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O papel das vias direta e indireta do núcleo accumbens em comportamentos do tipo ansioso e depressivo 

Resumo 

Evidências sugerem que a ansiedade e depressão estão associadas a alterações no circuito de 

recompensa do cérebro. O núcleo accumbens (NAc) é um componente-chave deste circuito, sendo 

responsável pela motivação, reforço e recompensa. Aproximadamente 95% dos neurónios do NAc são 

neurónios espinhosos médios (MSNs), que expressam o recetor de dopamina D1 (D1-MSNs) ou o recetor 

de dopamina D2 (D2-MSNs). Os D1-MSNs projetam diretamente para a área tegmental ventral (VTA), 

formando a via direta do circuito de recompensa, enquanto a via indireta compreende D1- e D2-MSNs 

que projetam indiretamente para o VTA através do pálido ventral (VP). Notavelmente, pacientes com 

depressão e ansiedade apresentam uma disfunção robusta do NAc, no entanto, não é claro se essa 

disfunção é seletiva para as vias direta ou indireta, ou ambas. 

Neste estudo, analisámos o papel dos D1- e D2-MSNs em comportamentos de ansiedade e 

depressão, manipulando optogeneticamente estes neurónios durante tarefas comportamentais. Além 

disso, realizámos gravações eletrofisiológicas in vivo combinadas com optogenética a fim de perceber o 

efeito funcional da ativação específica de D1- e D2-MSNs. 

Os resultados mostram que a ativação optogenética de D1-MSNs para o VP modula a ansiedade e a 

depressão, uma vez que a sua ativação causou um fenótipo ansioso no teste de light/dark box e um 

fenótipo depressivo no forced swim test (FST). A ativação das projeções de D1-MSNs para o VTA parece 

causar um fenótipo ansioso medido no light/dark box; no entanto, não tem impacto no comportamento 

do tipo depressivo. 

A ativação optogenética das projeções de D2-MSNs para o VP induz um fenótipo ansioso, medido 

pelo elevated plus maze (EPM) e novelty suppressed feeding (NSF); no entanto, não tem impacto no 

comportamento do tipo depressivo, medido pelo FST, tail suspension test (TST) e sweet drive test (SDT). 

Os registos eletrofisiológicos revelaram uma diminuição geral da atividade neuronal no VP e VTA 

durante a estimulação dos terminais de D1- ou D2-MSNs. 

Os nossos resultados sugerem um papel diferencial das vias direta e indireta no comportamento 

ansioso e depressivo, o que é de extrema importância para entender os mecanismos fisiopatológicos 

subjacentes a estes distúrbios. O nosso estudo destaca que são necessários mais estudos para 

aprofundar o conhecimento sobre a contribuição de D1- e D2-MSNs em fenótipos ansiosos e depressivos, 

que, a longo prazo, podem ser importantes para o desenvolvimento de abordagens terapêuticas mais 

direcionadas. 

Palavras-chave: ansiedade, área ventral tegmental, depressão, núcleo accumbens, pálido ventral 
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Role of Nucleus Accumbens Direct and Indirect Pathways in Anxiety- and Depressive-Like Behaviors 

Abstract 

Increasing evidence suggests that mental disorders, like anxiety and depression, are associated with 

functional alterations in the brain reward circuit. The nucleus accumbens (NAc) is a core brain region of 

the reward circuit, and it is important for motivation, reinforcement, and reward. About 95% of NAc 

neurons are medium spiny neurons (MSNs), which express either dopamine receptor D1 (D1-MSNs) or 

dopamine receptor D2 (D2-MSNs). D1-MSNs project directly to the ventral tegmental area (VTA), forming 

the direct pathway of the reward circuit, while the indirect pathway comprises both D1- and D2-MSNs 

that project indirectly to the VTA through the ventral pallidum (VP). Remarkably, patients with depression 

and anxiety present robust NAc dysfunction; however, it is unclear if this impairment is selective for the 

direct or indirect pathways, or both.  

In the present work, we studied the role of D1- and D2-MSNs in anxiety- and depressive-like behaviors, 

by optogenetically manipulating these neurons during behavioral tasks. Moreover, we performed in vivo 

electrophysiological recordings combined with optogenetics to understand the functional outcome of 

specific activation of D1- and D2-MSNs. 

Our results show that optogenetic activation of D1-MSNs-to-VP modulates anxiety and depressive-like 

behaviors, since it triggered an anxious-phenotype in the light/dark box test, and a depressive-like 

phenotype in the forced swim test (FST). Similarly, activation of D1-MSNs-to-VTA neurons seems to cause 

an anxious-phenotype measured in the light/dark box; but it has no impact on depressive-like behavior. 

Optogenetic activation of D2-MSNs-to-VP neurons induces an anxious-phenotype, measured by the 

elevated plus maze (EPM) and novelty suppressed feeding test (NSF); however, it has no impact on 

depressive-like behavior, measured by FST, tail suspension test (TST) and sweet drive test (SDT). 

Electrophysiological recordings revealed a general decrease of the neuronal activity in the VP and VTA 

during stimulation of D1- and D2-MSN terminals. 

Our results suggest a differential role of direct and indirect pathways in anxiety- and depressive-like 

behaviors. These results show that D1- and D2-MSNs play distinct roles in anxious and depressive 

phenotypes, which is of utmost importance to better understand the pathophysiological mechanisms 

underlying these disorders. Our study highlights that further studies are needed to deepen our knowledge 

on the contribution of D1- and D2-MSNs in anxious and depressive phenotypes, that in a long range can 

be important for the development of targeted therapeutic approaches. 

Keywords: anxiety, depression, nucleus accumbens, ventral pallidum, ventral tegmental area   
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1. Introduction 

Mental disorders affect around 971 million people worldwide1. According to the Diagnostic and 

Statistical Manual of Mental Disorders (DSM-5®) “A mental disorder is a syndrome characterized by 

clinically significant disturbance in an individual’s cognition, emotion regulation, or behavior that reflects 

a dysfunction in the psychological, biological, or developmental processes underlying mental functioning. 

Mental disorders are usually associated with significant distress or disability in social, occupational, or 

other important activities…”2. 

Increasing evidence have shown that alterations in brain regions of the reward circuit are implicated 

in neuropsychiatric disorders such as depression and anxiety3. For example, deep brain stimulation (DBS) 

to the nucleus accumbens (NAc) of patients suffering from treatment-resistant depression causes 

antidepressant and anxiolytic effects4. Furthermore, depression is characterized by reduced responses to 

rewarding events5 and exaggerated responses to aversive ones6, thus hinting to a relevant role played by 

the reward circuit in the emergence of both depressive and anxiety symptoms. 

In the following sections, we offer a simplified overview of the reward circuit. We will focus on the NAc 

inputs and outputs, particularly in medium spiny neurons (MSNs) expressing either dopamine receptor 

D1 (D1-MSNs) or dopamine receptor D2 (D2-MSNs). To finalize, we will summarize the findings about 

the role of NAc sub-circuits in depression and anxiety. 

 

1.1. The brain reward circuit 

The reward circuit is a complex network of brain regions and neurotransmitters that evolved to 

respond to natural rewards, such as sex and food, and that are evolutionarily essential for survival, 

reproduction, and health7. In a very simplistic manner, reward processing occurs through dopamine (DA) 

projections from the ventral tegmental area (VTA) to the NAc, amygdala, prefrontal cortex (PFC)7,8, and 

hippocampus, though other brain regions are also involved9,10 (Figure 1). DA projections from the VTA to 

NAc are often considered the core of the reward circuit8 (Figure 1), being responsible for the perception 

and valuing of rewards and the initiation of their consumption, although these same regions also respond 

to aversive stimuli11–13. 

The dopamine system plays a major role in movement and mood, which are crucial to reward function 

and motivation8,14. VTA DA neurons present two different patterns of firing activity, which differently 

influences behaviors: while low-frequency tonic firing (or pacemaker activity) is associated with 

motivation15,16, phasic firing of DA neurons mainly encodes reward prediction17,18.  
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Figure 1. The rodent brain reward circuit. A simplified schematic of the major dopaminergic (in blue), glutamatergic (in green), 
and GABAergic (in red) projections of the reward circuit. Dopaminergic projections from the VTA to the NAc are the principal 
connections of the reward circuit. The NAc sends GABAergic projections to the VTA through D1-MSNs via the direct pathway, 
or through D1- and D2-MSNs that project to the VP via the indirect pathway. The NAc receives glutamatergic monosynaptic 
inputs from the mPFC, hippocampus, and amygdala, among other regions. The VTA receives glutamatergic inputs from the 
amygdala, lateral habenula, and lateral hypothalamus, among others. (The scheme was adapted from Russo and Nestler, 
201310). 
GABA: gamma-aminobutyric acid; VTA: ventral tegmental area; NAc: nucleus accumbens; D1-MSNs: medium spiny neurons 
expressing dopamine receptor D1; D2-MSNs: medium spiny neurons expressing dopamine receptor D2; VP: ventral pallidum; 
mPFC: medial prefrontal cortex; Hippo: hippocampus; Amy: amygdala; LHb: lateral habenula; LH: lateral hypothalamus. 

 

1.2. The ventral striatum – nucleus accumbens (NAc) 

1.2.1. Neuroanatomy 

The NAc is part of the basal ganglia and is sub-divided into core (NAcc) and shell (NAcs)19,20 sub-

regions. These two compartments can be discerned by various histochemical, electrophysiological, 

connectional, and cellular criteria21. On the molecular level, calbindin19,22,23, enkephalin24 and GABAA 

receptors25 are preferentially located at the NAcc, while substance P23, calretinin23, DA26, serotonin26 and 

serotonin receptors27 are preferentially located at the NAcs. Besides that, the levels of Fos-like 

immunoreactivity in response to antipsychotics such as haloperidol and clozapine are increased in the 

NAcs, suggesting this subregion as a potential target site for antipsychotic drug action28–32. 

The NAc is involved in motor, emotional and motivational processes33 and its subdivisions can exert 

opposing effects on motivated behaviors34. The NAcc seems to play a crucial role in spatial learning35, 

responses to motivational stimuli36,37, conditioned responses38–40 and impulsive choices41. On the other 

hand, the NAcs is thought to mediate the reinforcing properties of novelty36, rewarding substances42, drug 

relapse43,44 and feeding behavior45. 

GABAergic projections 

Glutamatergic projections 

DAergic projections 
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The NAc receives excitatory (glutamatergic) projections from prelimbic and infralimbic cortices (and 

others)10,46–48, as well as amygdala, hippocampus10,49, thalamus47, and VTA50 which form interconnections 

with each other (Figure 1). The rostral half of the NAc receives inputs from the prelimbic area, whereas 

the caudal half of the NAc receives inputs from the frontal cortical area51. Entorhinal and perirhinal cortices 

project to the ventral part of the NAc51. NAcc and NAcs receive inputs from different areas. For example, 

dorsal peduncular and infralimbic cortex project to the medial shell, whereas the dorsal prelimbic, anterior 

cingulate and perirhinal project to the core52. Additionally, the NAc also receives GABAergic and cholinergic 

projections from local axon collaterals and striatal interneurons53,54. 

The NAc exerts its function, mainly through GABAergic projections to VTA and VP34,55–58, although it also 

projects to other brain regions such as the amygdala, bed nucleus of stria terminalis, sublenticular 

substantia innominata, lateral hypothalamus, thalamus and globus pallidus59–62 (Figure 1). Although both 

NAc sub-divisions possess the same cellular composition, their output patterns are different.  

NAc neurons that project to the VTA preferentially target GABAergic interneurons63, which leads to 

lateral disinhibition of VTA DA neurons34,64,65. Specifically, NAc medial shell innervates GABAergic and 

dopaminergic neurons of the medial VTA, while NAc lateral shell innervates GABAergic neurons of the 

lateral VTA34 (Figure 2a). 

NAcc neurons project preferentially to the dorsolateral VP (dlVP), while NAcs neurons project to the 

ventromedial VP (vmVP)55–57 (Figure 2b). NAc GABAergic neurons also project to GABAergic VP neurons, 

which will send GABAergic signals to downstream targets, namely DA neurons of the VTA66–70. VP 

GABAergic neurons, along with NAc afferents are implicated in discriminating stimulus conditions of 

reward, consumption, working memory, and mediation of reward-motivated behaviors71. 

 

1.2.2. NAc neuronal subtypes 

About 95% of NAc neurons are GABAergic medium spiny neurons (MSNs)72 (Figure 1). MSNs are 

constituted by two neuronal subpopulations that express different dopamine receptors72, and regulate 

motivated behaviors10,73,74. MSNs that express dopamine receptor D1 (D1-MSNs), substance P and 

dynorphin, project to VP and VTA, while MSNs that express dopamine receptor D2 (D2-MSNs), adenosine 

2A (A2A) receptor and enkephalin project exclusively to VP56 (Figure 2). D1-MSNs that project directly from 

the NAc to the VTA form the direct pathway (Figure 2a), while the indirect pathway comprises both D1- 

and D2-MSNs that project to the VP56,64,75,76 (Figure 2b). Interestingly, D1-MSNs that project to VP seem to 

originate from D1-MSN-VTA projecting neurons since the majority of D1-MSNs collateralize between these 

two brain regions73. 
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The remaining 5% of NAc neurons are interneurons77 that play a crucial role in controlling MSN 

excitability, affecting behavior outcome78–82. 

The most abundant interneurons are GABAergic in nature (3-4%) that are divided into two major 

populations80: neuropeptide Y (NPY)-, somatostatin (SOM)-, and nitric oxide synthase (NOS)-containing 

interneurons, known as low threshold spiking (LTS) interneurons83,84; and parvalbumin-containing (PV) 

interneurons, also known as fast-spiking (FS) interneurons85. Other subtypes of interneurons have been 

discovered in the dorsal striatum79; however, their presence in the NAc remains unclear. Despite the 

division of GABAergic interneurons in different populations, their principal role consists in monosynaptic 

inhibition of MSNs through feedforward inhibition86–88. 

Another type of interneurons are the cholinergic interneurons (CIN) (0.5-1%)89 that are involved in the 

modulation of the direct and indirect pathways90,91. Activation or inhibition of these interneurons leads to a 

decrease or increase of the electrophysiological activity of MSNs, respectively90. Specific stimulation of 

CINs causes dopamine release in a β2 nicotinic acetylcholine (ACh) receptor (nAChR)-dependent 

manner92. Also, CINs receive inhibitory GABAergic inputs from MSNs and dopaminergic inputs from the 

VTA93. In vivo, CINs are tonically active and their activity is paused when animals are exposed to a 

conditioning stimulus90. 

 
Figure 2. The direct and indirect pathways of the reward circuit. (a) In the ventral striatum, the direct pathway comprises NAc 
projections to the SN/VTA and from there to the mediodorsal thalamus. The direct NAc innervation of the SN/VTA is exclusively 
mediated by D1-MSNs. (b) The indirect pathway projects to the VP before reaching the output nuclei. The NAcc projects to the 
dlVP and the NAcs projects to the vmVP. The dlVP projects to the SN, whereas the vmVP projects to VTA. Both D1- and D2-
MSNs compose the indirect pathway. (The scheme was adapted from Soares-Cunha et al., 201694). 
NAc: nucleus accumbens; SN: substantia nigra; VTA: ventral tegmental area; D1-MSNs: medium spiny neurons containing 
dopamine receptor D1; VP: ventral pallidum; NAcc: NAc core; dlVP: dorsolateral VP; NAcs: NAc shell; vmVP: ventromedial VP; 
D2-MSNs: medium spiny neurons containing dopamine receptor D2. 

