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SUMMARY
Relief, the appetitive state after the termination of aversive stimuli, is evolutionarily conserved. Understand-
ing the behavioral role of this well-conserved phenomenon and its underlying neurobiological mechanisms
are open and important questions. Here, we discover that the magnitude of relief from physical stress
strongly correlates with individual resilience to depression-like behaviors in chronic stressed mice. Notably,
blocking stress relief causes vulnerability to depression-like behaviors, whereas natural rewards supplied
shortly after stress promotes resilience. Stress relief is mediated by reward-related mesolimbic dopamine
neurons, which show minute-long, persistent activation after stress termination. Circuitry-wise, activation
or inhibition of circuits downstream of the ventral tegmental area during the transient relief period bi-direc-
tionally regulates depression resilience. These results reveal an evolutionary function of stress relief in
depression resilience and identify the neural substrate mediating this effect. Importantly, our data suggest
a behavioral strategy of augmenting positive valence of stress relief with natural rewards to prevent
depression.
INTRODUCTION

One fascinating feature of emotions is that positive and negative

states can be intertwined and interact intimately.1–5 In particular,

mysteriously, the ending of a strong emotional state is often fol-

lowed by a state of opposite valence.6 Although the aversive

withdrawal state from the substance-induced euphoric mood

has been extensively investigated,7–11 the opposite phenome-

non, that is, the appetitive state after the termination of negative

stimuli—the so-called ‘‘relief’’—is much less explored.

The positive valence of relief has been demonstrated in flies,

rodents, and humans.6,12–14 Utilizing the appetitive state of relief,

researchers have built relief learning paradigms, associating

cues with the ending/omission of stress, threat, or pain, to rein-

force behaviors.15–18 Pharmacology and recent neural circuit

studies suggest that the dopamine (DA) system is activated

and required for relief-based learnings.19–24 However, despite

progress in relief learning, several fundamental questions have

remained unanswered about stress relief per se: how doDA neu-

rons and their downstream projections encode stress relief, and,

in what timescale? What is the evolutionary purpose of having a
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state of relief? And can this positive emotional state be har-

nessed to combat psychiatric disorders such as depression?

Stress is known to trigger depression in some individuals but

resilience in others.25,26 The neurobiological basis for such indi-

vidual differences in stress resilience has been demonstrated as

a series of active coping processes.27,28 Recent studies reveal

resilience mechanisms at multiple levels, involving epigenetic

modulation, neuronal activity, and neurogenesis.29–33 At the neu-

ral circuit level, a causal role of the ventral tegmental area (VTA)

DA circuitry in modulating resilience is highlighted.34–38 The

inherent opponency in the valence between stress and relief

raises the intriguing possibility that relief may counteract the

detrimental effects of stress, playing a role in stress resilience.

However, such a possibility has not been tested experimentally.

To address these questions, we employed calcium photom-

etry as well as electrophysiological and optogenetic techniques

to explore the function of stress relief in depression resilience.

We provided scalable measurement of stress relief in mice and

identified its appetitive valence and transient time window.

Notably, we found that the magnitude of stress relief positively

correlated with the resilience level to depression-like behaviors
ecember 6, 2023 ª 2023 The Authors. Published by Elsevier Inc. 1
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Figure 1. Stress relief evokes a transient strong reward effect, which requires the DA system

(A) Behavioral schematics of blank control, restraint (Res)-relief, or foot shock (FS)-relief-paired conditioned place preference (CPP).

(B) CPP test heatmaps of example mice paired with blank or Res-relief (left) and quantification of CPP score (right).

(C) Quantification of FS-relief CPP score.

(D) CPP score induced by Res-relief or morphine.

(E) Relief CPP score from restraint stress using different diameters of tubes.

(F) Behavioral schematics of Res-relief CPP with different time delay before relief pairing.

(G) Quantification of time window of Res-relief CPP.

(H) CPP test heatmaps of example mice paired with Res-relief and i.p. injection of saline or D1R antagonist SCH23390 (left), and quantification of CPP

score (right).

n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001; data represent mean ± SEM.

See also Table S1.
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in chronic stressed mice. Fiber photometry and in vivo optoge-

netic manipulations demonstrated that stress relief recruited

separate mesoaccumbal DA projections to the nucleus accum-

bens lateral shell (NAcLat) and dorsomedial shell (dNAcMed) to

prevent distinct aspects of depression-like phenotypes. By

blocking or enhancing stress relief, we were able to either pro-

mote or prevent depression-like behaviors. Collectively, our

data suggest that stress relief serves as a natural resilience

mechanism against depression, proposing a non-invasive

behavioral strategy to increase resilience.

RESULTS

Stress relief evokes strong and transient rewarding
effects
To assess the valence of emotion at the termination of aversive

events, we subjected male C57BL/6 mice to the conditioned

place preference (CPP) test.39,40 Immediately after a restraint

session, we placed mice in one of the two chambers for

30 min, repeated this procedure once per day for 2 days, and

24 h after the final pairing session, tested for their CPP score (re-

straint [Res]-relief CPP, see STAR Methods; Figure 1A).

Compared with the blank-paired control, mice displayed robust

preference for the Res-relief-paired chamber (Figure 1B), sug-

gesting that relief from restraint stress evokes a positive condi-

tioning valence state. To further explore whether the rewarding

effect of stress relief is common to different aversive stimuli,

we applied another stressor—one which recruits different sen-
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sory modalities—unexpected foot shock (0.5 mA, 2-s duration,

10 stimuli; foot shock [FS]-relief CPP, Figure 1A). Mice also dis-

played strong place preference for the FS-relief-paired chamber

(Figure 1C). Notably, the magnitude of rewarding effect from

stress relief as measured by CPP level is as large as that caused

by morphine, a potently hedonic agent (Figure 1D). Restraint in a

wider tube (see STAR Methods) caused no CPP effect (Fig-

ure 1E), indicating that the rewarding effect of stress relief de-

pends on the aversiveness of the stressor.

To map the time window of the stress relief effect, we intro-

duced different time delays between the restraint ending and

introduction to the pairing chamber (Figure 1F). Within 10 min

of the termination of restraint, the rewarding effect rapidly dimin-

ished (Figure 1G), indicating that the appetitive effect of stress

relief is transient. Next, to see whether extending the restraint

period would extend the duration of relief, we prolonged the re-

straint period from 30 min to 2 h. The appetitive relief state re-

mained transient and still diminished within 10 min (Figure S1A).

In addition, intraperitoneal (i.p.) injection of selective DA D1 re-

ceptor (D1R) antagonist SCH23390 (SCH) led to diminished relief

after the CPP (Figure 1H), suggesting that stress relief requires a

D1R-dependent DA signaling mechanism.

Magnitude of stress relief positively correlates with
level of resilience to depression-like behaviors
To test a potential function of relief in stress resilience, we first

examined the correlation between the magnitude of stress relief

and the severity of depression-like behaviors after chronic stress



Figure 2. Stress relief is correlated with and

required for resilience to depression-like

behaviors

(A) Behavioral timeline of Res-relief CPP scoring,

CRS induction, and depression-like phenotype

measurement.

(B–D) Depression-like phenotypes induced by

14-day CRS: latency to immobility (B) and immo-

bile duration (C) in FST, and sucrose preference

(D) in SPT.

