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SUMMARY

Pathophysiology of affective disorders—particularly circuit-level mechanisms underlying 

bidirectional, periodic affective state transitions—remains poorly understood. In patients, 

disruptions of sleep and circadian rhythm can trigger transitions to manic episodes, while 

depressive states are reversed. Here, we introduce a hybrid automated sleep deprivation platform 

to induce transitions of affective states in mice. Acute sleep loss causes mixed behavioral 

states featuring hyperactivity, elevated social and sexual behaviors, and diminished depressive-

like behaviors, where transitions depend on dopamine. Using dopamine sensor photometry 

and projection-targeted chemogenetics, we reveal that elevated dopamine release in specific 

brain regions mediates distinct behavioral changes in affective state transitions. Acute sleep 

loss induces dopamine-dependent enhancement in dendritic spine density and uncaging-evoked 

dendritic spinogenesis in the medial prefrontal cortex, whereas optically mediated disassembly of 

enhanced plasticity reverses the antidepressant effects of sleep deprivation on learned helplessness. 

These findings demonstrate that brain-wide dopaminergic pathways control sleep loss-induced 

polymodal affective state transitions.

eTOC Blurb:

Sleep perturbations are known to alter mood. Wu et al. show that specific dopaminergic 

pathways regulate distinct behavioral changes induced by brief sleep deprivation. Optically 
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mediated disassembly of enhanced neuroplasticity revealed a dopamine-dependent mechanism 

that maintains the antidepressant effects of acute sleep loss.

INTRODUCTION

Affective disorders, characterized by significant mood disturbances, are prevalent and 

recurrent psychiatric disorders that diminish quality of life and increase mortality1,2. 

Predominant affective disorder states are depression, featuring sadness and loss of interest 

in activities, and mania, characterized by elevated mood and overactivity that impair 

cognitive function3-6. Transitions among affective states occur episodically. Environmental, 

behavioral, and pharmacological perturbations can evoke affective state transitions 

in healthy subjects7-10 and in mood disorder patients11-13. The neural mechanisms 

underlying episodical changes in affect may be exacerbated by pathological alterations 

at genetic, cellular, and neural circuit levels14-18, leading to lasting psychiatric mood 

episodes in affective disorders11,19-21. However, the mechanisms initiating affective state 

transitions remain poorly understood. Elucidating the neuromodulatory pathways underlying 

physiological changes in affective states is important for understanding mechanisms that 

are involved in the pathogenesis of affective disorders and developing new treatment 

approaches.

Alterations in sleep and circadian rhythms are common features in affective 

disorders20,22-24. Moreover, manipulations of sleep and circadian rhythms often drive 

changes in affective states in animal models25. The disruption of circadian rhythm and 

sleep can reproduce a cluster of behavioral features of mania, triggering manic episodes in 

patients with bipolar disorder12,26,27. Sleep deprivation and chronobiological treatments can 

reverse depressive episodes28, suggesting that sleep loss induces a global switch of affective 

states. Affective state changes induced by sleep deprivation have been validated in multiple 

species29-33. Therefore, sleep deprivation is an experience-driven experimental paradigm 

that can facilitate identification of underlying neuromodulatory mechanisms in affective 

state transitions, without relying on global genetic perturbations or pharmacological 

treatments that broadly alter neural circuit function.

Changes in the dopaminergic system have been broadly implicated in affective disorders 

and sleep regulation34-40. Dynamics of dopaminergic neuronal activity and release regulate 

sleep stages41,42. Manipulations of circadian regulatory genes alter dopaminergic activity 

in distributed brain circuits14,43,44, generating depressive, manic-like, or mixed behavioral 

states15,19,45,46. Here, we describe a framework where dopaminergic pathways mediate 

affective state transitions physiologically induced by acute sleep loss in mice without 

genetic or pharmacological perturbations associated with bipolar disorder in humans. Using 

behavioral, genetically targeted, and projection-specific chemogenetic manipulations, we 

dissected the functions of distinct subgroups of DA neurons in state transitions characterized 

by elevated activity across several behavioral domains and diminished depressive-like 

behavior. Optically mediated disassembly of enhanced plasticity associated with affective 

state transitions revealed a dopamine-dependent plasticity mechanism that maintains the 

antidepressant effects of acute sleep loss.
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RESULTS

Acute sleep deprivation induces affective state transitions

We developed a hybrid sleep deprivation (SD) paradigm combining elements of the 

traditional flowerpot29 and the rotating beam47 methods to automatically disrupt sleep in 

mice without imposing requirements for continual motion (Figure 1A). The device is a 

cylindrical chamber with a small, elevated platform (3 cm diameter) above a slowly rotating 

beam that covers the floor area. Animals choose between resting on the small, elevated 

platform or maintaining locomotion to negotiate the slowly rotating beam. While retaining 

the benefits of automation, this hybrid SD method eliminates the risk of water immersion 

in the ‘flowerpot’ method and forced locomotor activity in the ‘propeller’ method. We 

validated the effectiveness of this hybrid SD method using EEG/EMG recordings, showing 

that NREM and REM sleep were significantly reduced in the SD device compared to home 

cage controls (Figure 1A, Figure S1A-C).

We used this new hybrid SD method to induce behavioral state transitions featuring 

hyperactivity, aggression, and hypersexuality32. Specific behavioral domains were assessed 

after separate SD sessions (Figure S2A). Mice showed elevated locomotor activity after 

twelve-hour acute SD compared to baseline, while the control group remaining in their 

home cages did not display locomotion changes (Figure 1B-D). Next, we tested the 

behavioral effects of acute SD on a spectrum of social behaviors in sexually experienced 

male mice living in dyads with oviductectomized females (Figure 1E). In the baseline, a 

small proportion of mice (7/25) displayed aggressive behavior towards a smaller intruder 

in the resident-intruder paradigm. After SD, the proportion of mice expressing aggressive 

behavior increased (22/25), leading to a change in the overall distribution of durations 

for aggressive actions (Figure 1F, G). The time spent engaging in social interactions and 

aggressive behaviors towards male intruders was significantly elevated after SD (Figure 

1H). We separated the resident mice into aggressors and non-aggressors based on time 

spent attacking intruders. Resident mice that displayed aggressive behavior in the baseline 

(aggressors) did not show significant increases in social interactions and aggression after 

SD, consistent with a possible behavioral or physiological ceiling effect (Figure S2B-E). 

Thus, for subsequent experiments measuring social and aggressive behavior (Figures 2-4), 

we restricted the analyses to the majority of mice that did not display aggression in the 

baseline, since their behavioral state changes could be robustly identified.

Furthermore, we observed increased sexual behavior towards receptive females in the 

resident mice after acute SD. A higher proportion of mice (83%, 20/23) displayed sexual 

behaviors (mounting and intromission) towards receptive females after SD, compared to 

61% (14/23) in the baseline (Figure 1I-K). Time spent engaging in sexual behavior was 

significantly increased after SD, while the total social interaction time in male-female pairs 

was not altered (Figure 1L). These findings demonstrate that several ethologically relevant 

behavioral categories are altered in the hybrid acute SD paradigm, confirming the transition 

to a distinct affective state relative to baseline.

To define the effects of acute sleep loss on affective transitions in depressive-like states, 

we tested the effects of acute SD on stress-induced aversive learning and anhedonia using 
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a learned helplessness (LH) model in animals with prior experience of acute SD-induced 

behavioral changes. Our previous work showed that LH induction (360 inescapable foot 

zaps per day for two sequential days) elicits a distinctive depressive-like state, quantified 

by decreased escape actions for an avoidable unpleasant stimulus48-50 (Figure 1M). This 

form of aversive learning was rapidly and persistently reversed by acute 12-hour-long SD, 

evidenced by a substantial reduction in escape failures, measured 30 min and 24 hrs after the 

SD period ended (Figure 1N). Controls remaining in their home cages did not show changes 

in escape behavior after LH, demonstrating that the observed effects were not caused by 

time-dependent learning extinction50 (Figure 1N). We carried out the sucrose preference 

tests for 12 hrs in the homecage after the completion of LH testing. Mice showed decreased 

preference for 1% sucrose solution after LH induction, and diminished sucrose preference 

was reversed after acute SD (Figure 1O).

For a subset of animals, we tracked behavioral changes across subsequent days after the 

acute SD period. Elevated locomotion and sexual behavior no longer significantly differed 

from baseline 24 hrs after SD (Figure S3). Time spent engaged in social interactions 

and aggression towards male intruders returned to baseline levels 48 hrs after SD. Yet, 

the reversal of learned helplessness behavior, measured as a reduction in escape failures, 

lasted at least 72 hrs after a single acute SD period, although preference for the sucrose 

solution was no longer significantly different from the LH condition 24 hrs after SD. 

These results suggest that affective state transitions are relatively transient in subjects 

without pathological backgrounds. Correlative analyses revealed a positive correlation 

between elevated aggression and social behavior after SD (R2 = 0.67, p = 0.0069), and 

a negative correlation between increased sexual behavior and reduction of escape failures 

(R2 = 0.74, p = 0.0028). No significant correlations were found among other pairs of 

behavioral categories. Finally, we performed additional control experiments using devices 

with larger platforms (6 cm diameter) that allow animals to sleep (Figure S4A). None of the 

behavioral changes after acute SD were observed using large platform devices, suggesting 

that environmental cues alone are insufficient for behavioral transitions (Figure S4B-G). In 

sum, acute SD evoked the transition to a hyperactive state but normalized a depressive-like 

state, raising the question of whether these two directions of state transitions depend on the 

same or different neural mechanisms.

Affective state transitions induced by acute SD are dopamine-dependent

Given the substantial work linking dopamine to human affective disorders and related 

behavioral features in rodent models, we next tested whether DA activity is necessary 

for SD-induced behavioral state transitions. We confirmed that DA neuronal activity was 

elevated during SD using fiber photometry of GCaMP6f-expressing DA neurons in the 

ventral tegmental area (VTA). Using a template-matching method, we detected increased 

amplitude of spontaneous calcium transients in VTA DA neurons during SD, compared to 

home cage controls during the light phase (ZT6) (Figure 2A-C, Figure S5A-C).

We then used the inhibitory DREADD hM4Di to suppress the activity of VTA DA 

neurons50,51. DATiCre positive neonates and their Cre-negative littermates were virally 

transduced with AAV1.CBA.DIO.hM4Di.mCherry (Figure 2D). Expression of hM4Di was 
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confined within the VTA (Figure 2D), and DREADD-dependent inhibition of spontaneous 

neuronal activity in VTA DA neurons was validated using cell-attached recording in the 

acute slice (Figure 2E). We injected three doses of CNO (1 mg/kg, i.p.) every 4 hrs 

starting from the onset of SD (ZT0) in hM4Di+ animals and Cre-negative littermate controls 

(hM4Di−). While chemogenetic inhibition of VTA DA neurons has been shown to promote 

sleep41, the hybrid SD paradigm sufficed to suppress sleep in the background of reduced 

VTA DA neuron activity (Figure S5D, E). SD-associated hyperactivity was blocked by 

CNO treatment in hM4Di+ animals, but not in CNO-treated hM4Di− controls (Figure 2F). 