 

a b 
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1.3. Role of D1- and D2-MSNs in reward and aversion 

Several studies have suggested opposing roles for the direct and indirect pathways of the basal 

ganglia95–97. It has been proposed that the direct pathway mediates positive reinforcement and reward 

while the indirect pathway mediates transient punishment and aversion96. Canonically, D1-MSNs have 

been described as the ones responsible for positive rewarding events, and D2-MSNs as those responsible 

for the mediation of aversion97, however recent data questions this dichotomy64,74,98. A study from our team 

in which optogenetic strategies have been applied to specifically modulate MSN activity has shown that 

activation of D1-MSNs has a pro-rewarding role since it is sufficient to enhance the motivation to work for 

food99. Other studies indicate that activation of NAc D1-MSNs is sufficient to increase cocaine sensitization 

and cocaine place preference100, and inhibition of these neurons suppresses cocaine sensitization101. 

Regarding D2-MSNs, the data available is less concordant to what concerns the role of this MSN 

subtype in reward and aversion. Lobo and colleagues showed that optogenetic stimulation of NAc D2-

MSNs diminished cocaine conditioned place preference100, suggesting that it could have an aversive role. 

However, this evidence was contested by a study of Song and colleagues showing that neither acquisition 

nor expression of cocaine-induced behavioral sensitization was affected by D2-MSNs activation102. 

Moreover, recent studies from our group have shown that optogenetic activation of D2-MSNs during 

reward-predicting cues strongly increases motivation to work for food99,103. In addition, we also showed that 

both D1- and D2-MSNs can drive reward and aversion, depending on their stimulation pattern74. In fact, 

brief optogenetic stimulation of both MSN subtypes induced positive reinforcement, while prolonged 

stimulation induced aversion. Furthermore, brief stimulation was associated with increased VTA 

dopaminergic tone either directly or indirectly via VP74. This evidence is in agreement with another study 

that showed that both D1- and D2-MSN signaling are required in the reinforcing properties of optogenetic 

activation of VTA-NAc dopaminergic terminals104. Finally, others have shown that accumbal D1- and D2-

MSN optical activation supports self-stimulation105. 

The fact that the role of NAc MSNs in aversion is less explored than in reward may be because these 

types of events induce a negative hedonic state that is difficult to evaluate in animals. Thus, avoidance 

behavior, a core symptom of anxiety, is commonly used as representation of aversion96. 

Studies using avoidance tasks have shown a decrease in the number of conditioning avoidance 

responses caused by infusions of D1R and D2R antagonists into the NAc106,107. These effects could be 

explained by the contribution of these receptors in early consolidation of aversive memory108. Other studies 

showed positive responses to aversive stimuli of D1- and D2-MSNs within the striatum109,110. D1 receptor 

blockade decreased the expression of conditioned aversive stimuli, suggesting that activation of D1 
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receptors might contribute to the strengthen of a taste aversive association109. Moreover, inactivation of 

post-synaptic D2 receptors controls aversive learning110. Furthermore, our recent published study showed 

that prolonged stimulation of both D1- and D2-MSNs induces aversion in conditioned place preference 

and real time place preference tasks74. Also, optical stimulation of D2-MSNs was shown to decrease 

cocaine-conditioning effects74,100. 

 

1.4. Role of D1- and D2-MSNs and downstream targets in depression 

Depressive disorders affect around 264 million people worldwide1. The Diagnostic and Statistical 

Manual of Mental Disorders lists a cluster of nine variable symptoms for depression111. Anhedonia (“loss 

of ability to experience pleasure from normally rewarding stimuli, such as food, sex and social 

interactions”10), psychomotor impairment, sleep impairment, loss of appetite, loss of weight, and 

retraction from social interaction are some of the symptoms that can be evaluated in rodents111. Rodent 

depression models that are based on exposure to stress are fundamental in the study of depressive-like 

phenotypes. The chronic social defeat stress (CSDS) and chronic mild stress (CMS) are the most used 

models to induce depressive-like behaviors in rodents10,112. Mice exposed to CSDS develop social 

avoidance, anhedonia, metabolic syndrome, and anxiety-like behaviors, whereas mice exposed to CMS 

develop anhedonia, deficits in grooming, and compromised immune function10. 

Given that there is no specificity in the symptoms for depression, different circuits or components of 

a particular circuit may regulate discrete depressive-like phenotypes113,114. Since anhedonia, assessed as a 

lack of pleasure, loss of appetite and motivation towards everyday positive rewards are common 

symptoms of depression, it is not surprising that the deregulation of the reward circuit has been shown 

to be implicated in the mediation of depressive-like behaviors3,5,114–117. 

The NAc also demonstrates a critical role in depression symptomatology such as anhedonia and loss 

of motivation towards natural rewards10,115,116,118. For example, in humans suffering from depression, deep 

brain stimulation (DBS) of this brain region leads to a relief of anhedonic symptoms4,119,120. Also, patients 

with major depression reveal a higher availability of D2/3 receptor in the ventral striatum121. Human 

depressive patients exhibit reduced activity and volume of the NAc122, which was also confirmed in a study 

using mice123. Furthermore, Lim and co-workers showed, in a study using chronic restraint stress, that 

activation of melanocortin 4 receptors (MC4Rs) decreases the strength of excitatory synapses on D1-

MSNs, and that blocking MC4Rs prevents stress-induced anhedonia. Thus, these anhedonic outcomes 

might be mediated by specific change in excitatory synaptic transmission onto D1-MSNs118. 
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Optogenetic manipulation of NAc MSNs in animals exposed to social stress shows an opposing role 

of MSN subtypes in depressive-like behaviors124,125. Indeed, stimulation of D1-MSNs leads to a decrease of 

depressive-like phenotype while stimulation of D2-MSNs leads to an increase of depressive-like 

phenotype124,125. A recent study that comes in line with these findings, identified the activity of D1-MSNs as 

a predictive marker of depression susceptibility since, before stress induction, D1-MSN activity and 

calcium transients increased during social interaction126. Although D1- and D2-MSNs play different roles, 

there are similarities between the anatomical projections of these neurons64,76. Therefore, the cell type 

differences are prevenient from efferent circuit disparities113. 

Optogenetic manipulations of the VTA dopaminergic neurons result in distinct alterations in 

depressive-like behaviors, depending on the type of stress protocol used. While phasic activation of VTA 

DA neurons in animals exposed to social defeat stress causes an increase in the depressive-like 

phenotype117, phasic activation of the same neurons in animals exposed to CMS leads to a reduction in 

the depressive-like phenotype114, thus demonstrating that distinct depression models might result in 

opposing VTA functional impairments. 

The VP is also involved in depression. A study of Knowland and colleagues76 showed that increased 

activity of VP PV neurons is a hallmark of depressive-like behavior. VP PV neurons that project to the VTA 

convey exclusively inhibitory signals to GABAergic neurons and mostly excitatory inputs to DAergic 

neurons, and in susceptible animals, encode for social avoidance. This symptom can be reversed by 

optogenetically silencing these neurons. This suggests a selectively stronger synaptic connection between 

VP PV neurons and VTA neurons in susceptible animals. In fact, VP PV neurons that project to the VTA 

receive increased excitatory inputs. In addition, one may also consider that VP GABAergic innervation of 

the VTA GABAergic neurons may be increased in susceptible animals, leading to disinhibition of VTA DA 

neurons, which comes in line with the described hyperactivity of VTA DA neurons in some animal models 

of depression117,127. 

These data suggest that distinct circuits involving the NAc, VP, and VTA can mediate different facets 

of depressive-like behavior and can display distinct cellular adaptations as well113. Thus, it remains unclear 

if NAc D1-MSNs-to-VTA neurons or NAc D1-MSNs-to-VP and D2-MSNs-to-VP neurons are selectively 

necessary to produce depressive phenotypes, or if synchronization between the neuronal activity of these 

two downstream areas is necessary113. 
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1.5. Role of D1- and D2-MSNs and downstream targets in anxiety 

Anxiety disorders affect around 284 million people worldwide1. Anxiety is a psychological state that, 

in some circumstances, can be beneficial128. Daily stressful events can induce anxiety-like behaviors129,130. 

It is important to refer that anxiety produces behavioral responses such as increased vigilance, freezing, 

hypoactivity and suppressed food consumption. In rodents, anxiety-like behaviors are characterized as 

those elicited by aversive stimuli131. Thus, avoidance is a core feature of anxiety132,133. Dopamine levels are 

altered upon prolonged exposure to stress, and it has been show that these are highly correlated with this 

disorder128,134–137. Indeed, animals exposed to CMS develop anxiety-like phenotype112 and display a decrease 

in VTA dopamine neuronal activity68. Furthermore, several brain regions such as the bed nucleus of stria 

terminalis (BNST)138–142, hippocampus143, amygdala143, PFC143,144, NAc133,144–146, VP68,147, and VTA68 are involved in 

anxiety141,148, which is indicative of a close relation between the reward circuit and anxiety68,146. 

Although quite different, anxiety and depression exhibit a high level of comorbidity149. Indeed, patients 

with major depression reveal a higher availability of D2/3 receptor in the ventral striatum which is 

associated with comorbid anxiety symptoms121. 

NAcc DBS with high-frequency stimulation is capable of reducing anxiety levels in naïve rats144. 

Accordingly, studies in humans using NAc DBS show amelioration of anxiety symptoms4,120. Furthermore, 

a functional magnetic resonance imaging (fMRI) study highlighted a role for the NAc in avoidance and 

anxiety behaviors133. In fact, active avoidance leads to increased activation of the NAc that was associated 

with high levels of anxiety. On the other hand, passive avoidance leads to decreased activity of this brain 

region, but the anxiety levels remained high. Another study in humans suffering from social anxiety 

disorder demonstrated a reduced neuronal activity in the ventral striatum, measured in the fMRI150. 

Several studies have shown larger NAc volume in patients suffering from anxiety151,152, and more 

recently, a study showed that NAc volume may be a predictor for anxiety improvement using cognitive-

behavioral therapy and selective serotonin reuptake inhibitor treatment153. 

Pharmacological studies have shown the involvement of the VP in anxiety-like behavior147,154,155. For 

example, microinjection of neurotensin155 and substance P147,154 in the VP revealed an anxiolytic effect. Also, 

a study in monkeys showed that the VP plays a central role in controlling aversive behaviors during delayed 

response tasks, being related to anxiety156. 

VTA also plays a role in anxiety-like behavior. A pharmacological study showed an increase in anxiety-

like behavior when rats receive VTA infusion of an acetylcholinesterase inhibitor or muscarinic receptor 

agonist157, pinpointing a novel role for VTA cholinergic neurons in mediating responses to stress and 

anxiety. Moreover, optogenetic activation of VTA GABAergic neurons was found to induce anxiety-like 
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behavior158, suggesting that over-excitation of GABAergic VTA neurons may underlie diseases related to 

anxiety. Also, a human study suggested a critical role for VTA in anxiety disorders. In a fear generalization 

task, that involves the presentation of a conditioned stimulus or generalization stimuli, fMRI revealed that 

patients with generalized anxiety disorder showed increased and less discriminating VTA reactivity to 

generalization stimuli, a symptom that was positively associated with trait anxiety159. 

Despite the increasing evidence of the involvement of several neuronal circuits in anxiety 

disorders141,148, the involvement of brain regions of the reward circuit, and in particular the role of the direct 

and indirect pathways of the basal ganglia, remains poorly understood.  
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2. Objectives 

In this dissertation we intended to dissect the role of NAc-to-VP and NAc-to-VTA inputs in anxiety- and 

depressive-like symptoms. 

 

The main objectives of the present dissertation were: 

 

1) Assess the role of D1- and D2-MSNs in anxiety- and depressive-like behaviors using 

optogenetic manipulation during behavioral tasks; 

 

2) Test the functional outcome of specific activation of D1- and D2-MSNs in VP and VTA using 

in vivo electrophysiological recordings combined with optogenetics.  
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3. Materials and Methods 

3.1. Animals 

One D1-cre (line EY262, Gensat.org) or D2-cre (line ER44, Gensat.org) heterozygous transgenic male 

mouse was mated with two wild-type C57/Bl6 females with 8 weeks of age (Figure 3a). Progeny were 

separated according to transgenic line and gender, and were housed in groups of a maximum of 6 animals 

per cage, according to the type of the homecage used (type 2L). 

All animals were maintained under standard laboratory conditions (12h light/dark cycle with lights 

on at 08:00h, ambient temperature of 22ºC ± 1ºC and 60% relative humidity) with standard diet and 

water ad libitum). All behavioral experiments were performed during the light period of the light/dark 

cycle. 

Health monitoring was performed according to FELASA guidelines. All procedures were conducted 

according to European Union Regulations (Directive 2010/63/EU). Animal facilities and experimenters 

were certified by the Portuguese regulatory entity, Direção-Geral de Alimentação e Veterinária (DGAV). All 

protocols were approved by the Ethics Committee of the Life and Health Sciences Research Institute and 

by DGAV (protocol #19074, dated of 30/08/2016). 

 

3.2. Genotyping 

Male progeny produced were genotyped at post-natal day 21, by PCR. DNA was isolated from tail 

biopsy using Citogene DNA isolation kit (Citomed, Lisbon, Portugal). In a single PCR genotyping tube, the 

primers Drd1a F1 (5’-GCTATGGAGATGCTCCTGATGGAA-3’) and CreGS R1 (5’-

CGGCAAACGGACAGAAGCATT-3’) were used to amplify the D1-cre transgene (340 bp), and the primers 

Drd2 (32108) F1 (5’-GTGCGTCAGCATTTGGAGCAA-3’) and CreGS R1 (5’-CGGCAAACGGACAGAAGCATT-

3’) were used to amplify the D2-cre transgene (700 bp). An internal control gene (lipocalin, 500 bp) was 

used in the PCR (LCN_1 (5’- GTC CTT CTC ACT TTG ACA GAA GTC AGG -3’) and LCN_2 (5’- CAC ATC 

TCA TGC TGC TCA GAT AGC CAC -3’)). Heterozygous mice were differentiated from the wild-type mice by 

the presence of two amplified DNA products corresponding to the internal control gene and the transgene. 

Gels were visualized with GEL DOC EZ imager (Bio-Rad, Hercules, CA, USA) and analyzed with the Image 

Lab 4.1 (Bio-Rad, Hercules, CA, USA). 
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3.3. Constructs, virus injection, and cannula implantation for optogenetic manipulation  

Cre-inducible AAV5/EF1a-DIO-hChR2(H134R)-eYFP and AAV5/EF1a-DIO-eYFP viruses were obtained 

directly from the UNC Gene Therapy Center (University of North Carolina, NC, USA) (Figure 3b). AAV5 

vectors titers were 3.7–6 × 1012 viral molecules/ml as determined by dot blot. 

D1-cre (line EY262, Gensat.org) and D2-cre (line ER44, Gensat.org) heterozygous transgenic male 

mice with 8 weeks of age were submitted to stereotaxic surgeries. Mice were anesthetized with 75 mg 

kg-1 ketamine (Imalgene, Merial, Lyon, France) plus 1 mg kg -1 medetomidine (Dorbene, Cymedica, 

Horovice, Czech Republic). 500nl of the specific virus used for optogenetic excitation (ChR2) or as control 

(YFP) was unilaterally injected in the NAc of D1- and D2-cre mice (stereotaxic coordinates from bregma160: 

+1.3mm anteroposterior (AP), +0.9mm mediolateral (ML), and -4.0mm dorsoventral (DV)) using an 30-

gauge needle Hamilton syringe (Hamilton Company, Reno, NV, USA), at a rate of 100nl min-1. After 

injection, the syringe was left in place for 5 minutes to allow diffusion (Figure 3c, d and e). An optic fiber 

(200μm core fiber optic; Thorlabs, Newton, NJ, USA) with 2.5 mm stainless steel ferrule (Thorlabs, 

Newton, NJ, USA) was implanted in the VP (for D1- and D2-cre mice (Figure 4a and b); stereotaxic 

coordinates from bregma160: -0.1mm AP, +1.6mm ML, -3.9mm DV) or in the VTA (for D1-cre mice (Figure 

4c); stereotaxic coordinates from bregma160: -3.2mm AP, +0.5mm ML, -4.5mm DV) and was secured to 

the skull with dental cement (C&B kit, Sun Medical, Shiga, Japan). Animals were removed from the 

stereotaxic frame, sutured, given an anesthetic reversal – 1mg kg-1 atipamezole (Antisedan) and let to 

recover for three weeks before initiation of the behavioral procedures. All animals were treated 30 minutes 

before surgery and 6 hours after surgery with an analgesic – 0.05 mg kg-1 buprenorphine (Bupaq, Richter 

Pharma, Wels, Austria). The same treatment was performed once a day for three consecutive days after 

surgery. If animals displayed severe loss of body weight a multivitamin supplement would also be 

administered.  