(E–G) Correlation analysis between Res-relief CPP

score and latency to immobility (E), immobile

duration (F), and sucrose preference (G) of CRS

mice.

(H–K) Behavioral paradigm of systemic D1R

blockade, with or without 2-h delay after termi-

nating daily restraint during subthreshold 3-day

CRS (H), and subsequent depression-like pheno-

types developed in FST (I and J) and SPT (K).

n.s., not significant; *p < 0.05; data represent

mean ± SEM.

See also Figures S1–S3 and Table S1.
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across mouse individuals. Mice were first tested in the Res-relief

CPP paradigm and then subjected to a chronic restraint stress

(CRS) protocol (2-week consecutive restraint stress, 2–3 h per

day)41,42 to induce depression-like behaviors (Figure 2A). After

CRS, a large fraction of mice developed depression-like behav-

iors, including behavioral despair measured by the forced swim

test (FST) (Figures 2B and 2C), and anhedonia-like phenotypes

measured by the sucrose preference test (SPT) (Figure 2D),

without affecting locomotion and anxiety in the open field test

(OFT) (Figures S1B and S1C). Notably, the magnitude of stress

relief as measured by the CPP score after restraint stress (Res-

relief CPP score) showed a significant negative correlation with

the severity of depression-like behaviors: animals with higher

relief CPP score showed longer latency to immobility (p < 0.01,

r = 0.67, Pearson correlation, Figure 2E) and shorter immobile

duration (p < 0.05, r = �0.52, Pearson correlation, Figure 2F) in

the FST, as well as higher sucrose preference in the SPT

(p = 0.01, r = 0.60, Pearson correlation, Figure 2G). In contrast,

the Res-relief CPP score did not correlate with locomotion ability

as measured by OFT (Figure S2A), or anxiety level as measured
by elevated plus maze test (EPMT) (Fig-

ure S2B), novelty-suppressed feeding

test (NSFT) (Figure S2C), and OFT (Fig-

ure S2D). These results suggest that the

more rewarding the animals feel at stress

termination, the more resilient they are to

depression-like behaviors.

Blockade of stress relief promotes
vulnerability to depression-like
behaviors
To test whether stress relief is indeed pro-

tective for depression-like behaviors, we

blocked stress relief during the CRS pro-

cedure. We applied a subthreshold CRS

protocol (3-day restraint stress, 2–3 h per
day, Figure 2H), which normally did not induce depression-like

phenotypes (Figures S3A–S3C). However, when stress relief was

blocked by injection of the D1R antagonist SCH (i.p., 0.1 mg/kg)

right after the termination of daily restraint, mice developed

depression-like phenotypes after the subthreshold CRS.

Compared with the saline-injected group, SCH-injected mice

were more immobile in the FST (Figures 2I and 2J) and had less

preference for sucrose water in the SPT (Figure 2K), with no

apparent difference in locomotion (Figure S1D) or anxiety level

(FigureS1E). Asstress relief appeared tobe transient,we therefore

included another two control groups, with SCH injected either 2 h

or 10 min after the termination of daily restraint (Figures 2H and

S3F). No depression-like phenotypes were induced in these

mice (Figures 2I–2K and S3G–S3I). These results suggest that

blockadeof stress reliefwithin its transient timewindowmakesan-

imals more vulnerable to depression-like behaviors.

Stress relief persistently activates VTA-DA neurons
To understand the neural circuit mechanism mediating stress

relief, we next set out to test whether and how the VTA-DA
Neuron 111, 1–13, December 6, 2023 3



Figure 3. Stress relief persistently activates VTA-DA neurons

(A) Schematics of fiber photometry setup and Res-relief box to minimize human handling.

(B) Verifications of optic fiber location and Cre-dependent GCaMP6s expression profile in VTA-DA neurons. Scale bars, 200 mm.

(C) Calcium signals of VTA-DA soma aligned to the time point of gate open (top) and corresponding heatmaps (bottom, mouse individuals are annotated by

different color bars at the left).

(D) Calcium signals of VTA-DA soma of Res-relief and control groups.

(E) Quantification of calcium peak amplitude of VTA-DA soma.

(F) Schematics of in vivo opto-tagged recording of VTA-DA neurons.

(G) Raster plot of one representative tagged DA neuron responding to light stimulation.

(H) Correlation between light-evoked and spontaneous spike waveforms of a representative tagged DA neuron.

(I) Classification of recorded VTA neurons based on full-width half maximum (FWHM) of waveform valley and spontaneous firing rate.

(J) Firing Z score of VTA-DA neurons aligned to the time point of gate open (top) and corresponding heatmaps (bottom), ordered by the activation magnitude

during relief period.

Calcium signals or firing Z score significantly higher than baseline is annotated in red.

****p < 0.0001; data represent mean ± SEM.

See also Figures S4, S5, and S7, and Table S1.
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neurons are activated during the relief period. To minimize the

artifacts caused by human handling, we modified the CPP

apparatus and connected it to the restraint tube through a

gate, such that at the end of restraint stress, when the gate

was opened, the mouse could voluntarily enter the relief

chamber without human handlings (see STAR Methods; Fig-

ure 3A). Cre-dependent GCaMP6s was injected into the VTA

of DAT-Cre mice and an optic fiber was implanted above

the injection site (Figure 3B). The populational calcium

response of VTA-DA somata was recorded before, during,

and after the 30-min restraint (Figure 3C). The VTA-DA cal-

cium signals showed a drastic increase when mice started

to leave the restraint tube (peak 6F/F = 94.83% ± 4.15%,

p < 0.0001, permutation test, Figure 3C). The increase of

VTA-DA calcium signals peaked at 0.6 ± 0.04 s and remained

statistically higher than the homecage baseline for 317.8 s

(�5.3 min, Figure 3C, permutation test). Because VTA-DA

neurons can also be activated by saliency, novelty, or move-

ment,43,44 we also included a control condition to minimize

the relief signals, by subjecting mice to immediate gate

open after being placed in the restraint tube (see STAR

Methods). The VTA-DA calcium peak amplitude of this control

condition was much smaller than that of the stress-relief con-
4 Neuron 111, 1–13, December 6, 2023
dition (6F/F = 27.4% ± 1.8% vs. 112.7% ± 3.7%, p < 0.0001,

Figures 3D and 3E).

The above results indicate that the bulk activity of VTA-DA

neurons is persistently increased during stress relief. However,

it remained unclear whether such persistent activity holds at

the single-neuron level. For instance, different populations of

DA neurons may be activated at different time points after stress

termination, resulting in a prolonged bulk activity. To address this

issue, we performed opto-tagged in vivo recordings of VTA-DA

neurons in freely moving mice (Figure 3F). Among 79 well-iso-

lated neurons, based on opto-tagging criteria,45,46 we reliably

identified 11 DA neurons (Figures 3G–3I). Among these, 55%

(6 out of 11) exhibited minute-level sustained activation during

the relief period (Z score > 2, see STAR Methods; Figure 3J, bot-

tom). The average activity of the 11 DA neurons remained above

the baseline for 3 min (Figure 3J, top). In order to increase the

number of DA neurons to substantiate our speculation, we clas-

sified putative DA neurons via spontaneous firing rate (<10 Hz)

and valley full-width half maximum (FWHM, >500 ms), which

has been validated via opto-tagging.46 Among the 38 putative

DA neurons identified (Figure S4A), 63% (24 out of 38) exhibited

minute-level sustained activation (Z score > 2) and their average

activity persisted for 150 s after stress termination (Figure S4B).