Inhibition of VTA DA neurons in the absence of SD did not reduce locomotor activity. 

In male-male social interaction tests, acute SD no longer altered social interaction length 

or aggression after chemogenetic inhibition of VTA DA activity during SD (Figure 2G). 

However, inhibition of VTA DA neurons did not abolish the SD-induced increase in sexual 

behavior, suggesting that hypersexuality after SD may depend on a different group of DA 

neurons or on other neural circuits (Figure 2H). Finally, we tested whether the SD-induced 

transition from a depressive-like state requires DA. Inhibition of VTA DA neuron activity 

during SD blocked the reversal of escape behaviors after LH, confirming that SD-induced 

state transitions in LH are DA-dependent (Figure 2I). The increase in sucrose preference 

after acute SD was likewise abolished (Figure 2I). These data implicate DA-dependent 

dynamics as underlying mechanisms for polymodal affective state transitions evoked by 

acute SD in mice without BD-associated pathological background.

Sleep perturbation amplifies spontaneous DA release in distributed brain regions

Emerging evidence supports a framework where DA regulates behaviors by modulating 

neuronal activity in specific, task-relevant DA-recipient regions52. Transitions in affective 

states span changes across distinct behavioral domains that are likely regulated by DA 

through multiple downstream brain networks. We measured dopamine release in several 

DA-recipient regions during the SD period using a genetically encoded GPCR activation-

based DA sensor (GRABDA)53. We separately monitored DA release with fiber photometry 

in the nucleus accumbens (NAc), medial prefrontal cortex (mPFC), hypothalamic area 

(HA), and dorsal striatum (dStr). DATicre mice with GRABDA expression in relevant DA-

recipient regions were virally transduced with hM4Di in the corresponding dopaminergic 

neuronal populations: VTA DA neurons for NAc and mPFC, hypothalamic DA neurons for 

HA, and SNc DA neurons for dStr. We compared spontaneous DA release in the home 

cage and during SD in the light phase (ZT6). In the NAc, we observed two types of 

DA transients with different kinetics. Slow, lasting DA ramps (~100-sec duration) were 

amplified during SD, resulting in increased DA release measured by area under the curve 

(AUC) in spontaneous transients (Figure 3A-C). In addition, rapid DA transients (~5-sec 

duration) were also significantly increased in AUC during SD (Figure S6A). Chemogenetic 

inhibition of VTA DA neurons significantly suppressed DA levels, evident in the reduction 

of AUC for slow GRABDA transients (Figure 3C). In the mPFC and HA (Figure 3D, G), DA 

ramps were predominant, accounting for most spontaneous DA release events (Figure 3E, 

H, Figure S6B, C). Spontaneous GRABDA transients in the mPFC and HA were amplified 

during SD, enhancing cumulative transient-associated DA release in the AUC. In addition, 

the frequency of DA transients in mPFC and HA during SD was significantly higher than 

in the home cage (Figure S6B, C). Chemogenetic inhibition of the corresponding groups of 

Wu et al. Page 5

Neuron. Author manuscript; available in PMC 2025 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DA neurons suppressed the AUC changes for DA transients in both mPFC and HA (Figure 

3F, I). In contrast, low-frequency DA ramps, the more prevalent high-frequency short DA 

transients, and the AUC associated with them in the dStr remained unchanged during 

SD (Figure 3J-L, Figure S6D). These findings confirm that sleep perturbation amplifies 

spontaneous DA release across a broad network of regions implicated in regulating affective 

behavior. Fiber placements for all animals were confirmed histologically and aligned to the 

Common Coordinate Framework (Figure S7)54.

Distinct modulation of state transitions by dopaminergic pathways

We used projection-specific chemogenetic inhibition of DA neurons to dissect the 

dopaminergic regulation of behavioral changes in affective state transitions induced by 

acute sleep loss. To achieve projection-specific control, we combined the Th-2A-Flpo 

mouse line55 to restrict viral expression to Th+ dopaminergic neurons and a retrograde 

adeno-associated virus (rgAAV) that infects axons in the target site. We injected 

rgAAV.EF1α.fDIO.Cre virus into several regions containing DA terminals in Th-2A-Flpo 

mice and subsequently injected them with AAV1.CBA.DIO.hM4Di.mCherry to transduce 

DA neuron cell bodies. Using this dual-virus strategy, we transduced hM4Di in DA neurons 

whose primary targets were, respectively, the nucleus accumbens (NAc), medial prefrontal 

cortex (mPFC), hypothalamic regions, and dStr (Figure 4A). Subgroups of DA neurons 

showed distinct primary projection patterns and collateral targets, with some projection 

overlap from injections seeded in different sites, as demonstrated in previous studies55-58. 

For example, in our dataset, the highest amount of axonal labeling for VTA DA neurons 

retrogradely transduced with rAAV injections in the NAc and mPFC was in the NAc vs 

mPFC (IL), respectively. The highest labeling density for hypothalamic DA neurons was 

observed in the medial preoptic nucleus (MePN) and the broader medial preoptic area 

(mPOA) (Figure S8).

Next, we assessed the engagement of these DA neuron subgroups in state transitions induced 

by acute SD. During the SD period, the activity of target subgroups was inhibited by 

CNO administration (1 mg/kg every 4 hrs, i.p., Figure 4B). We first sought to address the 

role of DA neuron subgroups in SD-induced hyperactivity. It was abolished by inhibiting 

NAc-projecting DA cells, but not the DA neurons that project to mPFC or hypothalamic 

regions (Figure 4C). Surprisingly, chemogenetic inhibition of dStr-projecting SNc DA 

neurons during SD did not abolish the increase in open-filed locomotion. This observation 

raises the possibility that, despite ample evidence for broad DA signaling involvement 

in manic-like behavioral changes, hyperactivity after sleep loss may be more related to 

affective state changes, rather than a dStr-mediated enhancement in voluntary movement. 

In the resident intruder tests, the inhibition of either mPFC-projecting or hypothalamic DA 

neurons strongly suppressed the increase in social behaviors after SD, while the inhibition 

of NAc-projecting DA neurons showed weaker effects on social behaviors (Figure 4D). 

This lack of pathway-selective effects on social behaviors suggests that elevated sociality 

may be mediated by diverse DA neuron subgroups projecting, at the minimum, to the 

NAc, mPFC, and HA. Inhibiting dStr-projecting SNc DA neurons failed to block enhanced 

social behavior after SD. Aggressive behavior toward male intruders after SD was entirely 

abolished by inhibiting mPFC-projecting DA neurons, but not DA projections to NAc, HA, 
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or dStr (Figure 4D). Enhanced sexual behavior towards receptive females was specifically 

blocked by suppressing the activity of hypothalamic DA neurons, while the inhibition 

of NAc, mPFC, or dStr projecting DA neurons had no effect (Figure 4E). Finally, to 

test whether a specific group of DA neurons mediates SD-dependent transition from a 

depressive-like behavioral state, we tested escape behavior after LH, following acute SD 

with chemogenetic inhibition of different DA subgroups. The reversal of LH behavior 

was blocked only when mPFC-projecting DA neurons were inhibited during SD, but not 

the NAc-projecting, hypothalamus targeting, or dStr-projecting populations (Figure 4F). 

Altogether, these findings suggest that multiple subgroups of distributed DA projections 

broadly control the transition to manic-like states, while mPFC-targeting DA neurons more 

specifically mediate the transition from a depressive-like state.

Acute SD recovers LH resilience through DA-dependent cortical dendritic spinogenesis

Enhanced neuroplasticity in mPFC likely mediates the transition from depressive-like states, 

as evidenced by the mechanisms underlying the effects of rapidly-acting antidepressants 

like ketamine and psilocybin49,59,60. We have previously demonstrated that ketamine 

enhanced glutamate-evoked spinogenesis through mechanisms that involve enhancement of 

dopaminergic tone49. Thus, we sought to test whether dendritic spine plasticity in mPFC 

is similarly enhanced in acute SD-induced behavioral state transitions. Using 2-photon 

laser scanning microscopy, we compared dendritic spine density on deep-layer mPFC 

pyramidal neurons for mice in the baseline condition and after acute SD in Thy1-EGFP 

mice (Figure 5A). Our results showed that dendritic spine density on apical dendrites of 

deep layer pyramidal neurons in mPFC was significantly increased 24 hrs after SD (Figure 

5B). Conditional knock-out of Drd1 in virally transduced GFP-expressing mPFC pyramidal 

neurons using a dual viral strategy abolished these dendritic spine density changes, 

demonstrating that acute SD effects on structural plasticity are DA-dependent (Figure 5C). 

Furthermore, using 2-photon glutamate uncaging to evoke de novo spinogenesis (Figure 5D, 

E), we found that the probability of glutamate-evoked spinogenesis on apical dendrites of 

deep layer mPFC neurons expressing GFP was increased after acute SD, an effect that was 

blocked by sparse, virally mediated Drd1 conditional knock-out (Figure 5F). These findings 

show that acute SD enhances structural synaptic plasticity in mPFC in a DA-dependent 

manner, similar to the plasticity-driving effects recently described for several rapidly-acting 

antidepressants49,60-63.

Next, to directly test whether behavioral state transitions induced by SD require new 

dendritic spine formation, we used genetically encoded photoactivatable Rac1 (PaRac1) to 

selectively eliminate recently activated synapses, as previously described63,64 (Figure 5G). 

Based on this work, we generated constructs that encode PSD95(Δ1.2)-mVenus-PaRac1 

in an activity-dependent manner. Due to the overlap of mVenus spectrum with other 

fluorophores, we also generated a construct using mScarlet to visualize the expression of 

PaRac1 with EGFP (Figure S9). We validated the localized expression of PaRac1-mScarlet 

in dendritic spines of cultured neurons and pyramidal cells in mPFC (Figure S9A-B). Then, 

using a Rac1 pull-down IP assay64, we confirmed that altering neural activity with forskolin 

or light activation enhanced the expression of the activated form of Rac1 in primary cultured 

neurons (Figure S9C-D). The increase in Rac1 expression by forskolin is downstream of 
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overall enhancement of cAMP-dependent protein synthesis65, and the PaRac1 construct 

is activity-dependent64, with forskolin providing a positive control for light activation of 

PaRac1 (Figure S9E). We virally transduced PaRac1 AAV bilaterally into the mPFC, and 

subsequently implanted a bilateral fiber for photoactivation (Figure 5H). Expression of 

PaRac1 and fiber location were validated by histology (Figure 5I). To address whether 

mood state lability after SD requires neuroplasticity, we induced LH in animals expressing 

PaRac1 and photo-activated PaRac1 (1 h, 470 nm) 30 min or 24 hrs after acute SD. Escape 

actions were assessed 1 hr after the end of photo-activation (Figure 5J). The activation of 

PaRac1 30 min after SD did not stop the immediate reversal of LH behaviors, although 

escape actions were slightly reduced 24 hrs after acute SD followed by PaRac1 activation 

(Figure 5K). In contrast, the activation of PaRac1 24 hrs after SD strongly reversed the 

affective state switch induced by acute SD, suggesting that the production or strengthening 

of neuronal connections in mPFC is essential for maintaining the antidepressant effects of 

brief sleep loss (Figure 5K). The initiation of this experience-driven state transition from 

a depressive-like state is linked to the restructuring of dopamine release in mPFC, and its 

maintenance requires enhanced local neuroplasticity.