Optogenetic manipulation was performed using 5mW of blue light generated by a 473 nm DPSS laser 

(CNI Laser, Changchun, China) delivered to mice through fiberoptic patch cords (0.22 NA, 200 μm 

diameter; Thorlabs, Newton, NJ, USA) that were attached to the implanted ferrule. Laser output and 

pulsed light were controlled by a pulse generator (Master-8; AMPI, New Ulm, MN, USA). The stimulation 

was performed for 3 minutes, with 25 ms pulses at 20 Hz. 
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Figure 3. Colony management. (a) Generation of specific D1- and D2-cre transgenic lines. D1-cre heterozygous (+/-) transgenic 
male mice (EY262, Gensat) or D2-cre heterozygous (+/-) transgenic male mice (ER44, Gensat) were mated with wild-type (-/-
) C57BL/6J female mice. The progeny was genotyped and heterozygous D1-cre and D2-cre transgenic male mice were used. 
(b) Strategy used for optogenetic activation of D1- and D2-MSNs in the VP or VTA of D1- or D2-cre mice. An adeno-associated 
virus (AAV5) carrying a plasmid construct with cre-dependent expression of channelrhodopsin (ChR2) in fusion with yellow 
fluorescent protein (YFP) was injected in the NAc of D1- and D2-cre mice. 

 

3.4. Behavioral Assessment 

3.4.1. Subjects 

Transgenic male mice with two to four months of age at the start of the experiment were arbitrarily 

divided into different groups depending on the transgenic line: D1-VP-ChR2 (n  = 8); D1-VP-YFP (n = 8); 

D1-VTA-ChR2 (n = 7); D1-VTA-YFP (n = 8); D2-VP-ChR2 (n = 10); D2-VP-YFP (n = 9). All behavioral tests 

were performed blindly. Mice were transferred to the testing rooms 30 minutes before the beginning of 

each test to allow acclimation.  

 

3.4.2. Elevated Plus Maze 

The Elevated Plus Maze test (EPM) was performed in accordance to a protocol described by Felix-

Ortiz et al161. The EPM apparatus consisted in a black acrylic plus-shaped platform with two open arms 

(50.8 x 10.2 cm) and two enclosed arms (50.8 x 10.2 x 40.6 cm) elevated 72.4 cm from the floor (Med 

Associates Inc., St. Albans, VT, USA). 

Individual mice were attached to the fiberoptic patch cable and placed longitudinally in the central 

platform of the EPM, always facing the same corner. Each session had a duration of 9 minutes, divided 

in three alternating 3-minute epochs: without laser stimulation, with laser stimulation, and without 

stimulation (OFF-ON-OFF) (Figure 5a). All sessions were recorded by a video camera for posterior analysis. 
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3.4.3. Open Field 

The Open Field test (OF) was performed in accordance to a protocol described by Felix-Ortiz et al161. 

The open field arena consisted of a square white floor (43.2 cm x 43.2 cm) with four transparent acrylic 

walls (Med Associates Inc., St. Albans, VT, USA). 

Individually mice were attached to the fiberoptic patch cable and placed in the center of the arena, 

always facing the same wall. Each session had a duration of 15 minutes, divided in three alternating 5-

minute epochs: OFF-ON-OFF (Figure 6a). Distance traveled, ambulatory time, number of entries and time 

spent in each zone were measured using an automated video-tracking system (Activity Monitor software; 

Med Associates Inc., St Albans, VT, USA). 

 

3.4.4. Light/Dark Box 

The Light/Dark Box test was performed in accordance to a protocol described by Crawley et al162, and 

Kim et al139. The Light/Dark Box apparatus consisted of an arena similar to that one used in the open field 

test (43.2 cm x 43.2 cm), divided half-dark and half-light using an acrylic chamber (Med Associates Inc., 

St. Albans, VT, USA). 

Individual mice were attached to the fiberoptic patch cable and placed in the dark compartment. Each 

session had a duration of 15 minutes, divided in three alternating 5-minute epochs: OFF-ON-OFF (Figure 

7a). Distance traveled, ambulatory time, number of entries and time spent in each zone were measured 

using an automated video-tracking system (Activity Monitor software; Med Associates Inc., St Albans, VT, 

USA). 

 

3.4.5. Novelty Suppressed Feeding 

The Novelty Suppressed Feeding test (NSF) was performed in accordance to a protocol described by 

Felix-Ortiz et al161. The apparatus used for the test was similar to the open field arena with the floor covered 

with clean corn cob bedding. One familiar food pellet (Mucedola 4RF21-GLP) weighing approximately 6 g 

was placed on the center of the arena. 

After 18 hours of food deprivation with water ad libitum, individual mice were attached to the fiberoptic 

patch cable and placed in one corner of the arena. The latency to reach the food pellet as well as the 

latency to begin a feeding episode was manually recorded. The task ended when the mice first fed or 

after 10 min without consuming the food pellet (Figure 8a).  Immediately after testing, mice were removed 

from the arena and placed into their homecage to measure food consumption. Pre-weighted food was 

placed on the floor of the homecage and was weighted 5, 10 and 30 min after the animal was placed in 
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the homecage. The task was repeated twice on different days for each mouse, counterbalanced for laser 

stimulation session (ON) or no stimulation session (OFF). In the session with laser stimulation, the 

stimulation was performed for all the period until the animal first fed, with 25 ms pulses at 20 Hz. 

 

3.4.6. Forced Swim Test 

The Forced Swim Test (FST) was performed in accordance to a protocol described by Can et al163. 

The apparatus consisted of a transparent cylindrical tank (50 cm height x 20 cm diameters) filled with 

warm water (23 – 25 ºC) 15 cm from the bottom so the mice are not able to reach the bottom of the 

tank. 

Individual mice were attached to the fiberoptic patch cable and carefully placed in the water. Each 

session had a duration of 9 minutes, divided in three alternating 3-minute epochs: OFF-ON-OFF (Figure 

9a). All sessions were recorded by a video camera for posterior analysis. 

 

3.4.7. Tail Suspension Test 

The Tail Suspension Test (TST) was performed in accordance to a protocol described by Tye et al114. 

Individual mice were attached to the fiberoptic patch cable and its tail was secured by one strip of duct 

tape 2 cm from the base of the tail, so the mice are not able to climb during the test. Each session had 

a duration of 9 minutes, divided in three alternating 3-minute epochs: OFF-ON-OFF (Figure 10a). All 

sessions were recorded by a video camera for posterior analysis. 

 

3.4.8. Sweet Drive Test 

The Sweet Drive Test (SDT) was performed in accordance to a protocol described by Mateus-Pinheiro 

et al164. The SDT apparatus consisted in a black acrylic enclosed arena (82 x 44 x 30 cm) divided by 

transparent walls that defined 3 separated compartments: a middle chamber (20 x 44 x 30 cm), a right 

chamber and a left chamber (31 x 44 x 30 cm). 

Mice were pre-habituated to sweet pellets (Cheerios®, Nestlé) in two different days, 2 weeks before 

the test. Mice were habituated to the SDT apparatus one day before the first trial for 5 minutes. 

After 18 hours of food deprivation with water ad libitum, individual mice were attached to the fiberoptic 

patch cable and placed in the middle chamber of the arena. One familiar food pellet (Mucedola 4RF21-

GLP) weighing approximately 6 g was placed on the corner of the right chamber, and five Cheerios® 

weighing approximately 1 g were placed on the corner of the left chamber (Figure 11a). Immediately after 

testing, the food pellet and the Cheerios® were weighed to determine the food consumption and 
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preference for sweet pellets. Each session had a duration of 8 minutes. The task was repeated twice on 

different days for each mouse, counterbalanced for laser stimulation (ON) or no stimulation (OFF). The 

laser stimulation was performed each time the mouse went to the right chamber. 

 

3.5. In vivo single cell electrophysiology recordings 

In order to reduce the generation of new animals for this experiment, transgenic male and female 

mice, used in a previous study of our group, with approximately 12 months age were used for the in vivo 

electrophysiological recordings. At 8 weeks of age mice were submitted to stereotaxic surgeries as 

described in section 3.3 but with no cannula implantation. 

Mice were anesthetized with 1.75 g kg-1 of urethane (Sigma now Merck KGaA, Darmstadt, Germany), 

divided in 3 doses administered intraperitonially with an interval of 30 min. Mice were placed in the 

stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) with nontraumatic ear bars (Stoeling, Wood 

Dale, IL, USA). A tungsten recording electrode (tip impedance 5-10 Mat 1 kHz) coupled with a fiberoptic 

patch cable (Thorlabs, Newton, NJ, USA) was placed in the NAc (Figure 12a, d and g; stereotaxic 

coordinates from bregma160: +1.3mm AP, +0.9mm ML, and -3.5 to -4.2mm DV), in the VP (Figure 13a, d 

and g; stereotaxic coordinates from bregma160: -0.12mm AP, +1.6mm ML, -3.5 to -4.0mm DV) and in the 

VTA (Figure 14a, d and g; stereotaxic coordinates from bregma160: -3.2mm AP, +0.5mm ML, -4.0 to -

4.8mm DV). A ground screw was placed in the skull to close the circuit allowing signal stabilization. The 

recordings were performed under a Faraday box to reduce the background. The recordings in D1- and 

D2-cre mice were alternated in each day. 

Single neuron activity was recorded extracellularly, and recordings were amplified and filtered by the 

Neurolog amplifier (NL900D, Digitimer Ltd, Hertfordshire, UK) (low-pass filter at 500 Hz and high-pass 

filter at 5 kHz). Spontaneous activity was recorded to establish baseline, for 3 minutes. Laser stimulation 

was performed using a 5 mW of blue light generated by 473 nm DPSS laser system (CNI Laser, 

Changchun, China), controlled by a pulse generator (Master-8; AMPI, New Ulm, MN, USA). The 

stimulation protocol used was the same as in behavioral tests: three alternating 3-minute epochs starting 

with no laser stimulation (OFF-ON-OFF), with 25 ms pulses at 20 Hz. Data sampling was performed using 

a CED Micro1401 interface and Spike 2 software (Cambridge Electronic Design, Cambridge, UK). 

Firing rate stimulus histograms were calculated for the baseline period, stimulation period and after 

stimulation period, using a bin size of 1 s. Neurons were considered responsive or non-responsive to the 

stimulation whether their firing rate varied at least 20% from the baseline period activity165. Spike latency 
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was calculated for each recorded neuron as the time elapsed between the beginning of the laser 

stimulation and the first spike detected after the beginning of the stimulation. 

NAc neurons were classified according to previous descriptions74,166. Putative fast-spiking interneurons 

(pFSs) were identified as those with a baseline firing rate higher than 10 Hz and a waveform half-width 

less than 100 µs. Tonically active putative cholinergic interneurons (pCINs) were identified as those with 

a waveform half-width higher than 300 µs. Putative MSNs (pMSNs) were identified as those with baseline 

firing rate lower than 5 Hz and that do not met the waveform criteria for pCIN or pFS neurons. 

VP putative GABAergic neurons (pGABAergic) were identified as those with a baseline firing rate 

between 0.2 Hz and 18.7 Hz74,167. Other non-identified neurons were excluded from the analysis. 

VTA neurons were separated into putative dopaminergic (pDAergic) and putative GABAergic 

(pGABAergic). pDAergic neurons were identified as those with a baseline firing rate lower than 10 Hz and 

a waveform duration higher than 1.5 ms. pGABAergic neurons were identified as those with baseline firing 

rate higher than 10 Hz and waveform duration lower than 1.5 ms74,168. Other non-identified neurons were 

excluded from the analysis. 

 

3.6. Histological Procedures 

3.6.1. Immunofluorescence (IF) 

Mice were anesthetized and then transcardially perfused with 0.9% saline followed by 4% 

paraformaldehyde (PFA). Brains were removed, post-fixed in 4% PFA for 24 hours and then rinsed and 

stored in 30% sucrose at 4 ºC until sectioning. Brains were sectioned coronally at a thickness of 40 µm 

in a vibrating microtome (VT1000S, Leica, Germany) and stored in cryoprotectant solution at -20 °C until 

use. Sections were washed with PBS/Triton-X100 (0.3%) (PBS-T), treated with citrate buffer 1X to break 

protein cross-links and expose antigens and epitopes, blocked with PBS-T plus 10% fetal bovine serum 

(FBS) to inhibit antibodies to bind to non-specific epitopes, and then incubated with the primary antibody 

goat anti-GFP (1:500, ab6673; Abcam, Cambridge, UK). After washes with PBS-T, sections were 

incubated with secondary fluorescent antibody donkey Alexa Fluor® 488 anti-goat (1:500, Invitrogen, 

Carlsbad, CA, USA). All sections were stained with 40,6-diamidino-2-phenylindole (DAPI; 1mg ml-1) and 

mounted using mounting media (Permafluor; Invitrogen, MA, USA). Images were collected and analyzed 

by confocal microscopy (Olympus FluoViewTMFV3000). 

Quantification of GFP infection by IF in each area was performed using ImageJ 1.42 software. For 

NAc, percentage of area labeled with GFP was calculated dividing the area labeled with GFP by the total 

area of the NAc, and number of DAPI cells positives for GFP were counted by the “Find Maxima” tool. 
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For VP and VTA, percentage of area labeled with GFP was calculated by “Analyze Particles” tool. 

Background of each image was subtracted, and threshold adjusted. 

 

3.6.2. Hematoxylin-eosin staining 

After electrophysiological recordings, mice were transcardially perfused with 0.9% saline followed by 

4% paraformaldehyde (PFA). Brains were removed, post-fixed in 4% PFA for 24 hours and then rinsed and 

stored in 30% sucrose at 4 ºC until sectioning. Brains were sectioned coronally at a thickness of 40 µm 

in a vibrating microtome (VT1000S, Leica, Germany). Sections were mounted in microscope slides and 

left to dry overnight. Hematoxylin-eosin staining was performed, and slides were mounted using mounting 

media (Entellan® New). Images were collected and analyzed by brightfield microscopy (Olympus 

Widefield Upright Microscope BX61). 

 

3.7. Statistical Analysis 

Normality tests (Shapiro-Wilks) were performed for all data analyzed, as well as outlier analysis using 

the ROUT method, that is based on False discovery rate. When normality assumptions were met, one-

way Analysis of Variance (ANOVA) for repeated measures was used to compare before (baseline), during 

(stimulation) and after stimulation (post-stimulation), and Tukey’s post hoc multiple comparisons was 

used for group differences determination. When normality assumptions were not met Friedman’s test 

was performed, and Dunn’s multiple comparison for post hoc analysis. Two-way ANOVA (Mixed Model) 

for repeated measures was used for comparisons within-between groups (baseline vs stimulation vs post-

stimulation and ChR2 vs YFP), and Sidak’s post hoc multiple comparisons was used for group differences 

determination. Statistical analysis was performed with no sphericity assumption and Geisser-

Greenhouse's epsilon values were properly reported. 

 

All statistical details of behavioral tasks and electrophysiological recordings are displayed in Table 1. 