Figure 4. Activities of VTA-NAcLat and -dNAcMed DA pathways correlate with magnitude of stress relief

(A) Schematics of simultaneous dual-site fiber photometry of DA terminal calcium signals in NAcLat and dNAcMed.

(B) Calcium signals of NAcLat and dNAcMed DA terminals in Res-relief and control groups.

(C) Quantification of calcium peak amplitude of NAcLat and dNAcMed DA terminals.

(D–G) Correlation of Res-relief CPP score with NAc DA terminal calcium signals during the 1st day of relief pairing: calcium peak amplitude (D), area under curve

(AUC) (E) of NAcLat DA terminals; calcium peak amplitude (F) and AUC (G) of dNAcMed DA terminals. These results are acquired by single-site fiber photometry.

(H) Schematics of simultaneous dual-site fiber photometry of DA release in NAcLat and dNAcMed.

(I) DA signals in NAcLat and dNAcMed of Res-relief and control groups.

(J) Quantification of DA peak amplitude in NAcLat and dNAcMed.

***p < 0.001, ****p < 0.0001; data represent mean ± SEM.

See also Figures S4, S6, and S7 and Table S1.
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These results suggest that the prolonged VTA-DA activity is not

due to desynchronized activation in the populational level but

rather due to sustained activation at the single-cell level.

Distinct activity dynamics of DA projections to different
NAc subregions during stress relief
Previous studies revealed that VTA-DA neurons are functionally

heterogeneous in encoding reward and aversion47–53 and that

such heterogeneity may be defined by distinct downstream pro-

jections.54–58 Among the VTA-DA projections, while the amyg-

dala- and prefrontal-projecting DA pathways encode salience

and aversion,59–64 the mesoaccumbal DA pathways have been

heavily implicated in reward processing,60,65–69 particularly the

DA projections to the NAcLat and dNAcMed.23,61,70,71 Therefore,

we applied dual-site fiber photometry to measure calcium sig-
nals of DA terminals in the NAcLat and dNAcMed (Figure 4A).

Both terminals showed increased activity at the termination of

restraint (Figures 4B, 4C, S4C, and S4D). Interestingly, while

the stress relief CPP score did not correlate with calcium activ-

ities of VTA-DA somata (Figures S5A and S5B), probably due

to heterogeneity, it did positively correlate with calcium activities

of DA terminals in both the NAcLat and dNAcMed (Figures 4D–

4G), suggesting that DA projections to theNAcLat and dNAcMed

may specifically encode stress relief.

Using the genetically encoded G-protein-coupled receptor-

activation-based DA (GRABDA) sensor, DA2m,72 we found

that, consistent with the calcium activity of DA neurons, at

the termination of restraint stress, DA levels at the NAcLat

and dNAcMed sites were also significantly increased

(Figures 4H–4J), lasting for 23.9 s at the NAcLat (Figure S4E)
Neuron 111, 1–13, December 6, 2023 5



Figure 5. Photoinhibition of NAcLat or

dNAcMed DA terminals blocks stress relief

and facilitates despair- or anhedonia-like

phenotypes, respectively

(A) Schematics of photoinhibiting NAcLat or

dNAcMed DA terminals (top) and corresponding

behavioral schematics of Res-relief CPP (bottom).

(B and C) Example heatmaps of Res-relief CPP

with NAcLat (B) or dNAcMed (C) photoinhibition

(left) and quantification of CPP score (right).

(D andH) Behavioral schematics of photoinhibiting

NAcLat (D) or dNAcMed (H) DA terminals after

terminating daily restraint during subthreshold

3-day CRS.

(E–G and I–K) Depression-like phenotypes in FST

(E, F, I, and J) and SPT (G and K).

n.s., not significant; *p < 0.05; data represent

mean ± SEM.

See also Figures S1 and S7 and Table S1.
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and for 599.1 s at the dNAcMed (Figure S4F). When we went

further downstream to monitor the calcium signals of D1R-ex-

pressing medium spiny neurons (D1-MSNs) at both sites (Fig-

ure S6A, top), the activity persisted even longer, lasting for

15 min at the NAcLat (Figure S6B) and >30 min at the

dNAcMed (Figure S6C), suggesting that the G-protein-

coupled receptor (GPCR) signaling of D1R may extend the ac-

tion duration of DA.

DA projections to NAcLat and dNAcMed mediate stress
relief to prevent distinct aspects of depression-like
phenotypes
We next applied high-spatiotemporal manipulations to deter-

mine whether there are projection-specific effects on stress relief

and depression resilience. We utilized eNpHR3.073 for bilateral

photoinhibition of DA terminals in the NAcLat or dNAcMed,
6 Neuron 111, 1–13, December 6, 2023
solely during the 5–10 min stress

relief period (Figure 5A). Inhibition of

either site abolished Res-relief CPP

(Figures 5B and 5C). We then tried to

inhibit either of these two pathways dur-

ing the relief period right after daily

restraint in a subthreshold 3-day CRS

protocol (Figures 5D and 5H), which nor-

mally does not induce depression

(Figures S3A–S3C). Intriguingly, photoin-

hibition of NAcLat DA terminals during

stress relief specifically facilitated behav-

ioral despair (Figures 5E–5G), whereas

photoinhibition of dNAcMedDA terminals

specifically facilitated anhedonia-like

phenotypes (Figures 5I–5K). The above

results reveal specific roles of the

NAcLat and dNAcMed DA pathways dur-

ing stress relief to counteract distinct as-

pects of depression-like phenotypes.

We next tested the inverse, to see

whether we could prevent depression-
like behaviors by enhancing relief reward through stimulating

these two DA pathways. We photostimulated either pathway

within the relief time window in a regular 14-day CRS model of

depression (Figure 6A). Photostimulation of the NAcLat or

dNAcMed DA terminals resulted in robust real-time place prefer-

ence (Figures 6B–6D), mimicking the appetitive valence of stress

relief. We then photostimulated either of these terminals for

5–10 min right after terminating the daily restraint during the

14-day CRS model of depression (Figures 6E and 6I). Notably,

photostimulation of NAcLat DA terminals was sufficient to

rescue both behavioral despair (Figures 6F and 6G) and anhe-

donia-like phenotypes (Figure 6H), whereas photostimulation

of dNAcMed DA terminals only reversed anhedonia-like pheno-

types (Figures 6J–6L). These results further confirmed the func-

tion of VTA-NAcLat and -dNAcMed DA pathways during stress

relief in promoting resilience.



Figure 6. Photostimulation of NAcLat or

dNAcMed DA terminals prevents depres-

sion-like phenotypes

(A) Schematics of photostimulating NAcLat or

dNAcMed DA terminals.

(B) Example trace of light-evoked 20-Hz firings in

VTA-DA neurons in slice recordings (left) and

behavioral schematics of real-time place prefer-

ence (RTPP) (right).