DISCUSSION

Here, we create a hybrid method for automated sleep deprivation to evaluate dopaminergic 

correlates of behavioral state transitions featuring changes across several behavioral 

domains. This relatively mild and acute sleep perturbation provides a tool to understand 

and control the affective state lability. We characterize the heterogeneous involvement of 

distributed dopaminergic networks in SD-associated behavioral changes, where specific 

projections targeting distinct downstream regions show preferential engagement in different 

aspects of behavior, from locomotion increases to hypersexuality. In addition, sleep 

loss evokes a rapid reversal of the depressive-like behaviors specifically regulated by 

the dopaminergic activity in the mPFC, where the dopamine-dependent enhancement 

of dendritic plasticity maintains the new affective state. In this study, we focused 

on mechanisms underlying affective state transitions in animals with no pathological 

background, revealing important functions of dopaminergic signaling likely relevant in 

mental health conditions that are challenging to fully model in mice.

DA neurons regulate many ethologically important behaviors, including reinforcement, 

aversion, social reward, and consummatory responses50,52,57,66-68, linked to the diverse 

connectivity profiles of molecularly distinct DA neuron subgroups55,56,69-72. We have 

defined the functional roles of four projection-specific dopaminergic pathways in affective 

state transitions induced by acute sleep loss. The emergence of hyperactive behavioral 

phenotypes differentially engages one or more pathways, while transitions from depressive-

like states exclusively depend on DA in the mPFC. Our findings suggest that behavioral 

correlates of DA neuron activity are highly context-dependent. For example, while dStr 

DA signaling is well-established to be critical for locomotor behavior73,74, we find 

that chemogenetic inhibition of dStr-projecting DA neurons does not block locomotor 

hyperactivity after SD. Thus, the involvement of a DA neuron subgroup in specific 

behavioral domains may vary across distinct behavioral states, which are shaped by prior 

experiences (e.g., sleep deprivation) that differentially regulate DA release in projection-
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specific manner. Genetic diversity of DA neurons is well-aligned with both projection 

specificity and functional responses, as shown in a recent study75. This likely contributes 

to the heterogeneity of behavioral phenotypes in affective disorders and varied response to 

treatment.

This study further examined SD-associated antidepressant effects in learned helplessness 

behavior. We confirmed that this transition, like previously studied rapid antidepressant 

effects on depressive-like behavior11,49,60,63,76, involves changes in dopamine release in 

mPFC for initiation and Drd1-mediated changes in excitatory synapse neuroplasticity for 

maintenance. Together, these data demonstrate shared dopamine-dependent neuroplasticity 

mechanisms in bidirectional affective transitions. Future investigations are required to 

understand the functional significance of changes to discrete classes of dopamine transients 

after brief sleep deprivation and to determine whether neuroplasticity changes in other brain 

regions, as in the mPFC, also serve to define the temporal window for maintaining an 

affective state after a given transition.

Notably, the current investigation, while linking the induction of a cluster of changes in 

affective states to restructuring dopaminergic dynamics in distributed neural systems and 

mPFC neuroplasticity, remains far from a complete model of bipolar disorder. Nevertheless, 

we propose that a framework focusing specifically on affective state lability may provide a 

path toward developing rodent models relevant to understanding aspects of bipolar disorder. 

Many behavioral effects we observed after acute SD were transient, lasting on average 

24 hrs or less, with the sole exception of improvement in the learned helplessness task. 

It remains to be determined whether BD-linked pathological backgrounds or repeated 

experiences with sleep perturbation are associated with longer-lasting affective states via 

the mechanisms described here, given prior reports linking BD to the sensitivity of DA 

signaling across one or multiple projection pathways15,36,77,78. Further elaborating the 

causal relationship between dopamine, neuroplasticity, and behavioral state transitions may 

provide mechanistic insights into the pathophysiology of affective disorders and pave the 

path to developing new antidepressants and mood stabilizers.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Yevgenia Kozorovitskiy 

(Yevgenia.Kozorovitskiy@northwestern.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• This study does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains and genotyping.—Animals were handled according to protocols 

approved by Northwestern University Animal Care and Use Committee. Weanling and 

adult male and female mice (postnatal days 40-120) were used in this study. Subject sex 

was specified in each experiment in Figure Legends. The results between sexes were not 

significantly different in experiments using male and female mice. All mice were group-

housed, with standard feeding and 12-hour light and 12-hour dark cycle (6:00 or 7:00 lights 

on). Enrichment includes a plastic igloo shelter and nesting materials (nestlets). Littermates 

were randomly assigned to conditions. C57BL/6 mice used for breeding and backcrossing 

were acquired from Charles River (Wilmington, MA), and all other mouse lines were 

obtained from the Jackson Laboratory (Bell Harbor, ME) and bred in-house. Only healthy 

and immunocompetent mice were used. Mice in this study were not involved in any previous 

procedures.

B6.SJL-Slc6a3tm1.1(cre)Bkmn/J mice which express Cre recombinase under the control of 

the dopamine transporter promoter, are referred to as DATiCre 79; C57BL/6-Tg(Thy1-EGFP/

SQSTM1)02Mcwo/J, which express EGFP under control of the Thy-1 promoter, are referred 

to as Thy1-EGFP. Drd1tm2.1stl floxed mutant mice that possess loxP sites flanking the single 

exon of the Drd1a gene, are referred to as Drd1ff 80. The Th-2A-Flpo mouse line, which 

expresses Flpo recombinase under the control of the Th promoter, was a gift from Dr. 

Rajeshwar Awatramani55. All transgenic animals were backcrossed to C57BL/6 for several 

generations. Heterozygous Cre+ mice were used in experiments. Standard genotyping 

primers are available on the Jackson Lab website.

METHOD DETAILS

Stereotactic injections and fiber implants—Conditional expression of target genes in 

Cre- or Flpo-containing neurons was achieved with recombinant adeno-associated viruses 

(AAVs) using the FLEX cassette or encoding a double-floxed inverted open reading 

frame (DIO or fDIO) of target genes81. For fiber photometry experiments in the VTA, 

DATiCre mice were transduced with AAV1.CAG.FLEX.GCaMP6f.WPRE-SV40 (1.33 x 

1013 GC/ml) from the UPenn viral core (Philadelphia, PA, a gift from the Genetically 

Encoded Neuronal Indicator and Effector Project (GENIE) and Douglas Kim; Addgene 

viral prep #100835-AAV1)82. For photometry of DA transients, mice were transduced with 

AAV9.hSyn.GRAB.DA2m (1.7 x 1013 GC/ml, Addgene viral prep #140553-AAV9 from 

Dr. Yulong Li53). For chemogenetic experiments in VTA without projection specificity, 

DATiCre mice were transduced with a custom-built AAV1.CBA. DIO. hM4Di.mCherry (1.28 

x 1013 GC/ml, Vigene Biosciences, Rockville, MD, plasmid a gift from Dr. Bernardo 

Sabatini)83. For chemogenetic experiments with projection targeting, Th-2A-Flpo mice 

were transduced with AAV1.CBA.DIO.hM4Di.mCherry and retroAAV.EF1a.fDIO.Cre (a 

gift from Esteban Engel & Alexander Nectow, Addgene viral prep #121675-AAVrg)84. 

For glutamate uncaging-evoked spinogenesis experiments and spine density measurements, 

AAV8.CAG.FLEX.EGFP (3.1 x 1012 GC/ml, UNC vector core, Dr. Ed Boyden) was 

co-injected with AAV1.hSyn.Cre.WPRE.hGH (1 x 1010, UPenn viral core, Dr. James M. 

Wilson, unpublished) to achieve sparse expression in mPFC pyramidal neurons of C57BL/6 

or Drd1ff mice.
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Neonatal viral transduction was carried out to minimize invasiveness and increase surgical 

efficiency81,85-89. P3-6 mice were cryoanesthetized, received ketoprofen for analgesia, and 

were placed on a cooling pad. The virus was delivered at a rate of 100 nl/min for up 

to 150-200 nl using an UltraMicroPump (World Precision Instruments, Sarasota, FL). 

The medial prefrontal cortex (mPFC) was targeted in neonates by directing the needle 

immediately posterior to the eyes, 0.3 mm from the midline, and 1.8 mm ventral to the skin 

surface. The ventral tegmental area (VTA) was targeted in the neonates by directing the 

needle approximately ±0.2 mm lateral from Lambda and 3.8 mm ventral to the skin surface. 

Coordinates were slightly adjusted based on pup age and size. Following the procedure, 

pups were warmed on a heating pad and returned to home cages. Mice were genotyped after 

the procedure prior to weaning, and Cre-negative littermates were used as controls. All other 

brain regions were targeted using adult intracranial injections (> P40).

For adult intracranial injections, mice were anesthetized with isoflurane (3% for induction, 

1.5-2% for maintenance), received ketoprofen, meloxicam, or Buprenorphine-SR/ER for 

analgesia, and were placed on a small animal stereotaxic frame (David Kopf Instruments, 

Tujunga, CA). AAVs were delivered through a pulled glass pipette at a rate of 100-150 

nl/min using an UltraMicroPump (World Precision Instruments, Sarasota, FL). Injection 

coordinates for VTA, 3.0 mm posterior to bregma, 0.4 mm lateral, and 4.3-4.5 mm below the 

pia; for SNc, 2.8 mm posterior to bregma, 1.2 mm lateral, and 4.0-4.2 mm below the pia; for 

mPFC, 2.3 mm anterior to bregma, 0.4 mm lateral, and 1.3-1.6 mm below the pia; for NAc, 

1.7 mm anterior to bregma, 1.0 mm lateral, and 4.5 below the pia; for the hypothalamus 

(HA), 0.5-1 mm posterior to bregma, 0.5 mm lateral, and 4.4 below the pia. Pipettes were 

held at the injection location for 15 min following AAV release. Coordinates were slightly 

adjusted based on mouse age and size. Viral vectors were allowed to express for at least four 

weeks before behavioral evaluation.