Results are presented as mean ± SEM and were considered statistically significant for p ≤ 0.05. All 

statistical analysis was performed using GraphPad (Prism 8.0.2, La Jolla, CA, USA). 
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4. Results 

4.1. Behavioral assessment with manipulation of D1- and D2-MSNs 

Increasing evidence suggests the involvement of NAc, VP and VTA in anxiety68,146, as well as in 

depressive disorders10,76,113,117,118. To understand the role of each MSN subpopulation in these disorders, we 

used optogenetics to specifically manipulate NAc D1- or D2-MSN activity during behavior.  

D1- and D2-cre mice were injected in the NAc with an AAV5 containing a vector encoding a cre-

dependent channelrhodopsin (ChR2; for optical stimulation) or yellow fluorescent protein (YFP; control 

group) (Figure 4a, b and c). The fiber was placed either in the VTA (D1-cre mice) or in the VP (D1-cre and 

D2-cre groups).  

This approach successfully transfected 60% of NAc cells in D1- and D2-cre mice (Figure 4d and e; 

D1-VP-ChR2 73.72±11.94, D1-VP-YFP 58.55±6.86, D1-VTA-ChR2 54.56±11.43, D1-VTA-YFP 

58.55±6.86, D2-VP-ChR2 50.74±4.29, D2-VP-YFP 62.67±9.29). Approximately 21% of the VP area was 

labeled with GFP in D1- and D2-cre mice (Figure 4f and g; D1-VP-ChR2 21.63±5.29, D1-VP-YFP 

21.50±11.32, D2-VP-ChR2 24.49±3.29, D2-VP-YFP 19.78±4.29). Approximately 20% of the VTA area 

was labeled with GFP in D1-cre mice (Figure 4h and i; D1-VTA-ChR2 24.39±4.62, D1-VTA-YFP 

17.96±6.97).    
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Figure 4. Stereotaxic surgeries. (a) Stereotaxic surgeries for the study of D1-MSN-to-VP projections: the virus AAV5-EF1a-DIO-
ChR2-eYFP (or AAV5-EF1a-DIO-eYFP) was injected in the NAc (stereotaxic coordinates from bregma160: AP:+1.3mm; ML: 
+0.9mm; DV: -4.0mm) of D1-cre mice and an optic fiber was implanted in the VP (stereotaxic coordinates from bregma160: AP:- 
0.1mm; ML: +1.6mm; DV: -3.9mm). (b) Stereotaxic surgeries for the study of D2-MSN-to-VP projections: the virus AAV5-EF1a-
DIO-ChR2-eYFP (or AAV5-EF1a-DIO-eYFP) was injected in the NAc of D2-cre mice and an optic fiber was implanted in the VP. 
(c) Stereotaxic surgeries for the study of D1-MSN-to-VTA projections: the virus AAV5-EF1a-DIO-ChR2-eYFP (or AAV5-EF1a-DIO-
eYFP) was injected in the NAc of D1-cre mice and an optic fiber was implanted in the VTA (stereotaxic coordinates from 
bregma160: AP:-3.2mm; ML: +0.5mm; DV: -4.5mm).  (d) Representative immunofluorescence image of GFP confirming the 
injection of the virus in the NAc. Scale bar 250 µm. (e) Percentage of NAc area (left Y axis) and number of DAPI cells positive 
for GFP/mm2 of NAc (right Y axis) infected with virus in each group (D1-VP-ChR2 in orange, D1-VP-YFP in orange and white, 
D1-VTA-ChR2 in blue, D1-VTA-YFP in blue and white, D2-VP-ChR2 in green and D2-VP-YFP in green and white). (f) 
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Representative immunofluorescence image of GFP confirming the infection of the virus from the NAc to the VP. Scale bar 250 
µm. (g) Percentage of VP area infected with virus in each group (D1-VP-ChR2 in orange, D1-VP-YFP in orange and white, D2-
VP-ChR2 in green and D2-VP-YFP in green and white). (h) Representative image immunofluorescence of GFP confirming the 
infection of the virus from the NAc to the VTA. Scale bar 250 µm. (i) Percentage of VTA area infected with virus in each group 
(D1-VTA-ChR2 in blue and D1-VTA-YFP in blue and white). 

 

4.1.1. Alterations in anxiety-like behavior by optogenetic activation of D1- and D2-MSN terminals 

To evaluate if stimulation of D1- MSN terminals in the VTA or in the VP, or D2-MSN terminals in the 

VP were relevant for anxiety-like phenotypes, we stimulated terminals during the EPM (Figure 5), OF 

(Figure 6), Light/Dark Box (Figure 7) and NSF (Figure 8). As a note, all details of the statistical analysis 

can be found in Table 1 (page 43). 

 

Optogenetic activation of D1-MSN terminals in the VP partially increased the anxiety-like behavior. 

Stimulation of D1-VP-ChR2 mice did not alter the time or number of entries in the open arms of the EPM 

(Figure 5b, p = 0.2679; Figure 5c, p = 0.2557). 

Stimulated mice did not show significant differences in time spent in the center (Figure 6b, p = 

0.0370, post hoc baseline vs stimulation p = 0.6284), time in ambulation (Figure 6c, p = 0.0598) or 

number of entries in the center of the OF arena (Figure 6d, p = 0.0794). Interestingly, D1-VP-YFP 

significantly increased the time in ambulation in the center of the arena during the stimulation period, 

returning to values similar to baseline in the post-stimulation period (Figure 6c, p = 0.0586, post hoc 

stimulation vs post-stimulation p = 0.0384). Importantly, stimulation of D1-VP-ChR2 mice did not change 

overall locomotion (Figure 6e, p = 0.0991). 

Optogenetic stimulation led to a significant decrease in the distance traveled (Figure 7b, p = 0.0533, 

post hoc baseline vs stimulation p = 0.0132), time spent (Figure 7c, p = 0.4526, post hoc baseline vs 

stimulation p = 0.0499), time spent in ambulation (Figure 7d, p = 0.0051, post hoc baseline vs 

stimulation p = 0.0245, post hoc baseline vs post-stimulation p = 0.0223) and number of entries (Figure 

7e, p = 0.0018, post hoc baseline vs stimulation p = 0.0172, post hoc baseline vs post-stimulation p = 

0.0266) in the light zone of the Light/Dark Box. Also, when compared with control group, during the 

stimulation period, all parameters evaluated in the Light/Dark Box presented lower values for the ChR2 

stimulated group (Figure 7b, p = 0.0051, post hoc ChR2 vs YFP p = 0.0074; Figure 7c, p = 0.0406, post 

hoc ChR2 vs YFP p = 0.0013; Figure 7d, p = 0.0037, post hoc ChR2 vs YFP p = 0.0400; Figure 7e, p = 

0.0002, post hoc ChR2 vs YFP p = 0.0200). These differences remained statistically significant in the 

post-stimulation period for distance traveled (Figure 7b, p = 0.0051, post hoc ChR2 vs YFP p = 0.0450) 

and time in ambulation (Figure 7d, p = 0.0037, post hoc ChR2 vs YFP p = 0.0414). Importantly, before 
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stimulation, D1-VP-ChR2 group showed a significantly lower number of entries when compared with 

control group (Figure 7e, p = 0.0002, post hoc ChR2 vs YFP p = 0.0401).  

In the NSF, stimulated mice showed a tendency to a higher latency to begin a feeding episode (Figure 

8c, p = 0.0233, post hoc stimulation vs no stimulation p = 0.0567); however, neither the latency to reach 

the pellet located at the center of the open arena (Figure 8b, p = 0.3146) nor the pellet consumption in 

the home cage (Figure 8d, p = 0.0352, post hoc stimulation vs no stimulation p = 0.9972) showed 

differences between sessions. However, pellet consumption in the control group significantly decreased 

in the stimulation session (Figure 8d, p = 0.0352, post hoc stimulation vs no stimulation p = 0.0079). 

 

Optogenetic activation of D1-MSN terminals in the VTA also showed a partial increase of the anxiety-

like behavior. In the EPM, stimulation of D1-VTA-ChR2 mice did not alter the time or number of entries in 

the open arms (Figure 5d, p = 0.2740; Figure 5e, p = 0.6733). Importantly, after stimulation, the number 

of entries in the open arms for D1-VTA-YFP group increased, being statistically significant when compared 

with D1-VTA-ChR2 group (Figure 5e, p = 0.0036, post hoc ChR2 vs YFP p = 0.0213).  

The OF test showed an increase in the time spent (Figure 6f, p = 0.0312, post hoc baseline vs 

stimulation p = 0.0413) and number of entries in the center zone of the OF arena (Figure 6h, p = 0.0040, 

post hoc baseline vs stimulation p =0.0157, post hoc stimulation vs post-stimulation p = 0.0249); 

however, neither the time spent in ambulation in this zone nor the distance traveled were altered by 

optogenetic stimulation (Figure 6g, p = 0.0143, post hoc baseline vs stimulation p = 0.4762; Figure 6i, 

p = 0.0357, post hoc baseline vs stimulation p = 0.1572). It is important to note that the control group 

showed a tendency for an increase in all parameters measured by the OF (Figure 6f, p = 0.0312, post 

hoc baseline vs stimulation p = 0.0788; g, p = 0.0143, post hoc baseline vs stimulation p = 0.1670; h, 

p = 0.0040, post hoc baseline vs stimulation p = 0.2816; and i, p = 0.0357, post hoc baseline vs 

stimulation p = 0.1553). 

Contrariwise, in the Light/Dark Box test,  D1-VTA-ChR2 mice showed a significant decrease in the 

time spent in ambulation (Figure 7h, p = 0.0088, post hoc baseline vs stimulation p = 0.0038, post hoc 

baseline vs post-stimulation p = 0.0123) and in the number of entries in the light zone of the apparatus 

(Figure 7i, p = 0.0004, post hoc baseline vs stimulation p = 0.0019, post hoc baseline vs post-stimulation 

p = 0.0021). Importantly, the control group revealed a tendency to decrease the number of entries in the 

light zone across time (Figure 7i). The distance traveled (Figure 7f, p = 0.1994) and the time spent in the 

light zone of the Light/Dark box (Figure 7g, p = 0.3565) were not affected by stimulation.  
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Regarding NSF, D1-VTA-ChR2 mice had no significant effect neither in the latency to approach the 

pellet located in the center of the arena nor to initiate consumption of the pellet (Figure 8e, p = 0.3853; 

Figure 8f, p = 0.0585). Interestingly, in the stimulation session, food consumption significantly decreased 

for the control group (Figure 8g, p = 0.0247, post hoc stimulation vs no stimulation p = 0.0027). 

 

Optogenetic activation of D2-MSN terminals in the VP caused a significant increase in anxiety-like 

behavior. In fact, during the stimulation period, D2-VP-ChR2 mice spent significantly less time in the open 

arms of the EPM (Figure 5f, p = 0.0052, post hoc baseline vs stimulation p = 0.0023, post hoc baseline 

vs post-stimulation p = 0.0096) and performed fewer entries in the same arms (Figure 5g, p = 0.0062, 

post hoc baseline vs stimulation p = 0.0322, post hoc baseline vs post-stimulation p = 0.0216).  

Stimulation of D2-VP-ChR2 mice did not alter the time spent in the center of the arena (Figure 6j, p 

= 0.0395, post hoc baseline vs stimulation p = 0.1224), time in ambulation (Figure 6k, p = 0.0613), 

number of entries (Figure 6l, p = 0.6244) or distance traveled (Figure 6m, p = 0.0900) in the center of 

the OF, excluding a possible motor effect caused by the stimulation protocol. 

Also, the distance traveled (Figure 7j, p < 0.0001, post hoc baseline vs stimulation p = 0.0368, post 

hoc baseline vs post-stimulation p = 0.0249), as well as the time spent in ambulation in the light 

compartment of the Light/Dark Box (Figure 7l, p < 0.0001, post hoc baseline vs stimulation p = 0.0030, 

post hoc baseline vs post-stimulation p = 0.0032) significantly decreased during stimulation period. The 

time spent in the light zone was not affected by stimulation (Figure 7k, p = 0.1672). Interestingly, the 

control group also showed a significant decrease in the distance traveled, time spent in ambulation and 

number of entries through time (Figure 7j, p < 0.0001, post hoc baseline vs post-stimulation p = 0.0114; 

Figure 7l, p < 0.0001, post hoc baseline vs stimulation p = 0.0198, post hoc baseline vs post-stimulation 

p = 0.0062; Figure 7m, p = 0.0009, post hoc baseline vs stimulation p = 0.0423, post hoc baseline vs 

post-stimulation p = 0.0294). Furthermore, the NSF revealed a higher latency to reach the pellet located 

at the center of the open arena (Figure 8h, p = 0.0030, post hoc stimulation vs no stimulation p = 0.0022) 

and to begin a feeding episode during the stimulation session (Figure 8i, p = 0.1139, post hoc stimulation 

vs no stimulation p = 0.0490). Also, in the stimulation session, D2-VP-ChR2 group showed a significantly 

higher latency to begin a feeding episode when compared to the D2-VP-YFP group (Figure 8i, p = 0.0856, 

post hoc ChR2 vs YFP p = 0.0345). These effects were not related to anhedonia since pellet consumption 

was not different between sessions (Figure 8j, p = 0.0174, post hoc stimulation vs no stimulation p = 

0.0697). 
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Figure 5. Anxiety-like behavior assessment - Elevated Plus Maze. (a) Schematic representation of the Elevated Plus Maze (EPM) 
test with optogenetic stimulation protocol of 3-minute epochs: no stimulation (OFF), laser stimulation (ON), and no stimulation 
(OFF) (OFF-ON-OFF epochs). (b) Percentage of time and (c) number of entries in the open arms for D1-VP-YFP (grey; n = 8) 
and D1-VP-ChR2 (orange; n = 7). (d) Percentage of time and (e) number of entries in open arms for D1-VTA-YFP (grey; n = 8) 
and D1-VTA-ChR2 (blue; n = 7). (f) Percentage of time and (g) number of entries in open arms for D2-VP-YFP (grey; n = 7) and 
D2-VP-ChR2 (green; n = 10). *p ≤ 0.05, **p ≤ 0.01. Data are represented as mean ± SEM. 
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Figure 6. Anxiety-like and locomotor behavior assessment - Open Field. (a) Schematic representation of the Open Field (OF) 
test with optogenetic stimulation protocol of 3-minute epochs: no stimulation (OFF), laser stimulation (ON), and no stimulation 
(OFF) (OFF-ON-OFF epochs). (b) Percentage of time spent, (c) percentage of time in ambulation, (d) number of entries and (e) 
distance traveled in the center of the arena for D1-VP-YFP (grey; n = 6) and D1-VP-ChR2 (orange; n = 7). (f) Percentage of time 
spent, (g) percentage of time in ambulation, (h) number of entries and (i) distance traveled in the center of the arena for D1-
VTA-YFP (grey; n = 6) and D1-VTA-ChR2 (blue; n = 6). (j) Percentage of time spent, (k) percentage of time in ambulation, (l) 
number of entries and (m) distance traveled in in the center of the arena for D2-VP-YFP (grey; n = 9) and D2-VP-ChR2 (green; 
n = 8). *p ≤ 0.05. Data are represented as mean ± SEM. 
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Figure 7. Anxiety-like behavior assessment - Light/Dark Box. (a) Schematic representation of the Light/Dark Box test with 
optogenetic stimulation protocol of 5-minute epochs: no stimulation (OFF), laser stimulation (ON), and no stimulation (OFF) 
(OFF-ON-OFF epochs). (b) Distance traveled, (c) percentage of time spent, (d) percentage of time in ambulation and (e) number 
of entries in the light zone of the arena for D1-VP-YFP (grey; n = 8) and D1-VP-ChR2 (orange; n = 8). (f) Distance traveled, (g) 
percentage of time spent, (h) percentage of time in movement and (i) number of entries in the light zone of the arena for D1-
VTA-YFP (grey; n = 8) and D1-VTA-ChR2 (blue; n = 6). (j) Distance traveled, (k) percentage of time spent, (l) percentage of time 
in movement and (m) number of entries in the light zone of the arena for D2-VP-YFP (grey; n = 9) and D2-VP-ChR2 (green; n 
= 10). *p ≤ 0.05, **p ≤ 0.01. Data are represented as mean ± SEM. 
 