(C and D) Example RTPP heatmaps with NAcLat

(C) or dNAcMed (D) photostimulation (left) and

quantification of RTPP (right).

(E and I) Behavioral schematics of photo-

stimulating NAcLat (E) or dNAcMed (I) DA termi-

nals after terminating daily restraint during 14-day

CRS.

(F–H and J–L) Depression-like phenotypes in FST

(F, G, J, and K) and SPT (H and L).

n.s., not significant; *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001; data represent mean ±

SEM.

See also Figures S1 and S7 and Table S1.
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A non-invasive behavioral strategy to prevent
depression-like behaviors
Although optogenetics-based approaches demonstrated the

necessity and sufficiency of DA pathways in encoding stress re-

lief and promoting depression resilience, we wanted to see

whether a non-invasive behavioral strategy to enhance stress re-

lief could boost resilience. For this purpose, we tried to provide

mice with natural rewards (ad libitum chocolate plus 2% sucrose

water) after daily stress termination. In the first set of experi-

ments, during the 14-day CRS induction, natural rewards were

provided until the next day, either with (delayed reward group)

or without (no-delay reward group) a 2-h delay after daily re-

straint (Figure 7A). Comparedwith either the no reward or the de-

layed reward group, the no-delay reward group showed much

alleviated depression-like phenotypes in the FST and SPT, in a
level comparable to the naive group

(Figures 7B–7D). In the second set of ex-

periments, we reduced the duration of

reward supply to 2 h (Figure 7E), and

found that this shorter duration of no-

delay rewardwas still sufficient to prevent

depression-like phenotypes, whereas the

2-h delayed reward did not (Figures 7F–

7H). Collectively, these results suggested

that providing natural rewards shortly af-

ter stress termination to amplify the appe-

titive valence may be a promising behav-

ioral strategy to enhance resilience to

depression-like behaviors.

DISCUSSION

Here, we show that at the termination of

physical stress, mice are transiently in a

positively valenced relief state. Such a

state depends on the activity of VTA-DA
neurons and their projections to the NAcLat and dNAcMed,

which are persistently activated during the relief period. Interest-

ingly, the magnitude of stress relief strongly correlates with indi-

vidual resilience to depression-like behaviors. Inhibition of stress

relief facilitates depression-like behaviors, whereas a boost of

stress relief prevents depression-like behaviors. Importantly,

providing natural rewards within a critical window after stress

promotes stress resilience, suggesting a non-invasive behavioral

strategy to prevent depression.

Relief as a homeostatic defense mechanism for mood
regulation
What is the benefit to have an emotional state of relief? Richard

Solomon’s opponent-process theory of motivation proposed

that an opponent process after a significant departure from
Neuron 111, 1–13, December 6, 2023 7



Figure 7. A non-invasive behavioral strategy to promote resilience

(A) Behavioral schematics of enhancing relief reward by supplying natural rewards (chocolate plus 2% sucrose ad libitum), with or without 2-h delay after ter-

minating daily restraint during 14-day CRS.

(B–D) Depression-like phenotypes in FST (B and C) and SPT (D).

(E) Behavioral schematics of enhancing relief reward by supplying 2-h natural rewards, with or without a 2-h delay after daily restraint during 14-day CRS.

(F–H) Depression-like phenotypes in FST (F and G) and SPT (H).

*p < 0.05, **p < 0.01, ***p < 0.001; data represent mean ± SEM.

See also Figure S1 and Table S1.
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affective equilibrium may serve a homeostatic defense func-

tion.6,74 In the case of stress relief, during extended stress,

activity of the reward-coding DA neurons is suppressed for a

prolonged period of time (Figure 3J).45,75,76 By having a surge

in VTA-DA activity right after stress, organisms may self-

compensate for the damaging effects resulting from stress-

induced DA falloff. Therefore, relief may serve as an evolution-

arily selected coping mechanism to insulate animals from the

detrimental effects of stress. This proposition is supported by

the correlation we observe between relief magnitude and resil-

ience level, and the manipulation experiments showing that

blocking or enhancing a relief reward prevents or promotes

depression resilience, respectively. Notably, it remains unclear

whether sex differences impact on this relief mechanism. As

we performed experiments only in male mice, future investiga-

tions are warranted as to whether and how female mice also uti-

lize relief for mood regulation.

VTA-DA heterogeneity in stress relief
VTA-DA projections to different downstream areas have been

demonstrated to define DA heterogeneity in a wide range of

physiological and pathological conditions.77,78 Adding to this

general theme of VTA-DA heterogeneity, our results identified

distinct profiles of calcium activity in dissociable VTA-DA path-

ways during stress relief. After stress termination, DA projections

to the NAcLat are transiently activated for about 6 s (Figure 4B),

whereas DA projections to the dNAcMed show more persistent

activation for 9 min (Figure S4B). Monitoring of DA release in

the NAcLat and dNAcMed further confirmed such distinct tem-

poral dynamics (Figures S4C and S4D).
8 Neuron 111, 1–13, December 6, 2023
On the other hand, when we monitored calcium activities of

the neural targets of the above two pathways, D1-MSNs in the

NAcLat and dNAcMed, there were persistent activities lasting

for more than 15min in both pathways (Figure S6). This suggests

that D1R signaling extends the duration of action of DA, possibly

through cyclic adenosine monophosphate (cAMP) and protein

kinase A (PKA) pathways.79,80

Functional divergence of VTA-NAcLat and -dNAcMedDA
pathways in depression resilience
Recent studies suggest that disparate depression-like pheno-

types are encoded within discrete neural circuits.81–83 For

example, social withdrawal and behavioral despair phenotypes

are separately embedded in VTA-projecting and lateral habe-

nula-projecting ventral pallidum neurons, respectively.81 Here,

we found that photoinhibition of the NAcLat and dNAcMed DA

terminals right after stress facilitates behavioral despair and

anhedonia-like phenotypes, respectively, in a subthreshold

chronic stress model of depression (Figures 5D–5K). This sug-

gests that the activities of these two DA pathways during the re-

lief period are normally required to combat the two distinct

depression-like phenotypes.

On the other hand, while photostimulation of dNAcMedDA ter-

minals during relief periods specifically rescued anhedonia-like

phenotypes (Figures 6I–6L), photostimulation of NAcLat DA ter-

minals ameliorated both despair- and anhedonia-like pheno-

types (Figures 6E–6H). The incongruence in the manipulation

results of NAcLat may be explained by the fact that D1-MSNs

in the NAcLat, but not dNAcMed, predominantly inhibit VTA

g-aminobutyric acid (GABA) neurons.84 Therefore, by inhibiting
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VTA-GABA neurons, photostimulation of NAcLat DA terminals

can lead to the disinhibition of VTA-DA neurons, which

innervates both the NAcLat and dNAcMed, affecting both

depression-like phenotypes. Consistent with this postulation,

chemogenetic activation of D1-MSNs in the NAcLat,85 or photo-

inhibition of VTA-GABA neurons, reverses anhedonia-like phe-

notypes.86 Furthermore, because NAc MSNs remain silent in

the absence of reward stimuli,87 the lack of tonic inhibition

onto VTA-GABA neurons may explain why photoinhibition of

the VTA-NAcLat DA pathway did not facilitate anhedonia-like

phenotypes (Figure 5G).
Possible neural mechanisms mediating the persistent
DA activity
Theminute-long activation of VTA-DA neurons after stress termi-