For photometry fiber placement, mice were implanted with a 400 μm diameter 0.57 NA 

single mode optical fiber (Doric lenses, Quebec City, QC, Canada) directly above the VTA: 

−3.0 mm (AP); +0.4 mm (ML); −4.3 - 4.5 mm (DV); NAc: +1.7 mm (AP); +1.0 mm (ML); 

−4.2 mm (DV); mPFC: +2.2 mm (AP); +0.5 mm (ML); −1.5 – 2.0 mm (DV); HA: −0.5 mm 

(AP); +0.5 mm (ML); −4.3 mm (DV); and dStr: +0.5 mm (AP); +2.0 mm (ML); −2.2 mm 

(DV). Real-time photometry recording was performed during optical fiber implant optimal 

targeting, after prior neonatal or adult AAV transduction and expression (> 4 weeks). When 

the fiber tip approached the GCaMP or GRABDA expression region, a continuous increase 

in fluorescence intensity was observed. The final position of implantation was determined by 

the cessation of further increases in fluorescence intensity. Mice recovered for at least 7 days 

after implantation before the onset of behavioral experiments.

Ovariectomy and hormone treatment—To control female receptiveness, ovariectomy 

was performed in sexually experienced females (P90-120) in order to artificially control 

the estrus stage90. Females were anesthetized with isoflurane and put in a prone position 

on a heating pad. A 1 x 3 cm region between the last rib and pelvis was shaved, and 

the area was disinfected. A 1 cm sagittal incision was made in the midline, and a small 

window (0.5 x 0.5 cm, 1 cm lateral to the midline) was made to expose the ovary, which 

was subsequently removed. For oviductectomy, oviducts were ligated bilaterally without the 
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removal of ovaries. The incision was then closed with sutures, and the animal was returned 

to a new cage after recovery from anesthesia. With appropriate monitoring and analgesic 

regimen following approved procedures, mice were singly housed until incisions were fully 

closed. To induce sexual receptiveness, two doses of Estradiol benzoate (EB) (10 μg in 0.05 

ml corn oil) were subcutaneously injected 48 hr and 24 hr before the behavioral test, and one 

dose of progesterone (500 μg in 0.05 ml corn oil) was subcutaneously injected 2-4 hr before 

testing.

Sleep deprivation—Custom-built sleep deprivation devices were used for acute sleep 

deprivation. Each device consists of a clear-cast acrylic cylinder (20.3 cm outer diameter, 

19.7 cm inner diameter, 30.5 cm height, McMaster-Carr), and a clear-cast acrylic circle 

plate (17.8 cm diameter) as the supporting base for the motor and rotating beam. A DC 

motor (12V) was attached to the base, and a plastic bar (0.5 cm × 0.7 cm × 17.5 cm) 

served as a rotating beam, with a 3D printed cuff to attach to the motor. A 3D printed 

platform (3 cm diameter) was placed 7 cm above the base. For free access to food and 

water, a stainless-steel wire mesh sheet (30.5 × 30.5 cm, McMaster-Carr) was placed on 

top of the device with food and a water bottle. The external cylinder wall was covered with 

opaque material to control environmental stimuli. Blue tape on the outside of the floor of the 

chamber blocked additional light leaks.

On the day of acute sleep deprivation, mice were placed in the activated sleep deprivation 

devices from light onset to offset (ZT 0-12), in a room with standard light illumination and 

temperature (~23°C). Animals had free access to food and water during the sleep deprivation 

period. At the end of sleep deprivation, the room light was switched to infrared illumination 

for further behavioral experiments. Notably, this sleep deprivation procedure involves a 

transition to a new environment, which can impact sleep architecture91, a consideration 

partly controlled by the inclusion of a control group with a large platform (6 cm diameter). 

For the evaluation of different behavioral categories in the same group of animals, mice 

underwent each behavior test after separate SD periods with 7-10-day intervals. The order of 

tests and overall timeline details are in Supplementary Figure S2A.

Behavior assays—To assess the locomotor activity, mice (> P60) were placed in an open 

field arena under infrared illumination. Mice explored the arena for 15 min with video 

recording using a raspberry pi camera (25 fps). After sleep deprivation, mice were returned 

to their home cage for 5–10 min before the locomotion test.

Prior to the male-male social interaction test, each male mouse (P80 – 120) was cohoused 

with an oviductectomized female for at least one week. The bedding material was 

maintained for the full duration of the cohousing period. Female mice were separated 

from the males one day before the baseline test of male-male social interaction. After 

sleep deprivation, the resident mouse was returned to the home cage for a 10-minute-long 

accommodation period before the social interaction test. After the accommodation period, 

one young opponent male, weighing about 3-5 grams less than the resident, was placed 

in the social interaction arena for 10 minutes, with the social interaction recorded. Group-

housed C57BL/6 mice younger than the tested mice but older than P70 were used as 

intruders.
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Similar to male-male interaction, each male mouse (P80–120) was cohoused with an 

oviductectomized female for at least a week, and female mice were separated from the 

males one day before the baseline test. Instead of the young male opponent, a hormone-

treated ovariectomized C57BL/6 female (P90–120) was introduced to the resident cage 

for a 10-minute-long social interaction test, with video recording. Only mounting, fast, 

and slow intromission was scored as sexual behavior. Different females were used for 

each male mouse across longitudinal behavioral evaluations. The males did not have 

paternal experience, and the females used in behavioral tests and cohousing were either 

ovariectomized or oviductectomized.

The learned helplessness procedure consisted of two induction sessions (1 session per day; 

360 inescapable foot shocks per session; 0.3 mA, 3 sec; random 1-15 sec inter-shock 

intervals). Active/Passive Avoidance Shuttle Boxes from MazeEngineers (Boston, MA) 

were used for the experiment. To assess the behavioral state, test sessions (30 escapable 

foot shocks per session; 0.3 mA, 10 sec; random 5-30 sec inter-shock intervals) were 

conducted prior to induction, 24 hrs after the last induction session, and following acute 

sleep deprivation. Testing was performed in a shuttle box (18 × 18 × 20 cm) equipped 

with a grid floor and a door separating the two compartments. No conditioned stimulus 

was delivered before or after the shocks. Escapes were scored when the animal shuttled 

between compartments during the shock. The shock automatically terminated when the 

animal shuttled to the other compartment. Failures were scored when the animal failed to 

escape before the shock ended. All behavioral assays were conducted during the active 

phase of the circadian cycle.

Sucrose preference test was performed in the homecage after each LH test. Food was 

given ad libitum. 1% sucrose solution and water were loaded into two separate liquid diet 

feeding tubes with holders (Bio-Serv, cat. No. 9015 and 9019). The consumption of sucrose 

solution and water in the 12-hr period was measured92. The sucrose preference index was 

calculated as 100% x (Volume of consumed sucrose)/(Volume of consumed sucrose + 

water). Schematics of mice were made using BioRender.

PaRac1 plasmid construction—pAAV-SARE.ArcMin-PSD95(Δ1.2)-mVenus-MCS-

DTE was synthesized by Genscript based on Hayashi-Takagi et al64. SARE.ArcMin 

promoter was based on Kawashima et al. (104bp synaptic activity-responsive 

element, - 6793 to −6690, and 421bp, −222bp to +198bp, of mouse Arc/Arg-3.1 

gene)93. Following the promoter and a start codon (ATG), PSD-95(ΔPDZ1.2) 

sequence was inserted in the frame (generated by deleting the nucleotides (nts) 

250 to 993 based on the numbering of NM_019621), followed by mVenus 

sequence. DTE sequence was taken from 2036bp to 2699bp from NM_019361. A 

multicloning site sequence (CGCTTAATTAAGGTACCGCTAGCGGCGCGCCGAATTC) 

was inserted between mVenus and DTE. PaRac1 sequence was PCR amplified 

from pTriEx-mVenus-PA-Rac1 (Addgene# 22007, a gift from Dr. Klaus Hahn94) 

using 5’-agctgtacaagggttctggatcc-3’, and 5’-attcggcgcgccttacaacagcaggcattttctcttc-3’, and 

inserted into pAAV-SARE.ArcMin-PSD95(Δ1.2)-mVenus-MCS-DTE between BsrGI 

and AscI MCS sites. The same additional mutations (L514K and L531E) 

of the LOV2 domain on PaRac1 was introduced using Q5 polymerase 
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mutagenesis with the following primers (5’-catgctcagttccatccttctgaaccccaataaag-3’, and 5’-

tccgagatgctgccgagagagagggagtcatggagattaagaaaactgcag-3’) to produce the final construct 

pAAV-SARE.ArcMin-PSD95(Δ1.2)-mVenus-PaRac1(L514K, L531E)-DTE. PaRac1 was 

packaged into AAV1 by Canadian Neurophotonics Platform Viral Vector Core Facility 

(RRID:SCR_016477).

To modify the fluorophore for optimized fluorescent imaging, mVenus was removed from 

pAAV-SARE.ArcMin-PSD95(Δ1.2)-mVenus-PaRac1 by restriction digestion with BsrGI-

EcoRI. The mScarlet was amplified from pCAG-FLEX-mScarlet-WPRE (a gift from 

Dr. Ryan Larsen, Addgene #99280) using 5’-GTGAGCAAGGGCGAGGCAGT-3’ and 

5’-CTTATCGTCGTCATCCTTGTAGTCCTTAATCTTGTACAGCTCGTCCATGC-3’ and 

subcloned into pAAV-SARE.ArcMin-PSD95(Δ1.2)-PaRac1 to make pAAV-SARE.ArcMin-

PSD95(Δ1.2)-mScarlet-PaRac1.

For AAV packaging of the construct, HEK293T cells were obtained from ATCC and cryo 

recovered in complete Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 

10% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin in 37°C/5% CO2 

incubator (Cat. No. 11965118, 10437028, 15140122, Thermo Fisher). AAV was prepared 

from HEK293T cells by triple transfection using linear 25k polyethyleneimine (Cat. No. 

23966-1, Polysciences, Warrington, PA). Forty μg of total DNA per 150-mm dish (5.7 μg of 

pAAV, 22.8 μg of pUCmini-iCAP-PHP, and 11.4 μg of pHelper) was used. pUCmini-iCAP-

PHP.eB (Addgene #103005, a gift from Dr. Viviana Gradinaru) and pHelper were purchased 

from Cell Biolabs, Inc. (Cat. No. 340202). Briefly, DNA was diluted in 2 ml OptiMEM 

(Thermo Fisher, Cat. No. 31985062). 200 μg of PEI prepared was added to the mixture, 

followed by vigorous vortexing. DNA-PEI complex was incubated at RT for 15 min and 

added dropwise to cells. On the following day, the media was changed to OptiMEM. Five 

days post transfection, AAV-containing media was filtered using a 45 μm filter, aliquoted, 

and stored at −80°C. Crude adeno-associated viral preparation was used to perform primary 

neuronal transduction and in vivo expression validation.