 
Figure 8. Anxiety-like behavior assessment - Novelty Suppressed Feeding. (a) Schematic representation of the Novelty 
Suppressed Feeding (NSF)) test. Optogenetic stimulation was performed until the mouse initiated pellet consumption or at a 
maximum of 10 minutes in one session (ON). (b) Latency for the mouse reach the pellet (in seconds), (c) latency for the 
beginning of a feeding episode (in seconds) and (d) food consumption (pellet, milligrams), measured 30 minutes after the end 
of the feeding episode for D1-VP-YFP (grey; n = 8) and D1-VP-ChR2 (orange; n = 8). (e) Latency for the mouse to reach the 
pellet (in seconds), (f) latency for the beginning of a feeding episode (in seconds) and (g) food consumption (pellet, milligrams), 
measured 30 minutes after the end of the feeding episode for D1-VTA-YFP (grey; n = 8) and D1-VTA-ChR2 (blue; n = 7). (h) 
Latency for the mouse to reach the pellet (in seconds), (i) latency for the beginning of a feeding episode (in seconds) and (j) 
food consumption (pellet, milligrams), measured 30 minutes after the end of the feeding episode for D2-VP-YFP (grey; n = 9) 
and D2-VP-ChR2 (green; n = 10). *p ≤ 0.05, **p ≤ 0.01. Data are represented as mean ± SEM. 
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4.1.2. Alterations in depressive-like phenotype by optogenetic activation of D1- and D2-MSN 

terminals 

To evaluate the depressive-like phenotypes produced by stimulation of D1- or D2-MSN terminals in 

the VP, or D1-MSN terminals in the VTA, we performed the FST (Figure 9), TST (Figure 10) and SDT 

(Figure 11). 

 

Optogenetic activation of D1-MSN terminals in the VP seems to increase the depressive-like behavior, 

since the time spent immobile in the FST significantly increased through time in D1-VP-ChR2 mice (Figure 

9b, p = 0.0607, post hoc baseline vs post-stimulation p = 0.0058). Furthermore, when compared with 

the control group, during the stimulation period, activation of these neurons led to a significant increase 

in the time spent immobile (Figure 9b, p = 0.0094, post hoc ChR2 vs YFP p = 0.0252). These differences 

between groups remained even when stimulation ceased (Figure 9b, p = 0.0094, post hoc ChR2 vs YFP 

p = 0.0044). The latency until the first immobility episode for each epoch was not affected by optogenetic 

stimulation of D1-VP-ChR2 mice (Figure 9c, p = 0.2146).  

In the TST, optogenetic stimulation of these terminals did not alter the time that mice spent immobile 

(Figure 10b, p = 0.1771), or the latency until the first immobility episode (Figure 10c, p = 0.0057, post 

hoc baseline vs stimulation p = 0.5872); however, there was a significant increase between baseline and 

post-stimulation periods regarding latency until the first immobility episode (Figure 10c, p = 0.0057, post 

hoc baseline vs post-stimulation p = 0.0364). 

The anhedonia was measured by the SDT, showing no significant differences in preference for a sugar 

reward between stimulation and no stimulation sessions for D1-VP-ChR2 mice (Figure 11b, p = 0.9356). 

 

Optogenetic activation of D1-MSN terminals in VTA showed a tendency to increase the time that mice 

spent immobile in the FST (Figure 9d, p = 0.5725, post hoc baseline vs stimulation p = 0.2378) and in 

TST (Figure 10d, p = 0.0235, post hoc baseline vs stimulation p = 0.3020), being statistically significant 

when the baseline was compared with the post-stimulation periods (Figure 10d, p = 0.0235, post hoc 

baseline vs post-stimulation p = 0.0250). Importantly, D1-VTA-YFP group showed a tendency to decrease 

the time immobile throughout the FST session (Figure 9d, p = 0.5725, post hoc baseline vs post-

stimulation p = 0.3862). In both FST and TST, latency until the first immobility episode tended to increase 

with time (Figure 9e, p = 0.0768; Figure 10e, p = 0.0580). 

In the SDT, no significant differences were found in preference for a sugar reward between stimulation 

and no stimulation sessions for D1-VTA-ChR2 mice (Figure 11c, p = 0.9451). 
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Optogenetic activation of D2-MSN terminals in VP did not change the time spent immobile in the FST 

(Figure 9f, p = 0.7635), which was consistent with the results of the TST (Figure 10f, p = 0.0581). In the 

FST, the latency until the first immobility episode had a tendency to increase with time, being statistically 

significant between baseline and post-stimulation (Figure 9g, p = 0.2203, post hoc baseline vs post-

stimulation p = 0.0200). In the TST, optogenetic stimulation did not alter the latency until the first 

immobility episode; however, control group showed a significant increase between baseline and post-

stimulation periods (Figure 10g, p = 0.0413, post hoc baseline vs post-stimulation p = 0.0476). 

In SDT, stimulation of D2-VP-ChR2 led to a significant decrease in the preference for sugar (Figure 

11d, p = 0.0003, post hoc stimulation vs no stimulation p = 0.0041), indicative of an effect in anhedonic 

behavior. However, this decrease was also present in the D2-VP-YFP group (Figure 11d, p = 0.0003, post 

hoc stimulation vs no stimulation p = 0.0225). 

Figure 9. Depressive-like behavior assessment - Forced Swim Test. (a) Schematic representation of the Forced Swim Test 
(FST) with optogenetic stimulation protocol of 3-minute epochs: no stimulation (OFF), laser stimulation (ON), and no stimulation 
(OFF) (OFF-ON-OFF epochs). (b) Percentage of time spent immobile and (c) latency until first immobility episode (in seconds) 
for D1-VP-YFP (grey; n = 8) and D1-VP-ChR2 (orange; n = 7). (d) Percentage of time spent immobile and (e) latency until first 
immobility episode (in seconds) for D1-VTA-YFP (grey; n = 8) and D1-VTA-ChR2 (blue; n = 7). (f) Percentage of time spent 
immobile and (g) latency until first immobility episode (in seconds) for D2-VP-YFP (grey; n = 9) and D2-VP-ChR2 (green; n = 
10). *p ≤ 0.05, **p ≤ 0.01. Data are represented as mean ± SEM. 
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Figure 10. Depressive- like behavior assessment - Tail Suspension Test. (a) Schematic representation of the Tail Suspension 
Test (TST) with optogenetic stimulation protocol of 3-minute epochs: no stimulation (OFF), laser stimulation (ON), and no 
stimulation (OFF) (OFF-ON-OFF epochs). (b) Percentage of immobility time and (c) latency until first immobility episode (in 
seconds) for D1-VP-YFP (grey; n = 8) and D1-VP-ChR2 (orange; n = 7). (d) Percentage of immobility time and (e) latency until 
first immobility episode (in seconds) for D1-VTA-YFP (grey; n = 8) and D1-VTA-ChR2 (blue; n = 7). (f) Percentage of immobility 
time and (g) latency until first immobility episode (in seconds) for D2-VP-YFP (grey; n = 8) and D2-VP-ChR2 (green; n = 10). 
*p ≤ 0.05. Data are represented as mean ± SEM. 
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Figure 11. Depressive- like behavior assessment – Sweet Drive Test. (a) Schematic representation of the Sweet Drive Test 
(SDT). Optogenetic stimulation was performed each time the mouse crossed to the side of the chamber containing a sugar 
reward, during an 8-minute session. (b) Percentage of preference for sugar for D1-VP-YFP (grey; n = 7) and D1-VP-ChR2 
(orange; n = 7). (c) Percentage of preference for sugar for D1-VTA-YFP (grey; n = 7) and D1-VTA-ChR2 (blue; n = 6). (d) 
Percentage of preference for sugar for D2-VP-YFP (grey; n = 8) and D2-VP-ChR2 (green; n = 9). *p ≤ 0.05, **p ≤ 0.01. Data 
are represented as mean ± SEM. 

 

4.2. Electrophysiological activity 

To understand the functional outcome of specific activation of D1- and D2-MSN projecting neurons, 

we performed in vivo electrophysiological recordings in the NAc (Figure 12a), VP (Figure 13a) and VTA 

(Figure 14a) of anesthetized mice, using the same optogenetic stimulation protocol of the one used in 

the behavioral tasks. Bregma coordinates used in recordings were also the same as the ones used for 

the implantation of the optic fiber in the animals that performed behavior. The electrode/optic fibers’ 

locations were confirmed by hematoxylin-eosin coloration (Figure 12c, Figure 13c and Figure 14c). 

 

4.2.1. Electrophysiological effects in NAc neurons in response to D1- and D2-MSN stimulation 

In the NAc, putative MSNs (pMSN), putative cholinergic interneurons (pCIN), and putative fast-spiking 

GABAergic interneurons (pFS), were identified based on characteristic waveforms and basal firing rate74,166 

(Figure 12b). 
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In D1-cre mice, 64.29% of the NAc neurons recorded were identified as pMSNs and the remaining 

35.71% as pCINs (Figure 12e). Optogenetic stimulation of D1-MSNs led to a tendency to decrease the 

firing rate of both type of cells (Figure 12e’, pMSNs, p = 0.0430; pCINs, p = 0.0602). Regarding pMSNs, 

55.56% of the cells decreased their firing activity during the stimulation period, while the remaining 

44.44% did not change their firing activity (Figure 12e’’). 60% of pCINs also showed a decrease in their 

firing activity, while the remaining 40% did not change their activity (Figure 12e’’).  

In D2-cre mice, 83.33% of the NAc neurons recorded were identified as pMSNs and the remaining 

16.67% as pCINs (Figure 12e). Optogenetic stimulation of D2-MSNs led to a tendency to decrease the 

firing rate of both type of cells (Figure 12g’, pMSNs, p = 0.2902). 20% of pMSNs showed an increase in 

firing activity, 60% of the cells decreased firing activity and the remaining 20% did not change firing activity 

(Figure 12g’’) during stimulation. The only pCIN recorded showed a decrease in firing activity (Figure 

12g’’). 
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Figure 12. Electrophysiological effects in NAc neurons in response to optogenetic stimulation. (a) Schematic representation of 
NAc electrophysiological recordings during optogenetic stimulation protocol of 3-minute epochs: no stimulation (OFF), laser 
stimulation (ON), and no stimulation (OFF) (OFF-ON-OFF epochs). (b) NAc neurons were classified in three categories according 
to firing rate and waveform characteristics: putative medium spiny neurons (pMSNs), putative cholinergic interneurons (pCINs), 
and putative fast-spiking GABAergic interneurons (pFS). (c) Representative image of hematoxylin-eosin coloration confirming 
the recording location in NAc (NAcc is delineated by a white dashed line; white arrow indicates the cleft caused by the electrode 
+ optic fiber). Scale bar 1mm. (d) Schematic representation of recording electrodes placement in NAc of D1-cre mice (red 
dots).  (e) Percentage of pMSNs (grey) and pCINs (purple) recorded in D1-cre mice. (e’) Firing rate of pMSNs (grey; n = 9) and 
pCINs (purple; n = 5). (e’’) Percentage of neurons that decreased (red; npMSNs = 5; npCINs = 3) and did not change (grey; npMSNs = 4; 
npCINs = 2) firing rate during the stimulation period. (f) Schematic representation of recording electrodes placement in NAc of 
D2-cre mice (red dots). (g) Percentage of pMSNs (grey) and pCINs (purple) recorded in D2-cre mice. (g’) Firing rate of pMSNs 
(grey; n = 5) and pCINs (purple; n = 1). (g’’) Percentage of neurons that increased (green; npMSNs = 1), decreased (red; npMSNs = 
3; npCINs = 1) and did not change (grey; npMSNs = 1) firing rate during the stimulation period. *p ≤ 0.05. Data are represented as 
mean ± SEM. 

 

 

In vivo electrophysiological recordings in the VP identified putative GABAergic neurons (pGABAergic) 

as those with a firing rate between 0.2Hz and 18.7Hz74,167 (Figure 13b). 

 

In D1-cre mice, 42 neurons recorded in the VP were identified as pGABAergic neurons. Optogenetic 

stimulation of D1-MSN terminals in the VP significantly decrease the firing activity of the neurons (Figure 

13e, p = 0.0054, post hoc baseline vs stimulation p = 0.0265, post hoc baseline vs post-stimulation p = 

0.0097). More specifically, optogenetic stimulation led to an increase in the firing activity of 11.91%, 

decrease of 57.14% and no change of the remaining 30.95% (Figure 13e’).  

In D2-cre mice, 46 neurons recorded in the VP were identified as pGABAergic neurons. Optogenetic 

stimulation of D2-MSN terminals in the VP led to a significant decrease of their firing activity (Figure 13g, 

p = 0.0002, post hoc baseline vs stimulation p < 0.0001, post hoc baseline vs post-stimulation p = 

0.0495). More specifically, optogenetic stimulation led to an increase in the firing activity of 10.87%, 

decrease of 63.04% and no change of the remaining 26.09% (Figure 13g’).  
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Figure 13. Electrophysiological effects in VP neurons in response to optogenetic stimulation. (a) Schematic representation of 
VP electrophysiological recordings during optogenetic stimulation protocol of 3-minute epochs: no stimulation (OFF), laser 
stimulation (ON), and no stimulation (OFF) (OFF-ON-OFF epochs). (b) VP neurons were classified as putative GABAergic 
neurons (pGABAergic) according to firing rate. (c) Representative image of hematoxylin-eosin coloration confirming the 
recording location in VP (VP is delineated by a white dashed line; white arrow indicates the cleft caused by the electrode + 
optic fiber). Scale bar 1mm. (d) Schematic representation of recording electrodes placement in VP of D1-cre mice (red dots). 
(e) Firing rate of pGABAergic neurons (orange; n = 42) in D1-cre mice. (e’) Percentage of neurons that increased (green; n = 
5) decreased (red; n = 24) and did not change (grey; n = 13) firing rate during the stimulation period. (f) Schematic 
representation of recording electrodes placement in VP of D2-cre mice (red dots). (g) Firing rate of pGABAergic neurons 
(orange; n = 46) in D2-cre mice. (g’) Percentage of neurons that increased (green; n = 5), decreased (red; n = 29) and did not 
change (grey; n = 12) firing rate during the stimulation period. *p ≤ 0.05. Data are represented as mean ± SEM. 
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In vivo electrophysiological recordings in the VTA identified putative dopaminergic (pDAergic) and 

putative GABAergic neurons (pGABAergic) based on their basal firing rate and waveform half-width74,168 

(Figure 14b). 

 

41.86% of the recorded VTA neurons were identified as pDAergic neurons and the remaining 58.14% 

were identified as pGABAergic neurons (Figure 14e). Optogenetic stimulation of D1-MSN terminals in the 

VTA did not alter the firing rate of pDAergic neurons, but significantly decrease the firing rate of 

pGABAergic neurons (Figure 14e’, pDAergic, p = 0.1550; pGABAergic, p = 0.0033, post hoc baseline vs 

stimulation p = 0.0040). 12% of pDAergic neurons increased their firing activity during the stimulation 

period, 56% of these neurons decreased their firing activity and 32% did not change their firing activity 

(Figure 14e’’). Regarding pGABAergic neurons, 61.11% of the cells showed a decrease in their firing 

activity, and the remaining 38.89% did not change their activity (Figure 14e’’).  
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Figure 14. Electrophysiological effects in VTA neurons in response to optogenetic stimulation. (a) Schematic representation of 
VTA electrophysiological recordings during optogenetic stimulation protocol of 3-minute epochs: no stimulation (OFF), laser 
stimulation (ON), and no stimulation (OFF) (OFF-ON-OFF epochs). (b) VTA neurons were classified according to firing rate and 
waveform characteristics in putative dopaminergic neurons (pDAergic) and putative GABAergic neurons (pGABAergic). (c) 
Representative image of hematoxylin-eosin coloration confirming the recording location in VTA (VTA is delineated by a white 
dashed line; white arrow indicates the cleft caused by the electrode + optic fiber). Scale bar 1mm. (d) Schematic representation 
of recording electrodes placement in VTA of D1-cre mice (red dots). (e) Percentage of pDAergic (dark blue) and pGABAergic 
(light blue) neurons recorded in D1-cre mice. (e’) Firing rate of pDAergic (dark blue; n = 25) and pGABAergic (light blue; n = 
18) neurons. (e’’) Percentage of neurons that increased (green; npDAergic = 3), decreased (red; npDAergic = 14; npGABAergic = 11) and did 
not change (grey; npDAergic = 8; npGABAergic = 7) firing rate during the stimulation period. Data are represented as mean ± SEM. 
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Table 1. Statistical analysis of the behavioral tests performed to evaluate anxiety- and depressive-like behaviors, and in vivo 
electrophysiological recordings. Data presented as MEAN ± SEM 
Statistics concerning interaction between time and ChR2/YFP factors (•), and within time (†) and ChR2/YFP (‡) factor 

Figure Mean ± SEM Type of 
Test 

Assume 
Sphericity? 