nation raises the question of what neural mechanisms may

mediate such persistent activity. Local neuronal intrinsic proper-

ties and upstream inputs,88,89 as well as neuropeptides (such as

enkephalin, dynorphin, nociceptin, etc.),90–93 are three potential

mechanisms that can be tested in the future. In terms of intrinsic

properties, VTA-DA neurons contain T-type calcium channels,

which can support rebound firings after inhibition.94 Given that

a good portion of VTA-DA neurons are inhibited by aversive

stimuli,45,75,76 it would be interesting to test whether the rebound

excitation after inhibition can last minutes long to account for the

persistent activity during stress relief. Alternatively, upstream

excitatory or inhibitory inputs onto the VTA-DA neurons may un-

dergo persistent activation or inhibition during the relief and thus

convey the signals to VTA-DA neurons. This may be tested by

recording and screening through local (e.g., VTA-glutamater-

gic95 and VTA-GABAergic neurons84,96–98) and upstream

inputs (e.g., rostromedial tegmental nucleus,99,100 laterodorsal

tegmental nucleus,60,101 dorsal raphe,23,102 anterior cortex,103

and pedunculopontine tegmental nucleus104,105).
Augmentation of relief reward as a behavioral strategy
to promote resilience
Here, we propose a new behavioral strategy to promote depres-

sion resilience by providing natural rewards right after stress

termination. This strategy is different from another relief-based

protocol, called ‘‘learned safety,’’ which requires repeated pair-

ings with a neutral ‘‘safety’’ signal.106 We map the optimal time

window for supplying natural rewards to be within 2 h of stress

termination. This hour-level time window is longer than that of

the relief window (<10 min) mapped by CPP (Figure 1G) or the

duration of VTA-DA activation (Figure 3C). This difference could

be due to the detection sensitivity of CPP and photometry mea-

surements. Alternatively, it may indicate that the effective time

window for interventions is longer than that of the endogenous

relief mechanism. Either way, a 2-h window after stress makes

this behavioral strategy more implementable. In terms of choice

of reward, although we used chocolate and sucrose water in this

study, other types of natural reward—especially social reward—

should also be explored, given that social reward also activates

the VTA-NAc DA pathway67 and that activating positive memory

of social reward alleviates depression-like behaviors.107 Previ-

ous findings have explored the analgesic function of pain
relief.17,108,109 We hope the current study may shed light on har-

nessing the antidepressant function of stress relief.
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Rabbit anti-tyrosine hydroxylase Santa Cruz Cat# SC-14007

Goat anti-rabbit Alexa Fluor 546 Invitrogen Cat# A-11035; RRID: AB_143051
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AAV2/9-EF1a-DIO-eNpHR3.0-mCherry OBiO Technology Ltd., Shanghai Cat# H4882

AAV2/9-EF1a-DIO-hChR2(H134R)-mCherry OBiO Technology Ltd., Shanghai Cat# AG20297

AAV2/9-EF1a-DIO-EYFP OBiO Technology Ltd., Shanghai Cat# AG20296

AAV2/9-hSyn-DA2m WZ Biosciences Inc., Shandong Cat# YL002009-AV9-PUB

Chemicals, peptides, and recombinant proteins

DAPI Solarbio Cat# S2110

Hoechst Selleck Cat# S0485

Pentobarbital sodium Sigma Cat# P3761

Morphine Shenyang Pharmaceutical. Cat# XN02AAM022B002010201161

SCH23390 Sigma Cat# D054

Milk chocolate Dove N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J SLAC Laboratory animal, Shanghai N/A

Mouse: DAT-Cre Jackson Laboratory RRID:IMSR_JAX:020080

Mouse: D1R-Cre Mutant Mouse Resource

Research Centers

RRID:MMRRC_030989-UCD

Software and algorithms

GraphPad Prism 8 GraphPad software https://www.graphpad.com/

MATLAB_R2020a MathWorks https://www.mathworks.com/

Any-Maze Stoelting https://www.any-maze.com/

Inper Studio (optogenetics and fiber photometry) Inper, China https://www.inper.com/

Inper Data Process (fiber photometry) Inper, China https://www.inper.com/

CamFibrePhotometry (fiber photometry) ThinkerTech, Nanjing http://www.thinkerbiotech.com/

BORIS Friard and Gamba110 http://www.boris.unito.it/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/index.html

OmniPlex neural recording data acquisition

system

Plexon https://plexon.com/products/omniplex-software

NeuroExplorer Plexon https://plexon.com/products/neuroexplorer

Offline sorter Plexon https://plexon.com/products/offline-sorter

Software and algorithms

473-nm and 589-nm laser LED Inper, China https://www.inper.com/

Fiber photometry ThinkerTech, Nanjing; Inper, China http://www.thinkerbiotech.com/

https://www.inper.com/
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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 This paper does not report original code.

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

Animals
Male adult (8-12weeks of age) C57/BL6j mice (SLAC Laboratory Animal Co., Shanghai; Jihui Laboratory Animal Co., Shanghai), DAT-

Cre mice (8-24 weeks of age, Jackson Laboratory, stock number: 020080) and D1R-Cre mice (8-16 weeks of age, Mutant Mouse

Resource Research Centers, stock number: 030989) were used. Mice were housed two to five per cage under a 12-h light–dark cycle

(light on from 7 a.m. to 7 p.m.) with free access to food and water ad libitum. Mice were habituated in the behavioral rooms for 0.5-1h

before all the behavioral tests. All animal studies and experimental procedures were approved by the Animal Care and Use Commit-

tee of the animal facility at Zhejiang University.

METHOD DETAILS

Drugs and treatments
The following drugs were dissolved in 0.9% saline, and administered intraperitoneally (i.p.). Concentrations were as follows: pento-

barbital sodium (100 mg/kg, Sigma), morphine (10 mg/kg, Shenyang Pharmaceutical.) and SCH23390 (0.1 mg/kg, Sigma). In Res-

Rew experiments, milk chocolate (Dove) in size similar to food pellet and 2% sucrose were provided in homecage during the

14-day CRS.

Stereotaxic surgeries
Mice were deeply anaesthetized by pentobarbital sodium, and then placed in a stereotactic frame (RWD Instruments). Virus (200 nL)

was injected unilaterally or bilaterally in VTA (AP,� 3.0�� 3.2mm from bregma;ML, ± 0.5mm; DV,� 4.3mm from the dura), NAcLat

(AP, + 1.2 mm from bregma; ML, ± 2.0 mm; DV, � 4.0 mm from the dura), or dNAcMed (AP, + 1.5 mm from bregma; ML, ± 0.65 mm;

DV, � 3.9 mm from the dura) using a pulled glass capillary with a pressure microinjector (Picospritzer III, Parker) at a rate of

100 nL/min. The injection needle was withdrawn 10 min after ending injection. After surgery, mice were allowed to recover from

anaesthesia on a heat pad. For optic fiber implantation in the calcium photometry of VTA-DA somata, a 200-mm optic fiber cannula

(NA = 0.37, Inper Ltd., China) was placed 200-250 mmabove the viral injection site, and cemented onto the skull using dental cement.