Primary cortical neuron cultures—Cortical neurons were harvested from mouse 

embryos euthanized at embryonic day 15-17. Embryonic brains were dissected in ice-cold 

dissection media (Hank’s balance salt solution HBSS, 2% penicillin-streptomycin, 20 

mM HEPES). Meninges were removed from each brain, and cortices were dissected out. 

The cortices were chopped into small pieces using microscissors and pooled in 5 mL 

dissection media containing 0.25% trypsin and 0.1% DNaseI and trypsinized at 37°C 

for 20-25 min. Cortices were washed twice with warm dissection media and once with 

warm plating medium (MEM, supplemented with 10% heat-inactivated horse serum, 0.6% 

glucose, 1 mM Na pyruvate, 1% Glutamax, 1% penicillin-streptomycin) for 5 min each. 

Tissues were titrated into single-cell suspension in 3 mL fresh plating medium with 

unpolished and, subsequently, polished glass Pasteur pipettes. 80,000 cells were plated in 

12 well plates containing poly-D-lysine coated 17 mm coverglass. After 12 hrs of seeding, 

plating media was removed from each well and replaced with complete neurobasal media 

(neurobasal supplemented with 1% B27, 1% Glutamax, and 0.5% penicillin-streptomycin). 

Subsequently, approximately 50% of the media in each well was replaced with fresh 
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complete neurobasal media every three days. Neurons were maintained at 37 °C under 5% 

CO2 until the experimental end point.

At DIV3, neurons were transduced with pAAV-paRac1, AAV1-hSyn-Cre-WPRE-hGH (Penn 

vector core #AV-1-PV2676), and AAV8-FLEX-GFP (UNC core) for 12 hrs, after which 

the media was completely replaced with fresh conditioned neurobasal media. Neurons 

were maintained until DIV21 for pharmacological manipulations. For activity induction, 

DIV21 cortical neurons were incubated with neurobasal media containing 1μM Forskolin 

(Tocris, 1099) and 0.1% DMSO as control for 16 hrs. Then, cells were harvested for 

immunoprecipitation and immunocytochemistry.

PaRac1-Pak1 affinity assay—DIV 3 neurons were transduced with PaRac1-mScarlet 

and divided into light stimulation and dark. At DIV21, after pharmacological treatment 

(DMSO-0.1% and FSK- 1μM for 16 hrs) the cells in the light stimulation group were 

exposed to white fluorescent light (750 mW for one well of a six well plate; −4.21 W/cm2) 

for 10 min and the dark group was incubated in a dark room with red light illumination to 

avoid PaRac1 activation. Cells were washed with Phosphate buffer saline twice and collected 

using a cell scraper. Cells were pelleted at 1200G and lysed in ice-cold lysis buffer provided 

in the Rac1 activation magnetic beads pulldown assay kit (Millipore, Cat No#17-10393) 

and protein inhibitor cocktail (Complete; Roche Diagnostics, Indianapolis, IN). Lysates 

were pulse sonicated intermittently on ice, with cell debris cleared by centrifugation. The 

soluble fraction was split into positive, negative control, and IP samples based on the protein 

concentration. Rac1 pull-down assay was performed using the directions from the kit.

Western blot analysis—IP samples collected from Rac1 pulldown were separated into 

12% Tris-glycine gels and transferred to nitrocellulose membrane (Cat. No. 926-31090, 

LI-COR, NE, USA). Blots were briefly rinsed with Tris-buffered saline (TBS). Total 

protein was detected using REVERT 700 according to the manufacturer's instructions. For 

detecting individual proteins, unless specified, blots were blocked with 5% milk-TBST 

(0.1% Tween-20) for 1 hr at RT. Primary antibodies were added in the same blocking buffer 

for overnight incubation (1:1,000 rabbit RFP, Rockland, 600-401-379, and 1:1,000 mouse 

anti-Rac1 clone 23A8, provided in the kit). All secondary antibodies were purchased from 

Li-COR and used at 1:10,000 in TBST for 1 hr at RT. Blots were washed three times after 

secondary antibody incubation for 10 min each with TBST. Blots were scanned using an 

LI-COR Odyssey CLx scanner at the same intensity and threshold. All quantification was 

performed using LI-COR Image Studio version 5.2. For densitometry quantification, band 

signals after background correction were normalized to total protein stains in each blot.

Photostimulation of PaRac1 in vivo—Mice were virally transduced with 

SARE.ArcMin-PSD95(Δ1.2)-mVenus-PaRac1(L514K, L531E)-DTE bilaterally into mPFC. 

Two weeks after viral transduction, mice were implanted with a bilateral single-mode optical 

fiber (200 μm diameter, 0.48 NA, Doric lenses, Quebec City, QC, Canada) directly above the 

mPFC: +2.2 mm (AP); ±0.4 mm (ML); −1.5 mm (DV). For photoactivation in behavioral 

experiments, mice were stimulated with continuous illumination at 470 nm (M470F3, 

Thorlabs, Newton, NJ), with an intensity of 5 mW at each tip of the bilateral fiber for 1 

hour.
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Electroencephalogram and electromyography—EEG and EMG signals were 

acquired using a custom-built system95. A headpiece with two references, four EEG, and 

two EMG electrodes was constructed from 100-position receptacle connectors (Digi-Key, 

Thief River Falls, MN). Silver wires (A-M Systems, Sequim, WA) were attached to EMG 

electrodes for EMG recording of back muscles. The headpiece was subsequently implanted 

on the brain surface of the parietal cortex, with EMG wires implanted subdermally in 

the back region. During recording, the headpiece was connected to a RHD2132 amplifier 

headstage (Intan Technologies, Los Angeles, CA), which connected with a custom-built 

acquisition system (Open Ephys, Atlanta, GA). Signals were recorded using an Open 

Ephys GUI at 1KHz. For data analyses, raw signals were band-pass filtered (0.5–50 

Hz for EEG, 10–100Hz for EMG) and subsequently analyzed using an online server of 

Sleep Learning (Sleep Phase Identification with Neural networks for Domain-invariant 

LEearning, SPINDLE) at https://sleeplearning.ethz.ch, a machine learning-based algorithm 

for automated sleep scoring96. The automated sleep scoring method was validated with 

data in four animal cohorts across three independent sleep labs (Brown, Baumann, and 

Adamantidis labs) by Miladinović et al. Supplemental validation in this study is provided in 

Supplemental Figure S1.

Fiber photometry—Hardware was created based on open-source resources made 

available by Dr. Thomas Davidson72. A custom-built setup50,97 was created combining 

Doric fluorescence mini-cube (Doric, Westport, CT) and a 2151 Femtowatt photoreceiver 

with a lensed adapter (Newport, Irvine, CA). All downstream hardware, including fiberoptic 

cannulae and patch cords, except for LEDs and drivers (Thorlabs, Newton, NJ), was 

acquired from Doric (Quebec, Canada). A whole-cell electrophysiology recording system 

(DAQ + software) was used to acquire the signal and drive the LED, with a modified 

version of MATLAB-based Scanimage98 adapted for electrophysiology recordings. Signals 

were sampled at 1 kHz and downsampled to 40 Hz for non-time-locked analyses. The 

fluorescence signal was baseline adjusted for photobleaching in non-overlapping 100 

sec (for GCaMP6f) or 600 sec (for GRABDA) windows as (signal-median(signal)) / 

median(signal), denoted as dF/F. Recordings were made during sleep deprivation or in 

the home cage at ZT6 that represents the midpoint in the acute SD paradigm. Additional 

analysis details are below.

Acute slice preparation and electrophysiology—Animals were deeply anesthetized 

by inhalation of isoflurane, followed by transcardial perfusion with ice-cold, oxygenated 

artificial cerebrospinal fluid (ACSF) containing (in mM) 127 NaCl, 2.5 KCl, 25 NaHCO3, 

1.25 NaH2PO4, 2.0 CaCl2, 1.0 MgCl2, and 25 glucose (osmolarity 310 mOsm/L). After 

perfusion, the brain was rapidly removed and immersed in ice-cold ACSF equilibrated 

with 95%O2/5%CO2. Tissue was blocked and transferred to a slicing chamber containing 

ice-cold ACSF, supported by a small block of 4% agar (Sigma-Aldrich). Bilateral 300 

μm-thick slices were cut on a Leica VT1000s (Leica Biosystems, Buffalo Grove, IL) in 

a rostrocaudal direction and transferred into a holding chamber with ACSF, equilibrated 

with 95%O2/5%CO2. Slices were incubated at 34°C for 30 min prior to electrophysiological 

recording or 2-photon imaging. Slices were transferred to a recording chamber perfused with 

oxygenated ACSF at a flow rate of 2–4 ml/min at room temperature81,85,99.
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To assess the number of action potentials, cell-attached recordings were obtained from 

neurons visualized under infrared DODT or DIC contrast microscopy. Recording electrode 

pipettes were filled with the internal solution for voltage-clamp recordings to monitor 

spontaneous break-in, with pipette resistance varying between 3 and 7 MΩ. Dopaminergic 

neurons were identified by the expression of a fluorophore in DATiCre mice. Recording 

electrodes contained the following (in mM): 120 CsMeSO4, 15 CsCl, 10 HEPES, 10 

Na- phosphocreatine, 2 MgATP, 0.3 NaGTP, 10 QX314, and 1 EGTA (pH 7.2-7.3, ~295 

mOsm/L). Recordings were made using 700B amplifiers (Axon Instruments, Union City, 

CA); data were sampled at 10 kHz and filtered at 4 kHz with a MATLAB-based acquisition 

script (MathWorks, Natick, MA). Offline analysis of electrophysiology data was performed 

using MATLAB (Mathworks, Natick, MA) and Clampfit (Molecular Devices, San Jose, 

CA).

Two-photon imaging and glutamate uncaging—Dendritic imaging and uncaging 

of MNI-glutamate for spinogenesis induction were accomplished on a custom-built 

microscope combining two-photon laser-scanning microscopy (2PLSM) and two-photon 

laser photoactivation49,81,100,101. Two mode-locked Ti:Sapphire lasers (Mai Tai eHP and 

Mai Tai eHP DeepSee, Spectra-Physics, Santa Clara, CA) were tuned to 910 and 725 nm for 

exciting EGFP and uncaging MNI-glutamate, respectively. The intensity of each laser was 

independently controlled by Pockels cells (Conoptics, Danbury, CT). A modified version of 

Scanimage software was used for data acquisition98. For glutamate uncaging, 2.5 mM MNI-

caged-L-glutamate (Tocris) was perfused into the slice chamber, and 725 nm light guided 

through a galvo scanhead was used to focally release the caging group. Secondary and 

tertiary dendritic branches were selected for dendritic imaging and spinogenesis induction. 