Statistics 

5b YFP 
Baseline: 40.70±12.23 
Stimulation: 24.09±4.43 
Post-stimulation: 27.17±3.33 

ChR2 
Baseline: 13.14±5.55 
Stimulation: 9.33±4.17 
Post-stimulation: 17.79±3.91 

Two-way 
ANOVA 

No 
 
Ɛ = 0.6549 

•F2,26 = 1.144, p = 0.3342, ƞ2
 partial

 = 0.0809 
†F1.310,17.03 = 1.376, p = 0.2679, ƞ2

 partial
 = 0.0957 

‡F1,13 = 8.064, p = 0.0139, ƞ2
 partial

 = 0.3828 

5c YFP 
Baseline: 4.00±0.63 
Stimulation: 3.63±0.50 
Post-stimulation: 2.88±0.30 

ChR2 
Baseline: 2.86±1.10 
Stimulation: 1.86±0.74 
Post-stimulation: 2.43±0.65 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7870 

•F2,26 = 0.874, p = 0.4294, ƞ2
 partial

 = 0.0630 
†F1.574,20.46 = 1.445, p = 0.2557, ƞ2

 partial
 = 0.1000 

‡F1,13 = 2.180, p = 0.1636, ƞ2
 partial

 = 0.1436 

5d YFP 
Baseline: 40.70±12.23 
Stimulation: 24.09±4.43 
Post-stimulation: 27.17±3.33 

ChR2 
Baseline: 30.85±4.60 
Stimulation: 27.83±3.93 
Post-stimulation: 29.49±5.35 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7082 

•F2,26 = 0.718, p = 0.4970, ƞ2
 partial

 = 0.0524 
†F1.416,18.41 = 1.351, p = 0.2740, ƞ2

 partial
 = 0.0941 

‡F1,13 = 0.044, p = 0.8375, ƞ2
 partial

 = 0.0034 

5e YFP 
Baseline: 4.00±0.63 
Stimulation: 3.63±0.50 
Post-stimulation: 2.88±0.30 

ChR2 
Baseline: 5.43±0.78 
Stimulation: 5.00±0.54 
Post-stimulation: 5.86±0.77 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7383 

•F2,26 = 1.344, p = 0.278, ƞ2
 partial

 = 0.0937 
†F1.477,19.20 = 0.307, p = 0.6733, ƞ2

 partial
 = 0.0231 

‡F1,13 = 12.55, p = 0.0036, ƞ2
 partial

 = 0.4912 

Sidak’s post hoc: 
    D1-VTA-YFP Post-stimulation vs D1-VTA-ChR2 
Post-stimulation: p = 0.0213 

5f YFP 
Baseline: 18.57±4.15 
Stimulation: 25.54±4.97 
Post-stimulation: 16.53±4.06 

ChR2 
Baseline: 41.16±9.07 
Stimulation: 12.84±4.12 
Post-stimulation: 8.76±2.09 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7140 

•F2,30 = 9.707, p = 0.0006, ƞ2
 partial

 = 0.3929 
†F1.428,21.42 = 8.027, p = 0.0052, ƞ2

 partial
 = 0.3486 

‡F1,15 = 0.013, p = 0.9104, ƞ2
 partial

 = 0.0009 

Tukey’s post hoc: 
    D2-ChR2 Baseline vs D2-ChR2 Stimulation: p = 
0.0023 
    D2-ChR2 Baseline vs D2-ChR2 Post-
stimulation: p = 0.0096 

5g YFP 
Baseline: 3.71±0.61 
Stimulation: 2.86±0.40 
Post-stimulation: 2.71±0.71 

ChR2 
Baseline: 4.40±0.69 
Stimulation: 1.80±0.44 
Post-stimulation: 1.60±0.37 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7784 

•F2,30 = 1.707, p = 0.1986, ƞ2
 partial

 = 0.1022 
†F1.557,23.35 = 7.203, p = 0.0062, ƞ2

 partial
 = 0.3245 

‡F1,15 = 1.126, p = 0.3053, ƞ2
 partial

 = 0.0698 

Tukey’s post hoc: 
    D2-ChR2 Baseline vs D2-ChR2 Stimulation: p = 
0.0322 
    D2-ChR2 Baseline vs D2-ChR2 Post-
stimulation: p = 0.0216 
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Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

6b YFP 
Baseline: 2.42±0.54 
Stimulation: 4.34±0.69 
Post-stimulation: 4.45±0.98 

ChR2 
Baseline: 1.11±0.21 
Stimulation: 1.58±0.58 
Post-stimulation: 1.81±0.62 

Two-way 
ANOVA 

No 
 
Ɛ = 0.6247 

•F2,22 = 1.473, p = 0.2511, ƞ2
 partial

 = 0.1181 
†F1.249,13.74 = 4.941, p = 0.0370, ƞ2

 partial
 = 0.3099 

‡F1,11 = 10.200, p = 0.0085, ƞ2
 partial

 = 0.4811 

Sidak’s post hoc: 
    D1-VP-YFP Stimulation vs D1-VP-ChR2 
Stimulation: p = 0.0347 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 
Stimulation p = 0.6284 

6c YFP 
Baseline: 0.64±0.12 
Stimulation: 1.13±0.19 
Post-stimulation: 0.66±0.07 

ChR2 
Baseline: 0.53±0.11 
Stimulation: 0.50±0.12 
Post-stimulation: 0.45±0.16 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9346 

•F2,22 = 3.216, p = 0.0596, ƞ2
 partial

 = 0.2262 
†F1.869,20.56 = 3.304, p = 0.0598, ƞ2

 partial
 = 0.2310 

‡F1,11 = 5.035, p = 0.0464, ƞ2
 partial

 = 0.3140 

Tukey’s post hoc: 
    D1-VP-YFP Stimulation vs D1-VP-YFP Post-
stimulation: p = 0.0384 

6d YFP 
Baseline: 12.33±3.05 
Stimulation: 20.33±3.00 
Post-stimulation: 14.00±3.79 

ChR2 
Baseline: 6.43±0.81 
Stimulation: 10.43±2.78 
Post-stimulation: 8.86±1.82 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7867 

•F2,22 = 0.548, p = 0.5856, ƞ2
 partial

 = 0.0475 
†F1.573, 17.31 = 3.119, p = 0.0794, ƞ2

 partial
 = 0.2208 

‡F1,11 = 8.375, p = 0.0146, ƞ2
 partial

 = 0.4323 

6e YFP 
Baseline: 176.04±41.29 
Stimulation: 300.87±53.53 
Post-stimulation: 188.17±30.44 

ChR2 
Baseline: 115.18±21.90 
Stimulation: 116.05±37.61 
Post-stimulation: 128.67±49.45 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8788 

•F2,22 = 3.149, p = 0.0627, ƞ2
 partial

 = 0.2226 
†F1.758,19.33 = 2.683, p = 0.0991, ƞ2

 partial
 = 0.1961 

‡F1,11 = 4.791, p = 0.0511, ƞ2
 partial

 = 0.3034 

6f YFP 
Baseline: 2.42±0.54 
Stimulation: 4.34±0.69 
Post-stimulation: 4.45±0.98 

ChR2 
Baseline: 2.22±0.49 
Stimulation: 5.26±1.14 
Post-stimulation: 3.82±0.89 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7520 

•F2,20 = 0.472, p = 0.6308, ƞ2
 partial

 = 0.0450 
†F1.504,15.04 = 4.865, p = 0.0312, ƞ2

 partial
 = 0.3273 

‡F1,10 = 0.002, p = 0.9657, ƞ2
 partial

 = 0.0002 

Tukey’s post hoc: 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 
Stimulation: p = 0.0413 
    D1-VTA-YFP Baseline vs D1-VTA-YFP 
Stimulation: p = 0.0788 

6g YFP 
Baseline: 0.64±0.12 
Stimulation: 1.13±0.19 
Post-stimulation: 0.66±0.07 

ChR2 
Baseline: 1.01±0.21 
Stimulation: 1.30±0.28 
Post-stimulation: 0.70±0.10 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9197 

•F2,20 = 0.454, p = 0.6415, ƞ2
 partial

 = 0.0434 
†F1.839,18.39 = 5.590, p = 0.0143, ƞ2

 partial
 = 0.3586 

‡F1,10 = 1.459, p = 0.2549, ƞ2
 partial

 = 0.1273 

Tukey’s post hoc: 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 
Stimulation: p = 0.4762 
    D1-VTA-YFP Baseline vs D1-VTA-YFP 
Stimulation: p = 0.1670 
    D1-VTA-YFP Stimulation vs D1-VTA-YFP Post-
stimulation: p = 0.0384 
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Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

6h YFP 
Baseline: 12.33±3.05 
Stimulation: 20.33±3.00 
Post-stimulation: 14.00±3.79 

ChR2 
Baseline: 12.33±1.48 
Stimulation: 25.17±3.08 
Post-stimulation: 13.00±1.75 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8053 

•F2,20 = 0.659, p = 0.5282, ƞ2
 partial

 = 0.0618 
†F1.611,16.11 = 8.824, p = 0.0040, ƞ2

 partial
 = 0.4688 

‡F1,10 = 0.2747, p = 0.6116, ƞ2
 partial

 = 0.0267 

Tukey’s post hoc: 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 
Stimulation: p = 0.0157 
Tukey’s post hoc: 
    D1-VTA-ChR2 Stimulation vs D1-VTA-ChR2 
Post-stimulation: p = 0.0249 
    D1-VTA-YFP Stimulation vs D1-VTA-YFP Post-
stimulation: p = 0.2816 

6i YFP 
Baseline: 176.04±41.29 
Stimulation: 300.87±53.53 
Post-stimulation: 188.17±30.44 

ChR2 
Baseline: 246.11±52.70 
Stimulation: 326.85±67.16 
Post-stimulation: 201.59±33.57 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8366 

•F2,20 = 0.231, p = 0.7958, ƞ2
 partial

 = 0.0226 
†F1.673,16.73 = 4348, p = 0.0357, ƞ2

 partial
 = 0.3030 

‡F1,10 = 0.639, p = 0.4425, ƞ2
 partial

 = 0.1402 

    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 
Stimulation: p = 0.1572 
    D1-VTA-YFP Baseline vs D1-VTA-YFP 
Stimulation: p = 0.1553 

6j YFP 
Baseline: 2.58±0.61 
Stimulation: 2.78±0.57 
Post-stimulation: 3.33±0.71 

ChR2 
Baseline: 1.72±0.32 
Stimulation: 4.36±1.30 
Post-stimulation: 3.49±0.99 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8869 

•F2,30 = 2.377, p = 0.1101, ƞ2
 partial

 = 0.1368 
†F1.774,26.61 = 3.814, p = 0.0395, ƞ2

 partial
 = 0.2027 

‡F1,15 = 0.099, p = 0.7570, ƞ2
 partial

 = 0.0066 

    D1-VP-ChR2 Baseline vs D1-VP-ChR2 
Stimulation: p = 0.1224 

6k YFP 
Baseline: 0.85±0.18 
Stimulation: 0.86±0.14 
Post-stimulation: 0.61±0.15 

ChR2 
Baseline: 0.73±0.19 
Stimulation: 0.78±0.16 
Post-stimulation: 0.41±0.09 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7234 

•F2,30 = 0.092, p = 0.9127, ƞ2
 partial

 = 0.0061 
†F1.447,21.70 = 3.497, p = 0.0613, ƞ2

 partial
 = 0.1891 

‡F1,15 = 0.679, p = 0.4227, ƞ2
 partial

 = 0.0433 

6l YFP 
Baseline: 15.33±3.35 
Stimulation: 17.11±3.25 
Post-stimulation: 14.33±2.73 

ChR2 
Baseline: 10.50±2.35 
Stimulation: 11.25±2.64 
Post-stimulation: 10.50±1.99 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8608 

•F2,30 = 0.134, p = 0.8749, ƞ2
 partial

 = 0.0089 
†F1.722,25.82 = 0.432, p = 0.6244, ƞ2

 partial
 = 0.0280 

‡F1,15 = 2.174, p = 0.1610, ƞ2
 partial

 = 0.1266 

6m YFP 
Baseline: 218.28±46.36 
Stimulation: 230.21±40.38 
Post-stimulation: 175.99±38.45 

ChR2 
Baseline: 169.92±40.27 
Stimulation: 220.95±43.25 
Post-stimulation: 136.92±24.78 

Two-way 
ANOVA 

No 
 
Ɛ = 0.6635 

•F2,30 = 0.260, p = 0.7725, ƞ2
 partial

 = 0.0171 
†F1.327,19.91 = 2.989, p = 0.0900, ƞ2

 partial
 = 0.1661 

‡F1,15 = 0.489, p = 0.4951, ƞ2
 partial

 = 0.0316 
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Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

7b YFP 
Baseline: 922.58±155.61 
Stimulation: 940.31±139.76 
Post-stimulation: 
828.81±109.69 

ChR2 
Baseline: 755.971±95.59 
Stimulation: 318.89±70.64 
Post-stimulation: 
398.64±110.41 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9017 

•F2,28 = 2.804, p = 0.0776, ƞ2
 partial

 = 1.1669 
†F1.803,25.25 = 3.409, p = 0.0533, ƞ2

 partial
 = 0.1958 

‡F1,14 = 11.020, p = 0.0051, ƞ2
 partial

 = 0.4404 

Sidak’s post hoc: 
    D1-VP-YFP Stimulation vs D1-VP-ChR2 
Stimulation: p = 0.0074 
    D1-VP-YFP Post-stimulation vs D1-VP-ChR2 
Post-stimulation: p = 0.0450 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 
Stimulation: p = 0.0132 

7c YFP 
Baseline: 28.73±5.23 
Stimulation: 39.66±4.47 
Post-stimulation: 37.45±5.58 

ChR2 
Baseline: 34.80±8.80 
Stimulation: 12.46±3.83 
Post-stimulation: 17.69±5.16 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9255 

•F2,28 = 6.950, p = 0.0035, ƞ2
 partial

 = 0.3317 
†F1.851,25.91 = 0.797, p = 0.4526, ƞ2

 partial
 = 0.0539 

‡F1,14 = 5.087, p = 0.0406, ƞ2
 partial

 = 0.2665 

Sydak’s post hoc: 
    D1-VP-YFP Stimulation vs D1-VP-ChR2 
Stimulation: p = 0.0013 
Tukey’s post hoc: 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 
Stimulation: p = 0.0499 

7d YFP 
Baseline: 3.81±0.58 
Stimulation: 3.15±0.54 
Post-stimulation: 2.77±0.39 

ChR2 
Baseline: 3.23±0.35 
Stimulation: 1.33±0.31 
Post-stimulation: 1.29±0.36 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8177 