Given the distinct functions of DA projections to the dNAcMed and NAc ventromedial shell (vNAcMed),23,70 for dNAcMedDA terminal

manipulations, optic fibers were bilaterally implanted at a 20� angle (AP, + 1.5 mm from bregma; ML, ± 1.9 mm; DV, � 3.2 mm from

the dura) to avoid interventing the vNAcMed. For optogenetic manipulations of NAcLat DA terminals, optic fibers were implanted to

the NAcLat (AP, + 1.2 mm from bregma; ML, ± 2.0 mm; DV, � 3.6 mm from the dura). For fiber photometry of DA terminal calcium

signals or DA release in the NAc, optic fibers were implanted to NAcLat (AP, + 1.2 mm from bregma; ML, ± 2.0 mm; DV, � 3.8 mm

from the dura), dNAcMed (AP, + 1.5 mm from bregma; ML, ± 0.65 mm; DV, � 3.7 mm from the dura). AAVs used in this study

were from OBiO Technology Ltd., Shanghai (AAV2/9-EF1a-DIO-eNpHR3.0-mCherry; AAV2/9-EF1a-DIO-hChR2(H134R)-mCherry;

AAV2/9-EF1a-DIO-EYFP; diluted to� 1012 vector genome (v.g.) /mL), WZ Biosciences Inc., Shandong (AAV2/9-hSyn-DA2m, diluted

to � 1013 v.g./mL) and Taitool Bioscience Ltd., Shanghai (AAV2/9-CAG-DIO-GCaMP6s, diluted to � 1012 v.g./mL). All mice used in

behavioural assayswere allowed to recover from surgery for 2� 4weeks before soma fiber photometry, 6 weeks before terminal fiber

photometry and terminal optogenetic manipulations.

Optogenetic stimulation assays
Optic fiber implants were connected to a patch cable with a ceramic sleeve (Inper Ltd., China), whichwas connected to a commutator

(Doric, Canada) via an FC/PC adapter to allow unrestricted movement. A second patch cable, with a FC/PC connector at either end

(Inper Ltd., China), was connected to the commutator and then connected to a diode-pumped solid state (DPSS) 473-nm or 589-nm

laser (Inper Ltd., China). For terminal activation, 473-nm blue laser (10-12 mW from the optic fiber tip) was delivered at 20 Hz, 10-ms

pulse width, 5 pulses per 0.5 second to mimic physiological DA firings whenmice received reward.111 For terminal inhibition, 589-nm

yellow light was delivered constantly (10-15 mW from the optic fiber tip) and terminated by a 10-second ramping down protocol to

attenuate the rebound effect of eNpHR3.0.21,64,112 The duration of optogenetic stimulation was determined according to the DA ter-

minal calcium activity and DA release in the dNAcMed (which has about 10-min persistent activation) and NAcLat (which shows

6 � 20-second transient activation and has significantly more sporadic calcium transients than in homecage baseline for 4�5min

after stress termination).
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Behavioral assays
Conditioned place preference (CPP)

CPP was performed in a custom-made two-chamber apparatus (50 cm 3 25 cm 3 30 cm), with a buffer room (20 cm 3 15 cm 3

30 cm) to the side of two chambers. CPP consisted of three phases:

(1) Pre-test phase on day 1 and 2.Mice were gently placed into the buffer room, allowed to freely choose either chamber and then

freely explore the two chambers for 15min. Once themice entered one of the two chambers, the door between the buffer room

and the two chambers were closed. The time spent in the less preferred chamber on day 2 was used as the baseline.

(2) Conditioning on day 3 and 4. For relief CPP,micewere firstly confined in the preferred chamber for 30min in themorning (blank

pairing). 4-5 hours later, mice were subjected to 30-min restraint (Res) or footshock (FS) stress, or subjected to blank pairing

again for the blank group. As soon as the stressor was terminated, mice were instantly confined in the less preferred chamber

for 30min (relief pairing). For the 30-min restraint stress, two sizes of tubes were used: wide tubes (transparent Plexiglas tubes

with holes for air flow, 3.2-cm inside diameter, 12-cm length), and narrow tubes (50-mL conical tubes with holes for air flow,

2.5-cm inside diameter, 10-cm length). 30-min restraint in such narrow tubes was employed if not particularly described. For

the D1R systemic blockade experiments, SCH23390 was injected (i.p.) immediately following the termination of restraint

stress. For the FS stress, 10 shocks (0.5 mA, 2-s duration) were randomly delivered to mice within 5 min in a fear conditioning

chamber (Coulbourn Instruments, U.S.). For the time window characterization of Res-relief, mice were confined in the less

preferred chamber with or without the time delay (0, 5, 10, 15, 30 or 60 min) after terminating the restraint stress. For optoge-

netic inhibition experiments of CPP, transparent Plexiglas narrow tubes (2.5-cm inside diameter, 10-cm length) were used for

30-min restraint, with holes for air flow and grooved for optic fibers passing through. 5-min (for eNpHR3.0 in inhibiting NAcLat

DA terminals) or 10-min (for eNpHR3.0 in inhibiting dNAcMed DA terminals) 589-nm laser was delivered 1-3 seconds before

picking up restraint tubes to release mice. For themorphine CPP, mice were firstly injected with saline (i.p.) and confined in the

preferred chamber for 30 min. 4-5 hours later, mice were injected with morphine (i.p., 10 mg/kg) and confined in the less

preferred chamber for 30 min.

(3) Test on day 5. The same procedure as the pre-test, mice were allowed to freely explore the two chambers for 15 min. A video

camera positioned directly above the arena was used to track eachmouse via Any-maze software (Stoelting, U.S.). CPP score

was calculated as (Time in relief- or morphine-paired chamber)test – (Time in the same chamber)pre-test. Heat maps were made

by MATLAB (MathWorks).

Chronic restraint stress (CRS)

In normal CRS protocol, mice were placed in narrow restraint tubes for 2-3 hours per day for 14 consecutive days.42 For optogenetic

activation, 5-min (for ChR2 in activating NAcLat DA terminals) and 10-min (for ChR2 in activating dNAcMed DA terminals) 473-nm

laser was delivered instantly after daily restraint. In subthreshold CRS protocol, micewere subjected to restraint stress (narrow tubes)

for 3 days.113 For optogenetic inhibition, 5-min (for eNpHR3.0 in inhibiting NAcLat DA terminals) or 10-min (for eNpHR3.0 in inhibiting

dNAcMedDA terminals) 589-nm laser was delivered 1-3 seconds before picking up restraint tubes to releasemice. For D1R systemic

blockade, SCH23390was i.p. injected instantly or with a 10-min or 2-hour delay after daily restraint. For Res-Rew experiments, choc-

olate and 2 % sucrose were provided ad libitum instantly or with 2-hour delay after daily restraint. For 2-hour natural reward exper-

iments, chocolate and 2% sucrose were provided only for 2 hours instantly or with 2-hour delay after daily restraint.

Open field test
In a room with dim light (5-10 lux), mice were gently placed in the centre of an arena (40 cm3 40 cm3 40.5 cm) and allowed to freely

explore for 10min. A video camera positioned directly above the arena was used to track themovement of eachmouse via Any-maze

software (Stoelting, U.S.). Total distance was used to evaluate the locomotion ability, and time in center zone was used to evaluate

the anxiety level.