MNI-glutamate was uncaged near the dendrite (~0.5 μm) at 2 Hz using up to eighty 1 

ms-long pulses. Images were continually acquired during the induction protocol at 1 Hz, 

and uncaging was stopped if a spine head was visible before 80 uncaging pulses were 

delivered. Analysis was carried out on raw image stacks and z-projections. Successful 

induction of a new dendritic spine was scored when a protrusion from the dendrite in 

the uncaging location was observed. A newly generated dendritic spine had to satisfy the 

following criteria: de novo protrusion from the dendrite within 1 μm of the uncaging site; 

mean spine head fluorescence matching average fluorescence of spine heads on the parent 

dendrite; mean spine head fluorescence exceeding 20% of intensity in the parent dendrite. 

Changes in fluorescence intensity were profiled using line-scan analyses. For each animal, 

the probability of spinogenesis is represented as the fraction of successful induction trials 

out of all conducted trials for the individual.

Tissue processing and immunohistochemistry—Mice were deeply anesthetized 

with isoflurane and transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M 

phosphate-buffered saline (PBS). Brains were post-fixed for 1-5 days and washed in 

PBS, prior to sectioning at 60 μm on a vibratome (Leica Biosystems). Sections were 

pretreated in 0.2% Triton X-100 for an hour at RT, then blocked in 10% bovine serum 

albumin (BSA, Sigma-Aldrich, ST Louis, MO): PBS with 0.05% Triton X-100 for two 

hours at RT, and incubated for 24-48 hrs at 4°C with primary antibody solution in PBS 

with 0.2% Triton X-100. On the following day, tissue was rinsed in PBS, reacted with 
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secondary antibodies for 2 hrs at RT, rinsed again, then mounted onto Superfrost Plus 

slides (ThermoFisher Scientific, Waltham, MA). Sections were dried and coverslipped under 

ProLong Gold antifade reagent with DAPI (Molecular Probes, Life Technologies, Carlsbad, 

CA) or under glycerol:TBS (9:1) with Hoechst 33342 (2.5 μg/ml, ThermoFisher Scientific). 

Primary antibodies used in the study were rabbit anti-tyrosine hydroxylase (1:1000; AB152, 

Millipore, Burlington, MA), rabbit anti-RFP (1:500, 600-401-379, Rockland, Limerick, 

PA), and goat anti-RFP (1:500, 200-101-379, Rockland, Limerick, PA). Alexa Fluor 488-, 

Fluor 594-, or Fluor 647-conjugated secondary antibodies against rabbit and goat (Life 

Technologies, Carlsbad, CA) were diluted 1:500.

Coverslips with cells were fixed with 4% paraformaldehyde and 4% sucrose in PBS at RT 

for 15 min and washed three times with PBS. Samples were blocked and permeabilized 

with 10% bovine serum albumin 0.2% Triton-X100 in PBS for 1 hr at RT. Primary antibody 

incubation (anti-RFP, Rabbit, 1:1,000) was performed at 4°C overnight in 5% BSA 0.1% 

Triton-X100 in PBS. Samples were washed three times with 0.1% triton PBS. Secondary 

antibody incubation was performed at RT for 1 hr in 0.1% triton-X100 PBS (containing 50% 

blocking PBS buffer). Coverslips were washed three times with 0.1% triton PBS, air dried, 

and mounted under 10% TBS 90% glycerol mounting media (2.5 μg/ml Hoescht 33342). 

Whole sections were imaged with an Olympus VS120 slide scanning microscope (Olympus 

Scientific Solutions Americas, Waltham, MA). Dendrites and dendritic spine images were 

acquired with an Olympus FV3000 confocal microscope (Olympus Scientific Solutions 

Americas, Waltham, MA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of behavior—For evaluating locomotor behavior, Toxtrac102 was used to 

track the animal’s position, defined by its body center, and quantify the distance traveled 

in each session. For evaluating social interaction, behaviors were manually annotated using 

Behavioral Observation Research Interactive Software (BORIS)103. Social behaviors were 

subdivided into unilateral sniffing, reciprocal sniffing, allogrooming, chasing, attacking, 

male-male mounting, male-female mounting, intromission, and ejaculation. Total time 

spent engaged in social interaction, aggression (attacking, aggressive chasing, and male-

male mounting), and sexual behaviors (mounting and intromission) were calculated for 

comparisons among conditions.

Quantification of fiber photometry data—The heatmap of Ca2+ and DA transients 

dF/F was constructed by plotting 1,800-sec-long continuous recordings with 50-sec-long 

bins. Spontaneous transients were detected with templates created from an average of 10 

– 20 experimenter-defined events using the template-matching algorithm built in Clampfit 

(Molecular Devices, San Jose, CA)104 (Figure S5). Transients matching the kinetics of 

GCaMP6f and GRABDA were selected to generate the templates53,82. In event detection 

template matching in pCLAMP software, the template is slid along the data trace once at a 

time, scaled, and offset to optimally fit the data at each point. Optimization of fit is found 

by minimizing the sum of squared errors (SSE) between the fitted template and the data. A 

detection criterion value is calculated at each position by dividing the template scaling factor 

by a measure of the goodness of fit (derived from the SSE). Template match threshold was 
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set at 1.5 based on the false detection rates reported in previous studies105. All sections of 

the trace with a detection criterion greater than or equal to 1.5 are automatically extracted as 

candidate events. For GCaMP6f, the dF/F of individual transients from all animals and the 

average dF/F from each animal were plotted. For GRABDA, the AUC of transients for each 

animal was calculated from the dF/F of positive going peaks of all automatedly detected 

transients in the 1,800-sec-long recordings. Peaks were omitted from analyses if they were 

less than 10% of the distance from minimum to maximum dF/F for the recording. The 

baseline was defined using the mean dF/F of the initial 20% of the transient window before 

the onset of the transient.

Quantification of fiber placement—Coronal slices containing fiber photometry tracts 

were processed using WholeBrain106 software package in R (https://www.R-project.org/). 

Histological slices were analyzed and registered to the Allen Mouse Brain Common 

Coordinate Framework (CCFv3)54 using the autofluorescence of coronal brain sections107. 

Sections with fiber tracts were analyzed at approximately 50 μm intervals from the entry 

point of the fiber tip. A total of 4 - 10 coronal slice images were analyzed per mouse brain, 

and fiber tips at 1 - 2 bregma coordinates were plots for each animal. Fiber placement 

for each brain section was denoted at the most ventral-medial location where the fiber 

tract was observed. Medial-lateral and dorsal-ventral coordinates registered to the CCFv3 

were obtained for each section and plotted on a representative coronal section using the 

WholeBrain package.

Quantification of fluorescence expression—Two-dimensional quantitative tracking 

of dopamine cell expression in DATiCre mice and retrograde axonal projections (Th-Flpo 

mice) were performed using an adapted version of the open-source software package, 

Wholebrain. Autofluorescence of coronal brain sections is used to register slices to the Allen 

Mouse Brain CCFv3, and segmented axonal and somatic signals are transformed to the 

reference brain section. Our modified package implemented a Sobel edge-detection method 

to identify axonal processes and multi-otsu thresholding to segment somatic signals in 

coronal sections collected at a 150 μm sampling interval. Segmented axons were quantified 

as pixel counts for each registered brain region, and each sample was normalized to total 

axonal content to account for variability in viral expression across samples. To calculate 

relative label density, total pixel counts were normalized to the surface area (mm2) of 

each region of interest. Axonal coronal heatmaps and somatic signal visualizations were 

generated in R using the ‘tidyverse’ and ‘ggplot2’ packages108.

Quantification of dendritic spine density—Sections of mPFC were imaged using a 

custom-built 2PLSM as described above for glutamate-evoked spinogenesis. Distal apical 

dendritic segments were selected for analysis. For each dendritic segment, dendritic spines 

were analyzed using the Dendritic Spine Counter plugin in FIJI (developed by M. Voloshin, 

Mighty Data, Inc., Weaverville, NC). Dendritic spine density was averaged from 8-12 

dendritic segments for each animal.

Statistical analyses—Required sample sizes were estimated based on previous 

publications and experience. The number of biological replicates was reported, and several 
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internal replications are present in the study. No data were excluded after analyses. Selection 

criteria for aggressive behavior were as described in the results. Animals were randomly 

assigned to treatment groups. Group statistical analyses were done using GraphPad Prism 7 

and 8 software (GraphPad, LaJolla, CA). For N sizes, the number of trials or cells recorded, 

as well as the number of animals, are provided in Figure legends. All data are expressed 

as mean ± SEM or individual plots. Probabilities are expressed as aggregate probabilities 

within individuals. For two-group comparisons, statistical significance was determined by 

two-tailed Student’s t-tests. For multiple group comparisons, one-way or two-way analysis 

of variance (ANOVA) tests were used for normally distributed data, followed by post hoc 

analyses. For non-normally distributed data, non-parametric tests for the appropriate group 

numbers were used, as noted in the legends. p < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Acute sleep deprivation induces dopamine-dependent affective state transitions

Sleep loss enhances dopamine release in distributed brain regions

Distinct dopaminergic pathways modulate specific behaviors during state transitions

New dendritic spines in mPFC maintain reversal of depressive state after sleep loss
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Figure 1. Acute sleep deprivation induces behavioral state transitions
(A). Left, schematic of the hybrid sleep deprivation (SD) apparatus. Right, validation by 

EEG and EMG recording. n = 4-5 animals/group. Two-way ANOVA, homecage vs SD, 

Awake, p < 0.0001, NREM, p < 0.0001, REM, p < 0.0001.

(B). Schematic showing the timeline for open field locomotion tests before (grey) and after 

(blue) SD.

(C). Trajectories of locomotor activity in the baseline and SD conditions for one mouse (10 

min). Scale bar: 5 cm.

(D). Summary data showing the distance traveled in the open field locomotion test at ZT12 

and ZT36 for SD and homecage control mice. n = 21 (SD) and 15 (homecage). Two-way 

ANOVA, interaction, p = 0.0003, Sidak’s multiple comparison, ZT12 vs ZT36, SD, p < 

0.0001, homecage, p = 0.6714.

(E). Schematic showing the timeline for resident-intruder tests before and after SD.

(F). Plots showing behavioral motif classifications in individual resident mice before and 

after SD.

(G). Distribution of aggressive behavior in mice before and after SD, based on time spent 

attacking smaller male conspecifics. Pie charts show the proportion of mice displaying 

aggressive behaviors (orange) before and after acute SD. n = 25.