•F2,28 = 1.152, p = 0.3304, ƞ2
 partial

 = 0.0760 
†F1.635,22.90 = 7.414, p = 0.0051, ƞ2

 partial
 = 0.3461 

‡F1,14 = 12.090, p = 0.0037, ƞ2
 partial

 = 0.4634 

Sydak’s post hoc: 
    D1-VP-YFP Stimulation vs D1-VP-ChR2 
Stimulation: p = 0.0400 
    D1-VP-YFP Post-stimulation vs D1-VP-ChR2 
Post-stimulation: p = 0.0414 
Tukey’s post hoc: 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 
Stimulation: p = 0.0245 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 Post-
stimulation: p = 0.0223 

7e YFP 
Baseline: 11.25±1.37 
Stimulation: 7.50±1.00 
Post-stimulation: 6.25±0.82 

ChR2 
Baseline: 6.63±0.78 
Stimulation: 3.75±0.41 
Post-stimulation: 3.50±1.05 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7569 

•F2,28 = 0.475, p = 0.6266, ƞ2
 partial

 = 0.0328 
†F1.514,21.19 = 10.090, p = 0.0018, ƞ2

 partial
 = 0.4189 

‡F1,14 = 23.830, p = 0.0002, ƞ2
 partial

 = 0.6299 

Sidak’s post hoc: 
    D1-VP-YFP Baseline vs D1-VP-ChR2 Baseline: p 
= 0.0401 
    D1-VP-YFP Stimulation vs D1-VP-ChR2 
Stimulation: p = 0.0200 
Tukey’s post hoc: 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 
Stimulation: p = 0.0172 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 Post-
stimulation: p = 0.0266 

7f YFP 
Baseline: 922.58±155.61 
Stimulation: 940.31±139.76 
Post-stimulation: 
828.81±109.69 

ChR2 
Baseline: 916.96±76.45 
Stimulation: 575.63±116.98 
Post-stimulation: 698.59±64.38 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8203 

•F2,24 = 1.744, p = 0.1963, ƞ2
 partial

 = 0.1269 
†F1.641,19.69 = 1.769, p = 0.1994, ƞ2

 partial
 = 0.1285 

‡F1,12 = 1.517, p = 0.2417, ƞ2
 partial

 = 0.1122 
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Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

7g YFP 
Baseline: 28.73±5.23 
Stimulation: 39.66±4.47 
Post-stimulation: 37.45±5.58 

ChR2 
Baseline: 32.96±3.95 
Stimulation: 28.98±6.50 
Post-stimulation: 38.26±7.28 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9332 

•F2,24 = 1.325, p = 0.2845, ƞ2
 partial

 = 0.0994 
†F1.866,22.40 = 1.068, p = 0.3565, ƞ2

 partial
 = 0.0817 

‡F1,12 = 0.111, p = 0.7443, ƞ2
 partial

 = 0.0092 

7h YFP 
Baseline: 3.81±0.58 
Stimulation: 3.15±0.54 
Post-stimulation: 2.77±0.39 

ChR2 
Baseline: 3.92±0.38 
Stimulation: 1.89±0.31 
Post-stimulation: 2.21±0.24 

Two-way 
ANOVA 

No 
 
Ɛ = 0.6584 

•F2,24 = 1.485, p = 0.2466, ƞ2
 partial

 = 0.1101 
†F1.317,15.80 = 7.836, p = 0.0088, ƞ2

 partial
 = 0.3951 

‡F1,12 = 1.558, p = 0.2358, ƞ2
 partial

 = 0.1149 

Tukey’s post hoc: 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 
Stimulation: p = 0.0038 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 Post-
stimulation: p = 0.0123 

7i YFP 
Baseline: 11.25±1.37 
Stimulation: 7.50±1.00 
Post-stimulation: 6.25±0.82 

ChR2 
Baseline:12.33±1.28 
Stimulation: 5.50±0.99 
Post-stimulation: 6.67±1.17 

Two-way 
ANOVA 

No 
 
Ɛ = 0.6663 

•F2,24 = 1.164, p = 0.3291, ƞ2
 partial

 = 0.0884 
†F1.333,15.99 = 16.650, p = 0.0004, ƞ2

 partial
 = 0.5812 

‡F1,12 = 0.026, p = 0.8752, ƞ2
 partial

 = 0.0021 

Tukey’s post hoc: 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 
Stimulation: p = 0.0019 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 Post-
stimulation: p = 0.0021 

7j YFP 
Baseline: 987.62±168.30 
Stimulation: 650.43±76.56 
Post-stimulation: 539.39±77.03 

ChR2 
Baseline: 1095.36±111.84 
Stimulation: 713.32±109.18 
Post-stimulation: 683.52±69.86 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7211 

•F2,34 = 0.135, p = 0.8742, ƞ2
 partial

 =0.0079 
†F1.442,24.52 = 17.340, p < 0.0001, ƞ2

 partial
 = 0.5049 

‡F1,17 = 0.716, p = 0.4094, ƞ2
 partial

 = 0.0404 

Tukey’s post hoc: 
    D2-VP-ChR2 Baseline vs D2-VP-ChR2 
Stimulation: p = 0.0368 
    D2-VP-ChR2 Baseline vs D2-VP-ChR2 Post-
stimulation: p = 0.0249 
    D2-VP-YFP Baseline vs D2-VP-YFP Post-
stimulation: p = 0.0114 

7k YFP 
Baseline: 33.85±6.46 
Stimulation: 30.73±4.37 
Post-stimulation: 24.61±4.41 

ChR2 
Baseline: 39.72±5.46 
Stimulation: 33.31±4.01 
Post-stimulation: 32.73±3.80 

Two-way 
ANOVA 

No 
 
Ɛ = 0.6873 

•F2,34 = 0.234, p = 0.7924, ƞ2
 partial

 = 0.0136 
†F1.375,23.37 = 2.002, p = 0.1672, ƞ2

 partial
 = 0.1054 

‡F1,17 = 1.261, p = 0.2771, ƞ2
 partial

 = 0.0691 

7l YFP 
Baseline: 4.43±0.67 
Stimulation: 2.22±0.23 
Post-stimulation: 1.90±0.25 

ChR2 
Baseline: 4.72±0.56 
Stimulation: 2.41±0.39 
Post-stimulation: 2.32±0.21 

Two-way 
ANOVA 

No 
 
Ɛ = 0.6508 

•F2,34 = 0.056, p = 0.9452, ƞ2
 partial

 = 0.0033 
†F1.302,22.13 = 33.110, p < 0.0001, ƞ2

 partial
 = 0.6608 

‡F1,17 = 0.425, p = 0.5231, ƞ2
 partial

 = 0.0244 

Tukey’s post hoc: 
    D2-VP-ChR2 Baseline vs D2-VP-ChR2 
Stimulation: p = 0.0030 
    D2-VP-ChR2 Baseline vs D2-VP-ChR2 Post-
stimulation: p = 0.0032 
    D2-VP-YFP Baseline vs D2-VP-YFP Stimulation: 
p = 0.0198 
   D2-VP-YFP Baseline vs D2-VP-YFP Post-
stimulation: p = 0.0062 
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Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

7m YFP 
Baseline: 9.22±1.49 
Stimulation: 6.11±1.18 
Post-stimulation: 5.33±0.90 

ChR2 
Baseline: 10.70±1.18 
Stimulation: 7.70±0.79 
Post-stimulation: 7.50±1.01 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9500 

•F2,34 = 0.084, p = 0.9194, ƞ2
 partial

 = 0.0049 
†F1.900, 32.30 = 9.089, p = 0.0009, ƞ2

 partial
 = 0.3484 

‡F1,17 = 2.217, p = 0.1548, ƞ2
 partial

 = 0.1154 

Tukey’s post hoc: 
    D2-VP-YFP Baseline vs D2-VP-YFP Stimulation: 
p = 0.0423 
    D2-VP-YFP Baseline vs D2-VP-YFP Post-
stimulation: p = 0.0294 

8b YFP 
Stimulation: 22.50±3.25 
No Stimulation: 15.63±5.55 

ChR2 
Stimulation: 22.75±4.50 
No Stimulation: 19.13±4.41 

Two-way 
ANOVA 

Yes •F1,14 = 0.104, p = 0.7516, ƞ2
 partial

 = 0.0074 
†F1,14 = 1.088, p = 0.3146, ƞ2

 partial
 = 0.0721 

‡F1,14 = 0.232, p = 0.6378, ƞ2
 partial

 = 0.0163 

8c YFP 
Stimulation: 113.50±16.09 
No Stimulation: 78.38±23.55 

ChR2 
Stimulation: 125.63±32.32 
No Stimulation: 52.00±7.90 

Two-way 
ANOVA 

Yes •F1,14 = 0.811, p = 0.3828, ƞ2
 partial

 = 0.0548 
†F1,14 = 6.478, p = 0.0233, ƞ2

 partial
 = 0.3163 

‡F1,14 = 0.1008, p = 0.7556, ƞ2
 partial

 = 0.0071 

   D1-VP-ChR2 Stimulation vs D1-VP-ChR2 No 
Stimulation p = 0.0567 

8d YFP 
Stimulation: 182.50±27.82 
No Stimulation: 250.00±28.35 

ChR2 
Stimulation: 241.25±23.26 
No Stimulation: 240.00±22.15 

Mixed-
effects 

analysis 

Yes •F1,13 = 5.993, p = 0.0293, ƞ2
 partial

 = 0.3155 
†F1,13 = 5.524, p = 0.0352, ƞ2

 partial
 = 0.2982 

‡F1,14 = 0.542, p = 0.4738, ƞ2
 partial

 = 0.0373 

Sydak’s post hoc: 
    D1-VP-ChR2 Stimulation vs D1-VP-ChR2 No 
Stimulation p = 0.9972 
    D1-VP-YFP No Stimulation vs D1-VP-YFP 
Stimulation: p = 0.0079 

8e YFP 
Stimulation: 22.50±3.25 
No Stimulation: 15.63±5.55 

ChR2 
Stimulation: 20.43±1.53 
No Stimulation: 19.43±4.26 

Two-way 
ANOVA 

Yes •F1,13 = 0.449, p = 0.5144, ƞ2
 partial

 = 0.0333 
†F1,13 = 0.807, p = 0.3853, ƞ2

 partial
 = 0.0584 

‡F1,13 = 0.055, p = 0.8175, ƞ2
 partial

 = 0.0042 

8f YFP 
Stimulation: 113.50±16.09 
No Stimulation: 78.38±23.55 

ChR2 
Stimulation: 98.14±24.83 
No Stimulation: 60.43±6.82 

Two-way 
ANOVA 

Yes •F1,13 = 0.005, p = 0.9423, ƞ2
 partial

 = 0.0004 
†F1,13 = 4.302, p = 0.0585, ƞ2

 partial
 = 0.2486 

‡F1,13 = 0.619, p = 0.4455, ƞ2
 partial

 = 0.0455 

8g YFP 
Stimulation: 182.50±27.82 
No Stimulation: 250.00±28.35 

ChR2 
Stimulation: 220.00±41.98 
No Stimulation: 214.29±39.03 

Two-way 
ANOVA 

Yes •F1,13 = 9.058, p = 0.0101, ƞ2
 partial

 =0.4106 
†F1,13 = 6.451, p = 0.0247, ƞ2

 partial
 = 0.3317 

‡F1,13 = 0.0004, p = 0.9850, ƞ2
 partial

 = 0.00003 

Sydak’s post hoc: 
    D1-VTA-YFP No Stimulation vs D1-VTA-YFP 
Stimulation: p = 0.0027 

8h YFP 
Stimulation: 29.22±4.45 
No Stimulation: 23.11±4.70 

ChR2 
Stimulation: 37.10±5.45 
No Stimulation: 15.50±3.63 

Two-way 
ANOVA 

Yes •F1,17 = 3.747, p = 0.0697, ƞ2
 partial

 = 0.1806 
†F1,17 = 11.990, p = 0.0030, ƞ2

 partial
 = 0.4136 

‡F1,17 = 0.0007, p = 0.9797, ƞ2
 partial

 = 0.00004 

Sydak’s post hoc: 
    D2-VP-ChR2 No Stimulation vs D2-VP-ChR2 
Stimulation: p = 0.0022 

  



49 

 

Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

8i YFP 
Stimulation: 86.56±9.66 
No Stimulation: 87.44±10.67 

ChR2 
Stimulation: 140.20±6.19 
No Stimulation: 85.90±24.90 

Two-way 
ANOVA 

Yes •F1,17 = 2.965, p = 0.1032, ƞ2
 partial

 = 0.1485 
†F1,17 = 2.777, p = 0.1139, ƞ2

 partial
 = 0.1404 

‡F1,17 = 3.331, p = 0.0856, ƞ2
 partial

 = 0.1638 

Sydak’s post hoc: 
    D2-VP-ChR2 No Stimulation vs D2-VP-ChR2 
Stimulation: p = 0.0490 
    D2-VP-YFP No Stimulation vs D2-VP-ChR2 
Stimulation: p = 0.0345 

8j YFP 
Stimulation: 256.67±20.00 
No Stimulation: 222.22±15.26 

ChR2 
Stimulation: 304.00±34.90 
No Stimulation: 253.00±31.09 

Two-way 
ANOVA 

Yes •F1,17 = 0.261, p = 0.6163, ƞ2
 partial

 =0.0151 
†F1,17 = 6.940, p = 0.0174, ƞ2

 partial
 = 0.2899 

‡F1,17 = 1.229, p = 0.2830, ƞ2
 partial

 = 0.0674 

    D2-VP-ChR2 No Stimulation vs D2-VP-ChR2 
Stimulation: p = 0.0697 

9b YFP 
Baseline: 40.41±10.16 
Stimulation: 31.87±11.31 
Post-stimulation: 27.10±12.16 

ChR2 
Baseline: 42.68±8.33 
Stimulation: 72.68±4.90 
Post-stimulation: 87.37±2.60 

Two-way 
ANOVA 

No 
 
Ɛ = 0.6763 

•F2,26 = 12.50, p = 0.0002, ƞ2
 partial

 = 0.4902 
†F1.353,17.58 = 3.688, p = 0.0607, ƞ2

 partial
 = 0.2211 

‡F1,13 = 9.253, p = 0.0094, ƞ2
 partial

 = 0.4158 

Sydak’s post hoc: 
    D1-VP-YFP Stimulation vs D1-VP-ChR2 
Stimulation: p = 0.0252 
    D1-VP-YFP Post-stimulation vs D1-VP-ChR2 
Post-stimulation: p = 0.0044 
Tukey’s post hoc: 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 Post-
stimulation: p = 0.0058 

9c YFP 
Baseline: 3.08±0.79 
Stimulation: 37.14±22.19 
Post-stimulation: 40.42±18.85 

ChR2 
Baseline: 6.72±2.43 
Stimulation: 4.82±1.13 
Post-stimulation: 17.50±8.40 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7483 

•F2,26 = 0.970, p = 0.3923, ƞ2
 partial

 = 0.0695 
†F1.497,19.46 = 1.676, p = 0.2146, ƞ2

 partial
 = 0.1142 

‡F1,13 = 2.695, p = 0.1246, ƞ2
 partial

 = 0.1717 

9d YFP 
Baseline: 40.41±10.16 
Stimulation: 31.87±11.31 
Post-stimulation: 27.10±12.16 

ChR2 
Baseline: 24.81±5.96 
Stimulation: 37.81±10.35 
Post-stimulation: 31.71±14.94 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7053 

•F2,26 = 2.237, p = 0.1269, ƞ2
 partial

 = 0.1468 
†F1.411,18.34 = 0.459, p = 0.5725, ƞ2

 partial
 = 0.0341 

‡F1,13 = 0.014, p = 0.9087, ƞ2
 partial

 = 0.0011 

    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 
Stimulation p = 0.2378 
    D1-VTA-YFP Baseline vs D1-VTA-YFP Post-
stimulation p = 0.3862  