Elevated plus maze test
Mice were handled 1-2 min/day for 3 days before testing. Mice were gently placed in the center of maze, with the head orienting to

the open arm. Mice were allowed freely explore the elevated plus maze for 5 min. A video camera positioned directly above the

arena was used to track each mouse via Any-maze software (Stoelting, U.S.). Time spent in open arm was used to evaluate the

anxiety level.

Novelty-suppressed feeding test
After food deprivation for 24 hours in homecage, mice were gently placed in the corner of an open field apparatus with normal new

beddings and a single food pellet at the center on a 1 cm2 elevated platform. Illumination intensity in the center zone (� 100 lux) is

higher than the peripheral zone (� 50 lux). Mice were allowed to freely explore for 10 min. The latency to feeding was defined as the

time spent for mice getting the first bite of food pellet. After the 10-min test, mice were placed back into their homecage and given

another single food pellet, whichwasweighted before and after a 5-min consumption tomeasure the effects ofmotivation and hunger

on feeding behaviors.
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Forced swim test
Mice were individually placed in a cylinder (12 cm diameter, 25 cm height) of water (23-24 �C) and swam for 6 min under normal illu-

mination (100-200 lux).Water depthwas set to preventmice from touching the bottomwith their tails or hind limbs.Mouse behaviours

were videotaped from the side. The immobile duration during the last 4-min test and the latency to the 1st immobility lasting for more

than 3 s were counted offline by an experienced observer blinded to the animal treatments. Immobile duration was defined as the

time spent in floating, or only having movements necessary for keeping balance in the water without shaking the body trunk or

the center of gravity. For mice with optogenetic manipulations, the patch cable length was tensioned and adjusted to 5-10mm above

the center of water surface, in order to minimize the impact of patch cable on swimming behaviour, and prevent water entering the

crevice around the dental cement and avoid mice drowning.

Sucrose preference test
Mice were single housed and habituated with two bottles of water for 2 days, followed by two bottles of 2% sucrose in 2-hour acute

SPT or 1% sucrose in 48-hour chronic SPT for 2 days. During the 4-day habituation period, bottle positions were switched every

morning, and bottles were weighted every morning and every night to calculate baseline preference. Notably, the bottles were re-

placed if their baseline preference (averaged preference of the day and the night periods) higher than 80%or lower than 20%, in order

to eliminate the interference of baseline preference on the following test. For acute SPT, after the habituation period, mice were water

deprived for 24 hours and then exposed to one bottle of 2% sucrose and the other bottle of water for 2 hours in the active phase of

mice (to increase the liquid consumption). Bottle positions were switched every half an hour and bottles were weighted every 1 hour.

For chronic SPT, after the habituation period, mice were exposed to one bottle of 1% sucrose and the other bottle of water for 48

hours. Bottle positions were switched and bottles were weighted every 24 hours. Sucrose preference was defined as the average

sucrose consumption percentage during the 1st and 2nd hours (in acute SPT), or during the 1st and 2nd 24 hours (in chronic SPT). Acute

SPT was performed after 14-day CRS protocol, and chronic SPT was performed after 3-day subthreshold CRS protocol.

Real time place preference
Mice were gently placed in a white chamber (52 cm 3 26 cm 3 23 cm) consisting of two identical chambers, and allowed to freely

explore chambers for 20 min. Stimulated side was assigned in a counterbalanced manner. 473-nm laser stimulation (20 Hz, 10-ms

pulse width, 5 pulses per 0.5 second) was delivered as soon as mice entered the stimulated side and terminated once mice crossed

to the non-stimulated side. A video camera positioned above the chamber tracked each mouse by Any-maze software (Stoelting,

U.S.). Time percent spent in the light ON side is calculated as (Time in stimulated side)O12003 100 %.

Fiber photometry
GCaMP6s and DA2m fluorescence signals were obtained with the fiber photometry apparatus (Thinker Tech Nanjing Biotech Ltd., or

Inper Ltd.) and sampled at the frequency of 50 or 100 frames per second. Intensity of 470-nm LED was controled 20 � 40 mW at the

optic fiber tip. During recording, a video camera was positioned above the chamber to track eachmouse. Mouse behaviors and fluo-

rescence signals were simultaneously captured in the same screen recording, in order to align the time point of behavioral events with

the fluorescence signals of calcium activity and dopamine release. Before recording, mice were habituated in the recording room for

1 hour. Mice were then gently connected to patch cables and placed back to homecage. Other cagemates were transferred to

another cage until the next recording session.

In Res-relief design, the 1st day recording session aimed to habituatemice andmeasure the signals of control condition whichmini-

mized the relief signals.The 1st day recording session consisted of 4 steps: (1) Habituation to patch cables in homecage. During this

period, mice were allowed freely move in homecage for 10 min. (2) Habituation to novel context of relief chamber. During this period,

mice were gently placed in relief chamber and allowed to freely explore for 10 min. (3) Habituation to the restraint tube. During this

period, the gate of relief chamberwas open and connectedwith the restraint tube.Micewere put into the restraint tube and allowed to

freely go through the tube to enter the relief chamber. This process was repeated for at least 6 times. If mice intensely struggled and

screamed when put into the restraint tube, more times of this process were repeated to minimize the relief signals, because strong

resistance ofmice indicated strong aversion and probably evoked relief afterwards. (4) Record the signals of control condition. During

this period, the gate was closed first and mice were put into the restraint tube. As soon as mice entered the restraint tube, the gate

was open and mice were allowed to voluntarily enter the relief chamber. After that, the gate was instantly closed again. Mice were

then allowed to freely explore the relief chamber for at least 2 min. This process was repeated for 6 times. Restraint tube was cleaned

after recording each mouse.

Recording sessions starting from the 2nd day were conducted to measure the relief signals. Only one Res-relief recording session

was conducted within a single day and consisted of 3 steps: (1) Record the baseline signals in homecage. In this period, mice were

allowed freely move in homecage for 10 min. (2) Record the signals during restraint. During 30-min restraint stress, 470-nm LED was

turned off unless recording the first and the last 2min, in order to reduce the photobleaching effects. (3) Record the relief signals. After

completing 30-min restraint, the gate was rapidly open and mice were allowed to voluntarily enter the relief chamber. After that, the

gate was instantly closed. Mice were then allowed to freely explore the relief chamber for 10 � 30 min.

Mouse behaviors were manually annotated via BORIS software.110 MATLAB codes (from Thinker Tech Nanjing Biotech Co., Ltd)

were used to analyze fluorescence signals. As previously described,114 permutation test was applied to determine the time periods
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when fluorescence signals during relief were significantly increased compared to the baseline condition. Baseline signals for making

permutations were obtained as the 120-s period before relief onset or within homecage. We used 1,000 permutations for an a-level

set as 0.05 to compare the fluorescence values of relief and baseline. Statistical significance at each time point was generated, and

signal curves were annotated in red if p < 0.05. For comparison of signal curves between relief and control groups, fluorescence sig-

nals of 5-second period before gate open were used as the baseline condition. According to fluorescence kinetics under different

recording conditions, peak amplitude in individual trials was obtained within 5 seconds after relief onset. Area under curve (AUC)

was calculated as the sum of fluorescence signals during the relevant periods.