(H). Left, summary data show the total time spent engaged in social interactions during 

the resident-intruder test at ZT-12 and ZT36. n = 25 (SD) and 25 (homecage). Two-way 

ANOVA, interaction, p = 0.0011, Sidak’s multiple comparison, ZT-12 vs ZT36, SD, p < 

0.0001, homecage, p = 0.9649. Right, same as left but for aggressive behaviors. Two-way 

ANOVA, interaction, p = 0.0082, Sidak’s multiple comparison, ZT-12 vs ZT36, SD, p = 

0.0004, homecage, p = 0.9924.

(I). Schematics showing the timeline for sexual behavior tests before and after SD.
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(J). Plots show behavioral motif classifications of individual resident mice towards receptive 

females before and after SD.

(K). Distribution of sexual behavior timing in mice before and after SD, based on time spent 

engaging in sexual behaviors with a receptive female. Pie charts show the proportion of mice 

displaying sexual behaviors (purple) before and after acute SD. n = 23.

(L). Left, summary data show the total time spent interacting with receptive females for the 

male residents at ZT-12 and ZT36. n = 23 (SD) and 18 (homecage). Two-way ANOVA, 

interaction, p = 0.6662, Sidak’s multiple comparison, ZT-12 vs ZT36, SD, p = 0.2711, 

homecage, p = 0.7181. Right, same as left, but for mounting behavior. Two-way ANOVA, 

interaction, p = 0.0002, Sidak’s multiple comparison, ZT-12 vs ZT36, SD, p < 0.0001, 

homecage, p = 0.8430.

(M). Schematics show the timeline for learned helplessness (LH) induction and escape tests 

before and after SD.

(N). Summary data show the percentage of failures to escape an avoidable foot-shock across 

conditions. n = 8 (SD) and 6 (homecage). Two-way ANOVA, interaction, p < 0.0001. 

Sidak’s multiple comparison test vs LH, Baseline, p < 0.0001 (SD), p < 0.0001 (homecage), 

ZT12, p < 0.0001 (SD), p > 0.9999 (homecage), ZT36, p = 0.0018 (SD), p > 0.9999 

(homecage).

(O). Left, schematics show the conditions for sucrose preference test. Right, summary data 

show the percentage of sucrose preference by volume consumed across conditions. n = 10 

(SD) and 6 (homecage). Two-way ANOVA, interaction, p = 0.0017. Holm-Sidak’s multiple 

comparison test vs LH, Baseline, p = 0.0345 (SD), p = 0.0053 (homecage), ZT12, p = 

0.0002 (SD), p > 0.9307 (homecage), ZT36, p = 0.0053 (SD), p > 0.9307 (homecage).

Male mice were used in the tests for behavioral evaluation across multiple categories. *p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns, not significant. Error bars reflect 

SEM.

See also Figure S1-4.
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Figure 2. State transitions after sleep deprivation engage VTA DA neuron activity
(A). Left, schematic showing viral transduction and the timeline of photometry recording 

during SD. Middle, histological image showing the expression of GCaMP6f in the VTA. 

Scale bar: 200 μm. Right, fiber placement in coronal brain sections registered to the 

Common Coordinate Framework, 1–2 sections for each animal. n = 7 animals.

(B). Heatmap plots showing spontaneous VTA DA calcium transients at ZT6 in the home 

cage or during SD. Sequential traces from a single mouse are plotted.

(C). Left, average spontaneous calcium transients in VTA DA neurons in the home cage 

or during SD from all animals, with peak dF/F aligned to zero. Middle, violin plots show 

amplitude distribution of spontaneous calcium transients in the home cage (520 transients, 

75.1 ± 8.5) and during SD (569 transients, 80.86 ± 4.1) from 7 animals, Two-tailed unpaired 

t test, p < 0.0001. Right, the average amplitude of spontaneous calcium transients for 7 

individual animals in the home cage or during SD, Two-tailed paired t test, p = 0.0221.

(D). Left, schematic showing neonatal viral transduction and hM4Di-mCherry expression in 

tyrosine hydroxylase (TH) expressing cells in the VTA. Scale bar: 200 μm. Middle, mCherry 

expression in single neurons in coronal sections registered to the Common Coordinate 

Framework. Right, summary data showing the number of mCherry+ cells across the anterior-

posterior axis.

(E). Left, cell-attached recording of spontaneous spiking in mCherry+ VTA neuron before, 

during, and after bath application of 1 μM clozapine-N-oxide (CNO). Right, summary data 

showing the firing rate of hM4Di+ neurons before and after CNO application. Two-tailed 

paired t test, p = 0.0479. n = 5 cells from 2 animals.

(F). Top, schematic showing the timeline of locomotion tests and CNO administration. 

Bottom left, summary data of distance traveled in the open field locomotion tests at 

ZT12 and ZT36 with CNO treatment for hM4Di− and hM4Di+ mice. Two-way ANOVA, 

Sidak’s multiple comparison, ZT12 vs ZT36, hM4Di−, p = 0.0003, hM4Di+, p = 0.4304. 

Bottom right, same as left, but for homecage controls, Two-way ANOVA, Sidak’s multiple 
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comparison, ZT12 vs ZT36, hM4Di−, p = 0.7479, hM4Di+, p = 0.9621. n = 8 animals/group 

(SD). n = 11 hM4Di− and 8 hM4Di+ (homecage).

(G). Top, schematic shows the timeline for resident-intruder tests before and after SD with 

CNO treatment. Bottom left, summary data for the total time spent in social interactions 

during the resident-intruder test for hM4Di− and hM4Di+ mice at ZT-12 and ZT36. n = 10 

hM4Di− and 8 hM4Di+ animals. Two-way ANOVA, Sidak’s multiple comparison, ZT-12 

vs ZT36, hM4Di−, p = 0.0375, hM4Di+, p = 0.6194. Bottom right, same as left but for 

aggressive behaviors. Two-way ANOVA, Sidak’s multiple comparison, ZT-12 vs ZT36, 

hM4Di−, p = 0.0011, hM4Di+, p = 0.9766.

(H). Top, schematic shows the timeline for sexual behavior tests before and after SD with 

CNO treatment. Bottom left, summary data for the total time spent in social interactions for 

hM4Di− and hM4Di+ mice at ZT-12 and ZT36. n = 8 hM4Di− and 14 hM4Di+. Two-way 

ANOVA, Sidak’s multiple comparison, ZT-12 vs ZT36, hM4Di−, p = 0.9778, hM4Di+, p 

= 0.9809. Bottom right, same as left but for sexual behaviors. Two-way ANOVA, Sidak’s 

multiple comparison, ZT-12 vs ZT36, hM4Di−, p = 0.0194, hM4Di+, p = 0.0242.

(I). Top, schematic shows the timeline of LH escape tests before and after SD with 

CNO treatment. Bottom left, summary data for the percentage of failures to escape across 

conditions in hM4Di− and hM4Di+ mice. n = 7 hM4Di− and 8 hM4Di+ animals. Two-way 

ANOVA, Sidak’s multiple comparison test vs LH, ZT12, p = 0.0001 (hM4Di−), p = 0.7238 

(hM4Di+), ZT36, p < 0.0001 (hM4Di−), p = 0.9976 (hM4Di+). Bottom right, same as 

left but for sucrose preference, n = 9 hM4Di− and hM4Di+ animals. Two-way ANOVA, 

Holm-Sidak’s multiple comparison test LH vs ZT12, p = 0.0437 (hM4Di−), p = 0.6207 

(hM4Di+).

Male and female mice were tested in A-F, and I. Male mice were tested in G and H.

*p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns, not significant.

See also Figure S5.
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Figure 3. Sleep deprivation shapes spontaneous dopamine release
(A). Top, schematic showing viral transduction of AAV9.hSyn.GRABDA in the Nucleus 

Accumbens (NAc). Bottom, image showing the expression of GRABDA in the NAc and fiber 

placement. Scale bar: 200 μm.

(B). Heatmap plots showing spontaneous DA transients in the NAc at ZT6 in the home cage, 

during SD, and following chemogenetic inhibition of VTA DA neurons (CNO 1mg/kg, i.p.).

(C). Top, average trace of spontaneous DA transients in the NAc in the home cage (93 

transients) and during SD (115 transients) from 10 animals. Transients were aligned to onset 

at t = 30 sec. Bottom left, summary data showing the frequency (events/min) of spontaneous 

DA transients from individual animals in the home cage, during SD, and following CNO 

administration (n = 10). RM One-way ANOVA, p < 0.0001. Sidak’s multiple comparison 

test, HC vs SD, p = 0.1027, SD vs CNO, p < 0.0001. Bottom right, the cumulative area 

under the curve (AUC) for all spontaneous DA transients in 30-minute-long GRABDA 

photometry recordings from individual animals. RM One-way ANOVA, p < 0.0001. Sidak’s 

multiple comparison test, HC vs SD, p = 0.0002, SD vs CNO, p < 0.0001.

(D-E). Same as (A-B), but for DA transients in the mPFC.

(F). Top, average spontaneous DA transients in the mPFC in the home cage (62 transients) 

and during SD (76 transients) from 7 animals. Bottom left, RM One-way ANOVA, p = 

0.0318. Sidak’s multiple comparison test, HC vs SD, p = 0.4168, SD vs CNO, p = 0.0285. 

Bottom right, RM One-way ANOVA, p < 0.0001. Sidak’s multiple comparison test, HC vs 

SD, p < 0.0001, SD vs CNO, p < 0.0001.

(G-H). Same as (A-B), but for DA transients in the hypothalamic area (HA).

(I). Top, average spontaneous DA transients in the HA in the home cage (49 transients) and 

during SD (88 transients) from 7 animals. Bottom left, RM One-way ANOVA, p < 0.0001. 

Sidak’s multiple comparison test, HC vs SD, p = 0.0003, SD vs CNO, p = 0.0002. Bottom 

right, RM One-way ANOVA, p < 0.0001. Sidak’s multiple comparison test, HC vs SD, p < 

0.0001, SD vs CNO, p < 0.0001.

(J-K). Same as (A-B), but for DA transients in the dorsal striatum (dStr).

(L). Top, average spontaneous DA transients in the dStr in the home cage (35 transients) and 

during SD (23 transients) from 8 animals. Bottom left, RM One-way ANOVA, p = 0.0673. 

Sidak’s multiple comparison test, HC vs SD, p = 0.3556, SD vs CNO, p = 0.7575. Bottom 
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right, RM One-way ANOVA, p = 0.2862. Sidak’s multiple comparison test, HC vs SD, p = 

0.8326, SD vs CNO, p = 0.7848.

Male and female mice were tested in A-L.

*p < 0.05, *** p < 0.001, **** p < 0.0001. ns, not significant.

