motifs #3, 4, 7, 14, 25, 33)

c_walking: slow locomotion, when approaching the walls or before moving to another behavioral action (motifs #11, 17, 19, 20,

23, 28)

d_sniffing: nose held in the air (motifs #1, 5, 10, 18, 24)

e_grooming: sitting position, combination of lick, groom and scratch (motifs #6, 13, 15, 21)

f_resting: immobile sitting (motifs #8, 9, 16, 26, 30, 31)

Motifs 12, 22, 34 were detected in less than 5% of all the videos analyzed with a motifs usage <0.001 and were thus not taken into

account for further analysis.

Analysis of in vitro recordings

For patch-clamp whole cell recordings, subthreshold, action potential and after-hyperpolarization properties of the neurons were

quantified as in Justus et al.11 Briefly, subthreshold properties were calculated based on the hyperpolarizing and depolarizing current

injections that could not elicit action potentials (AP). Resting membrane potential, input resistance, membrane time constant (t), sag

index and rebound index were quantified. Firing properties and after-hyperpolarization properties were calculated based on the de-

polarizing current injections able to elicit at least one AP. AP threshold, half-width, amplitude, latency, and time to peak were quan-

tified. Firing properties were measured from the current injection giving rise to the maximum number of APs. Firing frequency, ampli-

tude and interspike interval were quantified. For MEA recordings, signals were high-pass filtered at 300 Hz and single units were

detected by counting only those that exceeded five times the standard deviation of the signal. Only the channels showing significant

single units were analyzed.

Cluster analysis

The electrophysiological values of the patched cells were transformed into principal components via principal component analysis

(PCA). We calculated the cumulative variance and identified the number of principal components that explain 80%of the variance for

our data. This resulted in 11 components that were afterwards used for clustering. Based on the Elbowmethod we identified 7 as the

number of clusters that can optimally segregate our cells. We performed both k-means and agglomerative clustering and found that 5

clusters could better explain our cells’ features.

Axonal fluorescence quantification

Confocal tile scan z-stack images were acquired using the Leica SP8 3X STED LCM system (Leica-Microsystems, Mannheim, Ger-

many). Based on the Paxinos brain atlas, the different brain regions were hand-drawn in each image and the intensity of the fluores-

cent signal per volume was calculated using ImageJ/FIJI functions.

Statistical analysis
Statistical analysis was performed using Prism 10. Statistical tests are indicated in the figure legends. To evaluate statistical signif-

icance, data from Figures 1D, 2C, 2G, 2H, 5G, 5H, 5J, S3A, S4E, S7C, and S7J, were subjected to Student’s t tests. Data from

Figures 1G, 1J, 3B, 3C, 4C, 4F–4I, 5B–5D, S2C, S3C–S3F, S4C, S4D, S4F, S4G, S5C, S5G, S6B–S6D, and S7D were subjected

to repeated measures (RM) one- or two-way ANOVAs followed by Sidak or Tukey post-hoc analysis. Data from Figures 4B and

4C were subjected to three-way ANOVA. Data from Figures 5G–5J were subjected to one-way ANOVA followed by Tukey’s multiple

comparison test. Kruskal-Wallis test was used for nonparametric data followed by Dunn’s multiple comparisons test from Figures 6E

and S9E–S9G. For all analyses data are presented as mean ± SEM unless noted, and the threshold for significance was at p < 0.05.
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