In vitro electrophysiology
VTA brain slice preparation was performed as previously described.113,115 In brief, DAT-Cre mice expressing Cre-dependent ChR2

(11-16 weeks of age) were anaesthetized with 10% chloral hydrate, and then perfused with 20ml ice-cold artificial cerebrospinal fluid

(ACSF) (oxygenated with 95% O2 + 5% CO2) containing (mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 25

glucose and 1 pyruvate. The brain was dissected as soon as possible after decapitation and put into chilled and oxygenated ACSF.

Coronal slices containing the VTA (300 mm thickness) were sectioned in cold ACSF using a Leica2000 vibratome and then transferred

to ACSF at 32 �C for incubation and recovery. ACSF was continuously gassed with 95% O2 and 5% CO2. Slices were allowed to

recover for at least 1 h before recording. Whole-cell patch-clamp recordings were performed in VTA-DA neurons, using pipettes

with a typical resistance of 5–6 MU filled with internal solution containing (mM): 105 K-gluconate, 30 KCl, 4 Mg-ATP, 0.3 Na-GTP,

0.3 EGTA, 10 HEPES and 10 Na-phosphocreatine, with pH set to 7.35. The external ACSF contained (mM): 125 NaCl, 2.5 KCl, 25

NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2 and 25 glucose. Neurons were visualized with infrared light and mCherry fluorescence

was confirmed with 550-nm light on an upright microscope (BX51WI, Olympus). A MultiClamp 700B amplifier and pCLAMP10 soft-

ware (Molecular Devices) were used for slice recordings (Axon Instruments). The series resistance and capacitance were compen-

sated automatically after a stable Gigaseal was formed. Recorded neuronswere discarded if a change in series resistancewas above

20%. The resting membrane potential (RMP) and action potentials of a neuron were obtained under current clamp (I = 0 pA). For veri-

fying the efficiency of ChR2 activation, 10-mW 473-nm laser was delivered at 20 Hz, 5 pulses per 0.5 second.

In vivo optrode recording in freely moving mice
As previously described,116,117 a custom-mademicrodrive guide tube housed 16 electrodes (35.6 mmdiameter, impedance 250–500

KU, California Fine Wire Co.) and an optic fiber was implanted into the VTA (AP, � 3.0 � � 3.2 mm from bregma; ML, + 0.5 mm; DV,

� 4.0 mm from the dura) of DAT-Cre mice after 3-week expression of Cre-dependent ChR2 virus. The tip of optic fiber was 200-

400 mm above the tip of electrodes. Stainless steel wires were attached to two screws on the skull as ground. The microdrive

was secured to the skull with dental cement. After recovery for 1 week, mice were allowed to adapt to the recording headstage

for 10 min per day for 2-3 days. Spontaneous spiking activity (digitized at 40 kHz, band-pass filtered between 300 and 6,000 Hz)

was recorded in homecage with a gain of 5,0003. The optrodes were lowered in steps of 50 mm after each recording session, fol-

lowed by at least 1-day recovery. All waveforms recorded from each electrode were imported in Offline Sorter V4 (Plexon Inc.). Single

units weremanually identified by threshold crossing and principal component analysis (PCA). Spikes with inter-spike interval (ISI) less

than the refractory period (1.4 ms) were excluded. Only high-quality units (L ratio < 0.01, isolation distance > 20) were included.

For in vivo DA opto-tagging experiments, 2-minute photostimulation (473-nm laser, 1 Hz, 10-ms pulse width, 10 mW) was per-

formed before and after each recording session. Each recording session contained 10-minute homecage baseline, and 5 trials

each consisting of restraint and relief. The duration of restraint and relief were both shortened to 10 minutes, due to the time limit

of continuous recording within the same day. Neurons were classified as tagged DA neurons if light-evoked spikes had high respon-

sive fidelity (> 80%), short latency (< 10 ms) and highly correlated waveforms with spontaneous spikes (Pearson’s correlation coef-

ficient > 0.9). All data analyses were performed using MATLAB_R2020a as previously described.116 To classify putative DA neurons,

electrophysiological criteria were used based on the valley full-width half maximum (FWHM) and spontaneous firing rate.46 Putative

DA neurons were identified if the valley FWHMwas wider than 500 ms and the spontaneous firing rate was lower than 10 Hz. For Res-

relief recording, DA neuronal activity was aligned to the relief onset. Z score was applied to normalize the firing rate (bin = 5 s), by

subtracting the average firing rate of homecage baseline and dividing the standard deviation of homecage baseline. Z score < -2

or > 2 statistically corresponds to p < 0.05, so Z score < -2 is used as the threshold of inhibition and Z score > 2 is used as the

threshold of activation.

Histological verifications and immunohistochemistry
Mice were anaesthetized with 0.2 mL 10% chloral hydrate, and then intracardially perfused with 20 mL PBS and 20 mL 4% parafor-

maldehyde in PBS. After decapitation, the whole head of mice with optic fiber or optrode implants were post-fixed in 4% parafor-

maldehyde in PBS under room temperature for 24 hours (for optic fibers) or 48 hours (for optrodes), in order to make clear of the track

of optic fibers or optrodes. Brains were then dissected and post-fixed in 4%paraformaldehyde in PBS under room temperature for 12

hours, followed by cryoprotection in 30% sucrose solution for 24 hours. Coronal slices (50 mm) were sectioned on a cryostat micro-

tome (Leica) and collected in PBS and stored at 4 �C for further use. Slices for verifying virus expression profiles and optic fiber lo-

cations were co-stained with Hoechst or DAPI. For tyrosine hydroxylase (TH) staining, slices were stained for 24 hours in primary

antibodies (rabbit anti-TH, 1:1000, Santa Cruz). After that, slices were stained for 2 hours in secondary antibodies (Alexa Fluor
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546 goat anti-rabbit IgG, 1:1000, Invitrogen). Fluorescent images were acquired by an OlympusMVX10Macro Zoommicroscope, an

Olympus VS120 microscope or a Nikon A1 confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Required sample sizes were estimated on the basis of our past experience performing similar experiments. Mice were randomly as-

signed to treatment groups. Statistical analyses were performed using GraphPad Prism V8. By pre-established criteria, values were

excluded from analyses if virus expression was poor or optic fiber location was out of the interested region. All statistical tests were

two-tailed, and significance was assigned at p < 0.05. Normality and equal variances between group samples were assessed using

the D’Agostino & Pearson normality test (or Shapiro-Wilk normality test if n < 8) and Brown–Forsythe tests, respectively. When

normality and equal variance between sample groups was achieved, ordinary one-way ANOVA (followed by Bonferroni’s multiple

comparisons test or Holm-Sidak’s multiple comparisons test), unpaired or paired t-test were used. When normality of samples

was achieved but equal variance failed, unpaired t-test with Welch’s correction, or Brown-Forsythe ANOVA test (followed by

Dunnett’s T3multiple comparisons test) was performed.When normality failed, Kruskal-Wallis test (followed byDunn’smultiple com-

parisons test), or Mann-Whitney test was performed. Pearson’s or Spearman correlation analysis was performed when normality of

samples was achieved or not, respectively. Detailed statistical information is reported in Table S1.
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