See also Figure S6 and S7.
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Figure 4. Distinct DA neuronal projections mediate SD-associated behavioral shifts
(A). Top, schematic shows projection-specific viral transduction strategies for targeting 

NAc-projecting, mPFC-projecting, locally projecting hypothalamic, and dStr-projecting DA 

neurons. Bottom, histological images show mCherry+ DA axonal terminals, mCherry+ cell 

bodies and TH+ cell bodies in relevant brain regions. Scale bar: 200 μm.

(B). Schematic showing the timeline of CNO administration and behavioral tests.

(C). Summary data for distance traveled in the open field locomotion in baseline and after 

SD with chemogenetic inhibition of different subgroups of hM4Di+ DA neurons. Two-way 

ANOVA, Sidak’s multiple comparison, Baseline vs SD + CNO, VTA-NAc (n = 10), p = 

0.0827, VTA-mPFC (n = 13), p = 0.0106, HA (n = 8), p = 0.0028, SNc-dStr (n = 10), p < 

0.0001.

(D). Left, summary data for social interactions in resident-intruder tests in baseline and after 

SD with chemogenetic inhibition of different subgroups of hM4Di+ DA neurons. Two-way 

ANOVA, Sidak’s multiple comparison, Baseline vs SD + CNO, VTA-NAc (n = 15), p = 

0.1995, VTA-mPFC (n = 11), p = 0.3045, HA (n = 10), p = 0.9993, SNc-dStr (n = 11), 

p = 0.0007. Right, same as left, but for aggressive behaviors. Two-way ANOVA, Sidak’s 

multiple comparison, Baseline vs SD + CNO, VTA-NAc, p = 0.0490, VTA-mPFC, p > 

0.9999, HA, p = 0.0219, SNc-dStr, p < 0.0001.

(E). Left, summary data for social interactions with receptive females in baseline and after 

SD with chemogenetic inhibition of different subgroups of hM4Di+ DA neurons. Two-way 

ANOVA, Sidak’s multiple comparison, Baseline vs SD + CNO, VTA-NAc (n = 13), p = 

0.3292, VTA-mPFC (n = 10), p = 0.9897, HA (n = 12), p > 0.9999, SNc-dStr (n = 9), p = 

0.3181. Right, same as left, but for sexual behaviors. Two-way ANOVA, Sidak’s multiple 

comparison, Baseline vs SD + CNO, VTA-NAc, p = 0.0046, VTA-mPFC, p = 0.0058, HA, p 

= 0.8924, SNc-dStr, p = 0.0092.

(F). Summary data for the percentage of failures to escape across conditions in mice with 

chemogenetic inhibition of hM4Di+ neurons during SD. Two-way ANOVA, Sidak’s multiple 
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comparison test vs LH, VTA-NAc (n = 8), SD + CNO, SD 24h, p < 0.0001; VTA-mPFC (n 

= 9), SD + CNO, p = 0.5992, SD 24h, p = 0.9925; HA (n = 8), SD + CNO, SD 24h, p < 

0.0001; SNc-dStr (n = 7), SD + CNO, SD 24h, p < 0.0001.

Male and female mice were tested in C and F. Male mice were tested in D and E.

*p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns, not significant.

See also Figure S8.
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Figure 5. Antidepressant effects of acute sleep loss require Drd1-dependent enhancement of 
dendritic spine plasticity
(A). Top, schematic showing neonatal viral transduction of EGFP in wild type (WT) and 

Drd1ff animals for dendritic spine density analysis and glutamate-evoked spinogenesis. 

Thy1-EGFP animals in WT background were only used for dendritic spine density analysis. 

Bottom, timeline of SD and dendritic spine density measurements.

(B). Example 2PLSM images of EGFP-expressing distal dendrites of deep layer mPFC 

pyramidal neurons in baseline condition and after SD, as noted. Scale, 2 μm.

(C). Summary data show dendritic spine density on distal dendrites from deep layer mPFC 

pyramidal neurons in WT (Thy1-EGFP, Left) and Drd1ff (virally transduced EGFP, Right) 

animals in the baseline condition and after SD. Two-tailed unpaired t test, WT (n = 7 

animals for baseline and 6 for SD), p = 0.0019, Drd1 ff (n = 6 animals/group), p = 0.9423.

(D). Top, schematic illustration of glutamate-evoked de novo spinogenesis platform with 

MNI-glutamate uncaging parameters for the induction of new dendritic spines. Bottom, 

timeline of SD and spinogenesis experiments.

(E). Example 2PLSM images of an example of successful induction of glutamate-evoked 

spinogenesis in an EGFP-expressing distal dendrite of deep layer mPFC pyramidal neuron. 

Scale bar, 2 μm.
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(F). Summary data for the probability of spinogenesis on deep layer mPFC neurons in WT 

(Left) and Drd1ff (Right) animals in baseline condition and after SD. Two-tailed unpaired t 

test, WT (n = 8 animals for baseline and 7 for SD), p = 0.0005, Drd1ff (n = 5 animals/group), 

p = 0.5234.

(G). Schematic showing the shrinkage of newly formed dendritic spines induced by the 

photoactivation of PaRac1 after SD-induced plasticity changes.

(H). Schematic showing the design of PaRac1 construct and bilateral implantation of optical 

fibers following viral transduction.

(I). Image showing the expression of mVenus-PaRac1 and the location of fiber implantation. 

Scale bar: 500 μm.

(J). Schematics showing the timeline of LH test and PaRac1 activation after acute SD.

(K). Left, summary data for the percentage of failures to escape across conditions in mice 

with PaRac1 photoactivation 0.5h after SD. n = 7 animals/group. RM two-way ANOVA, 

Sidak’s multiple comparison test, PaRac1 vs Fluorophore, Baseline, p > 0.9999, LH, p = 

0.7653; SD, p = 0.9917, SD 24h, p = 0.0102. Right, same as left, but for photoactivation 

24h after SD. n = 9 animals in PaRac1 and 7 in fluorophore. RM two-way ANOVA, Sidak’s 

multiple comparison test, PaRac1 vs Fluorophore, Baseline, p > 0.9999, LH, p = 0.5539; 

SD, p = 0.9792, SD 24h, p < 0.0001.

Male and female mice were tested in A-K. *p < 0.05, **p < 0.01, *** p < 0.001, *** p 

< 0.001. ns, not significant. Dots represent data from individual animals. Error bars reflect 

SEM.

See also Figure S9.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-tyrosine hydroxylase Millipore Cat#AB152; RRID: AB_390204

Goat anti-RFP Rockland Cat# 200-101-379, RRID:AB_2744552

Rabbit anti-RFP Rockland Cat# 600-401-379, RRID:AB_2209751

Donkey anti-rabbit Alexa 647 Thermo Fisher Scientific Cat# A-31573, RRID:AB_2536183

Donkey anti-goat Alexa 488 Thermo Fisher Scientific Cat# A-11055, RRID:AB_2534102

Bacterial and Virus Strains

AAV1.CAG.FLEX.GCaMP6f.WPRE-SV40 Chen TW., et al., 2013 Dr. Douglas 
Kim

Addgene viral prep; # 100835-AAV1

AAV9.hSyn.GRAB.DA2m Sun et al., 2018 Dr. Yulong Li Addgene viral prep #140553-AAV9

AAV1.CBA.DIO.hM4Di.mCherry Hou XH., et al., 2016 Dr. Sabatini 
Packaged by Vigene

Addgene plasmid # 81008

retroAAV.EF1a.fDIO.Cre Schneeberger et al., 2019 Esteban 
Engel & Alexander Nectow

Addgene viral prep #121675-AAVrg

AAV8.CAG.FLEX.EGFP UNC Vector Core (Dr. Boyden) N/A

AAV1.hSyn.Cre.WPRE.hGH Penn vector core (Dr. Wilson) Addgene viral prep # 105553-AAV1 Penn 
ID: AV-1-PV2676

Chemicals, Peptides, and Recombinant Proteins

Clozapine-N-oxide Sigma-Aldrich C0823; CAS: 34233-69-7

MNI-caged-L-glutamate Tocris 1490; CAS: 295325-62-1

β-Estradiol 3-benzoate Sigma-Aldrich E8515; CAS: 50-50-0

Progesterone Sigma-Aldrich P8783; CAS: 57-83-0

Polyethylenimine, Linear, MW 25000, Transfection 
Grade (PEI 25K™)

Polysciences 23966-1, CAS: 9002-98-6, 26913-06-4

Forskolin Tocris 1099, CAS: 66575-29-9

Rac1 Activation Magnetic Beads Pulldown Assay Millipore-Sigma 17-10393

 

Experimental Models: Organisms/Strains

C57BL/6 mice Charles River Cat#000664; RRID: IMSR_JAX:000664

B6.SJL-Slc6a3tm1.1(cre)Bkmn/J mice Jackson Laboratory Cat#006660; RRID: IMSR_JAX:006660

C57BL/6-Tg(Thy1-EGFP/SQSTM1)02Mcwo/J mice Jackson Laboratory Cat#027258; RRID:IMSR_JAX:027258

Th-2A-Flpo mice Dr. Rajeshwar Awatramani N/A

STOCK Drd1tm2.1stl/J mice Jackson Laboratory Cat#025700; RRID: IMSR_JAX:025700

Recombinant DNA

pTriEx-mVenus-PA-Rac1 Dr. Klaus Hahn, (Wu et al., 2009) Addgene# 22007

pUCmini-iCAP-PHP.eB Dr. Viviana Gradinaru Addgene# 103005

pCAG-FLEX-mScarlet-WPRE Dr. Ryan Larsen Addgene # 99280

pHelper Vector Cell Biolabs, Inc. Cat. No. 340202

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

GraphPad Prism GraphPad RRID: SCR_002798

FIJI Schindelin et al., 2012 http://fiji.sc/; RRID: SCR_002285

MATLAB MathWorks RRID: SCR_001622

Toxtrac Rodriguez, A., et al., 2018 N/A

Python Python Software Foundation RRID:SCR_008394

pClamp Molecular Devices RRID:SCR_011323

Sleep Learning (SPINDLE) Miladinović et al., 2019 N/A

Behavioral Observation Research Interactive Software 
(BORIS)

Friard and Gamba, 2016 RRID:SCR_021509

R Project for Statistical Computing R Foundation R core team RRID:SCR_001905

WholeBrain Fürth et al., 2018 RRID:SCR_015245

Allen Mouse Brain Common Coordinate Framework Allen Institute Wang et al., 2020 RRID:SCR_020999

Dendritic spine counter plugin M. Voloshin, Mighty Data, Inc. N/A

Other

Active/Passive Avoidance Shuttle Box MazeEngineers https://mazeengineers.com/portfolio/active-
passive-avoidance-shuttle-box/#description

Raspberry Pi Raspberry Pi Foundation https://www.raspberrypi.org/

Canadian Neurophotonics Platform Viral Vector Core 
Facility

N/A RRID:SCR_016477
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