9e YFP 
Baseline: 3.08±0.79 
Stimulation: 37.14±22.19 
Post-stimulation: 40.42±18.85 

ChR2 
Baseline: 12.41±7.67 
Stimulation: 31.74±24.77 
Post-stimulation: 63.45±30.77 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9781 

•F2,26 = 0.290, p = 0.751, ƞ2
 partial

 = 0.0218 
†F1.956,25.43 = 2.837, p = 0.0768, ƞ2

 partial
 = 0.1791 

‡F1,13 = 0.247, p = 0.6278, ƞ2
 partial

 = 0.0186 
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Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

9f YFP 
Baseline: 49.58±5.89 
Stimulation: 53.83±10.65 
Post-stimulation: 63.89±11.84 

ChR2 
Baseline: 33.48±7.68 
Stimulation: 35.86±10.03 
Post-stimulation: 35.86±11.41 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7872 

•F2,34 = 1.483, p = 0.2413, ƞ2
 partial

 = 0.0802 
†F1.574,26.77 = 0.205, p = 0.7635, ƞ2

 partial
 = 0.0119 

‡F1,17 = 4.132, p = 0.0580, ƞ2
 partial

 = 0.1955 

9g YFP 
Baseline: 21.11±10.01 
Stimulation: 46.55±25.31 
Post-stimulation: 12.19±4.26 

ChR2 
Baseline: 6.77±4.85 
Stimulation: 22.73±17.53 
Post-stimulation: 64.88±25.86 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9730 

•F2,34 = 3.945, p = 0.0288, ƞ2
 partial

 = 0.1884 
†F1.946,33.08 = 1.586, p = 0.2203, ƞ2

 partial
 = 0.0853 

‡F1,17 = 0.077, p = 0.7847, ƞ2
 partial

 = 0.0045 

Tukey’s post hoc: 
    D2-VP-ChR2 Baseline vs D2-VP-ChR2 Post-
stimulation: p = 0.0200 
 

10b YFP 
Baseline: 64.01±4.36 
Stimulation: 65.25±2.97 
Post-stimulation: 68.65±5.06 

ChR2 
Baseline: 66.09±4.30 
Stimulation: 72.60±3.14 
Post-stimulation: 72.84±4.63 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9514 

•F2,26 = 0.389, p = 0.6815, ƞ2
 partial

 = 0.0291 
†F1.903,24.74 = 1.867, p = 0.1771, ƞ2

 partial
 = 0.1256 

‡F1,13 = 0.905, p = 0.3588, ƞ2
 partial

 = 0.0651 

10c YFP 
Baseline: 8.69±4.60 
Stimulation: 5.14±1.52 
Post-stimulation: 12.40±3.73 

ChR2 
Baseline: 2.94±1.17 
Stimulation: 6.79±3.10 
Post-stimulation: 25.22±6.80 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8490 

•F2,26 = 2.796, p = 0.0795, ƞ2
 partial

 = 1.1770 
†F1.698,22.07 = 7.121, p = 0.0057, ƞ2

 partial
 = 0.3540 

‡F1,13 = 0.8397, p = 0.3762, ƞ2
 partial

 = 0.0607 

Tukey’s post hoc: 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 Post-
stimulation: p = 0.0364 
    D1-VP-ChR2 Baseline vs D1-VP-ChR2 
Stimulation: p = 0.5872 

10d YFP 
Baseline: 64.01±4.36 
Stimulation: 65.25±2.97 
Post-stimulation: 68.65±5.06 

ChR2 
Baseline: 63.41±3.60 
Stimulation: 73.69±3.68 
Post-stimulation: 79.98±3.92 

Two-way 
ANOVA 

No 
 
Ɛ = 0.8053 

•F2,26 = 1.687, p = 0.2047, ƞ2
 partial

 = 0.1149 
†F1.611,20.94 = 4.907, p = 0.0235, ƞ2

 partial
 = 0.2741 

‡F1,13 = 2.360, p = 0.1485, ƞ2
 partial

 = 0.1536 

Tukey’s post hoc: 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 
Stimulation: p = 0.3020 
    D1-VTA-ChR2 Baseline vs D1-VTA-ChR2 Post-
stimulation: p = 0.0250 

10e YFP 
Baseline: 8.69±4.60 
Stimulation: 5.14±1.52 
Post-stimulation: 12.40±3.73 

ChR2 
Baseline: 4.02±2.22 
Stimulation: 16.46±7.58 
Post-stimulation: 34.48±12.67 

Two-way 
ANOVA 

 
 

No 
 
Ɛ = 0.7161 

•F2,26 = 2.116, p = 0.1408, ƞ2
 partial

 = 0.1400 
†F1.432,18.62 = 3.672, p = 0.0580, ƞ2

 partial
 = 0.2202 

‡F1,13 = 4.253, p = 0.0598, ƞ2
 partial

 = 0.2465 
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Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

10f YFP 
Baseline: 64.01±3.68 
Stimulation: 77.66±2.24 
Post-stimulation: 75.14±3.50 

ChR2 
Baseline: 62.07±4.59 
Stimulation: 67.31±3.81 
Post-stimulation: 69.90±5.45 

Two-way 
ANOVA 

No 
 
Ɛ = 0.9719 

•F2,32 = 0.474, p = 0.6268, ƞ2
 partial

 = 0.0288 
†F1.944,31.10 = 3.150, p = 0.0581, ƞ2

 partial
 = 0.1645 

‡F2,16 = 3.301, p = 0.0880, ƞ2
 partial

 = 0.1710 

10g YFP 
Baseline: 4.67±2.30 
Stimulation: 10.15±2.78 
Post-stimulation: 16.49±5.64 

ChR2 
Baseline: 8.98±3.20 
Stimulation: 9.09±1.85 
Post-stimulation: 16.75±5.96 

Two-way 
ANOVA 

No 
 
Ɛ = 0.7513 

•F2,32 = 0.310, p = 0.7359, ƞ2
 partial

 = 0.0190 
†F1.503,24.04 = 4.025, p = 0.0413, ƞ2

 partial
 = 0.2011 

‡F1,16 = 0.087, p = 0.7712, ƞ2
 partial

 = 0.0054 

Tukey’s post hoc: 
    D2-VP-YFP Baseline vs D2-VP-YFP Post-
stimulation: p = 0.0476 

11b YFP 
Stimulation: 98.41±1.59 
No Stimulation: 98.70±1.30 

ChR2 
Stimulation: 99.47±0.53 
No Stimulation: 99.38±0.62 

Two-way 
ANOVA 

Yes •F1,12 = 0.026, p = 0.8756, ƞ2
 partial

 = 0.0021 
†F1,12 = 0.007, p = 0.9356, ƞ2

 partial
 = 0.0006 

‡F1,12 = 0.739, p = 0.4067, ƞ2
 partial

 = 0.0580 

11c YFP 
Stimulation: 98.41±1.59 
No Stimulation: 98.70±1.30 

ChR2 
Stimulation: 99.21±0.79 
No Stimulation: 98.72±1.28 

Two-way 
ANOVA 

Yes •F1,11 = 0.075, p = 0.7892, ƞ2
 partial

 = 0.0068 
†F1,11 = 0.005, p = 0.9451, ƞ2

 partial
 = 0.0005 

‡F1,11 = 0.115, p = 0.7415, ƞ2
 partial

 = 0.0103 

11d YFP 
Stimulation: 90.82±3.08 
No Stimulation: 98.81±0.80 

ChR2 
Stimulation: 90.28±2.24 
No Stimulation: 100.00±0.00 

Two-way 
ANOVA 

Yes •F1,15 = 0.207, p = 0.6555, ƞ2
partial

 = 0.0136 
†F1,15 = 21.66, p = 0.0003, ƞ2

 partial
 = 0.5908 

‡F1,15 = 0.029, p = 0.8667, ƞ2
 partial

 = 0.0019 

Sidak’s post hoc: 
    D2-VP-ChR2 No Stimulation vs D2-VP-ChR2 
Stimulation: p = 0.0041 
    D2-VP-YFP No Stimulation vs D2-VP-YFP 
Stimulation: p = 0.0225 

12e’ pMSN 
Baseline: 2.67±0.33 
Stimulation:1.47±0.49 
Post-stimulation:1.61±0.52 

pCIN 
Baseline: 7.38±0.73 
Stimulation:3.89±0.53 
Post-stimulation:6.74±0.99 

One-way 
ANOVA 

No 
 

pMSN 
Ɛ = 0.6018 

 
pCIN 

Ɛ = 0.5161 

pMSN: 
†F1.204,9.629 = 5.140, p = 0.0430, ƞ2

 partial
 = 0.3912 

 
pCIN: 
†F1.032,4.129 = 6.569, p = 0.0602, ƞ2

 partial
 = 0.6215 

12g’ pMSN 
Baseline: 2.81±0.74 
Stimulation: 1.95±0.57 
Post-stimulation: 3.39±1.24 

pCIN 
Baseline: 7.055±0.00 
Stimulation:5.56±0.00 
Post-stimulation:9.14±0.00 

One-way 
ANOVA 

No 
 

pMSN 
Ɛ = 0.5058 

pMSN: 
 †F1.012,4.047 = 1.484, p = 0.2902, ƞ2

 partial
 = 0.2707 
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Table 1. (continuation) 
Figure Mean ± SEM Type of 

Test 
Assume 

Sphericity? 
Statistics 

13e pGABAergic 
Baseline: 7.34±0.68 
Stimulation: 5.47±0.77 
Post-stimulation: 5.84±0.71 

Friedman 
Test 

− χ2 = 10.43, p = 0.0054 

Dunn’s post hoc: 
    Baseline vs Stimulation: p = 0.0265 
    Baseline vs Post-stimulation: p = 0.0097 

13g pGABAergic 
Baseline: 7.94±0.64 
Stimulation: 5.54±0.70 
Post-stimulation: 7.62±1.01 

Friedman 
Test 

− χ2 = 17.52, p = 0.0002 

Dunn’s post hoc: 
    Baseline vs Stimulation: p < 0.0001 
    Baseline vs Post-stimulation: p = 0.0495 

14e’ pDAergic 
Baseline: 5.22±0.49 
Stimulation: 4.22±0.51 
Post-stimulation: 5.07±0.55 

pGABAergic 
Baseline: 16.96±1.51 
Stimulation: 12.72±1.68 
Post-stimulation: 15.63±2.05 

One-way 
ANOVA 

No 
 

pDAergic 
Ɛ = 0.9812 

 
pGABAergic 
Ɛ = 0.8220 

pDAergic: 
†F1.962,47.10 = 1.945, p = 0.1550, ƞ2

 partial
 = 0.0749 

 
pGABAergic: 
†F1.644,27.95 = 7.835, p = 0.0033, ƞ2

 partial
 = 0.3155 

Tukey’s post hoc: 
    Baseline vs Stimulation: p = 0.0040 
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5. Discussion 

In the last years, the development of sophisticated techniques to manipulate neuronal activity in a 

specific manner allowed researchers to better understand the neurobiological basis of behavior. 

Optogenetic approaches have been adopted as a core technique in neuroscience, because it allows 

bidirectional manipulation of specific neuronal circuits with anatomical, genetic and temporal precision169. 

Because of these advantages, this technique has been used to study the neural basis of psychiatric 

disorders such as depression and anxiety170,171. 

Increased vigilance, freezing, hypoactivity and suppressed food consumption (among others) are 

behavioral responses produced by anxiety. In rodents, anxiety-like behaviors are characterized as those 

elicited by aversive stimuli131. Thus, avoidance is a core feature of anxiety132,133. On the other hand, 

anhedonia, assessed as lack of pleasure, the loss of appetite and motivation towards everyday positive 

rewards, is a common symptom of depressive-like behavior, evidencing the involvement of the reward 

circuit in this mood disorder3,5,114–117. 

In order to unravel the relation between the function of the reward circuit and the emergence of mood 

disorders like depression and anxiety, optogenetic studies have been mainly performed in stress models, 

such as the chronic mild stress and the chronic social defeat stress76,114,117,124–127,172,173; however, the results 

are not clear, evidencing the complexity of the neuronal circuits involved. 

 

The role of NAc MSNs in behavior 

Canonically, D1- and D2-MSNs have been demonstrated to have distinct roles in reward, being D1-

MSNs responsible for positive rewarding events, and D2-MSNs responsible for the mediation of aversion97. 

Nonetheless, over the past years, studies have shown that this proposed opposing role is not so clear. 

Researchers showed that stimulation of D1-MSNs enhanced cocaine conditioning, whereas a decrease in 

cocaine effects was caused by D2-MSNs optogenetic stimulation100, suggesting that D1-MSNs were pro-

reward and D2-MSNs had an “aversive” role. However, stimulation of D2-MSNs per se did not lead to any 

preference or aversion whatsoever100. Nonetheless, recent studies from our team have shown that D1- 

and D2-MSNs can drive both reward and aversion, depending on their stimulation pattern74,99,103. A brief 

optogenetic stimulation of either MSN subtype induced positive reinforcement, while prolonged 

optogenetic stimulation of the same neuronal subpopulation induced aversion74. Also, others have shown 

that accumbal D1- and D2-MSN optical activation supports self-stimulation (positive reinforcement)105. 
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In the present work, we went beyond the study of D1- and D2-MSNs in reward and took advantage of 

optogenetic strategies to attempt to dissect the role of these NAc MSN subtypes in anxiety- and depressive-

like behaviors. We used animals injected with an AAV5 virus carrying a cre-dependent expression of ChR2, 

which allowed selective optogenetic stimulation of D1- or D2-MSNs that specifically project to VP or VTA. 

Optical manipulation of MSN terminals in VP or VTA was performed during the execution of a battery of 

validated behavioral tests to assess anxiety- and depressive-like behaviors.  

Using this approach, we showed that both D1- and D2-MSNs are distinctly involved in anxiety- and 

depressive-like behaviors. 

 

Role of NAc MSNs in anxious-like behavior 

To assess anxiety-like behavior, we performed the EPM, OF, light/dark box and NSF tests. EPM, OF 

and light/dark box tests take advantage of natural preferences for dark spaces and aversions to 

illuminated, open, and elevated areas, traits that rodents naturally present. Thus, an anxious-like 

phenotype is considered when rodents present higher latencies to enter and/or lower amounts of time 

spent in a more exposed and illuminated area131,174,175. The NSF test measures anxiety levels by the amount 

of time that an animal takes to enter the center of the arena (anxiogenic environment) and starts food 

consumption. Animals with a longer latency to eat are described as anxious176.  

Our present data shows an anxious-like phenotype caused by stimulation of D1-MSN terminals in the 

VP and VTA, and by stimulation of D2-MSN terminals in the VP, although this phenotype is not observed 

in all behavioral tests. 

Optogenetic stimulation of D1-MSN terminals in VP provoked an anxiety-like behavior measured by 

the light/dark box. This optogenetic manipulation led to a decrease in distance traveled, time spent, time 

in ambulation and number of entries in the light zone of the light/dark box (Figure 7b, c, d and e). 

Importantly, stimulation did not lead to behavioral changes in control animals. The NSF test showed a 

tendency to a higher latency to begin a feeding episode during stimulation session; however, control 

animals also presented similar results, so these changes were not a direct response to stimulation (Figure 

8c). To note, stimulation of these terminals revealed a statistically significant difference in the time spent 

in the center portion of the OF arena when compared with the control group (Figure 6b); however, D1-

VP-YFP animals slightly increased the time spent in the center of the arena between the third and the 

sixth minutes of the test that stabilized in the last 3-minute epoch. Thus, the stimulation was not the only 

factor that led to this decrease in time spent in the center arena. 
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Similarly, an anxious-like phenotype was observed in D1-VTA-ChR2 animals in the light/dark box test 

during stimulation. Specifically, time in ambulation and the number of entries were reduced with 

stimulation (Figure 7h and i). Since the distance traveled had a tendency to decrease (Figure 7f) and time 

spent in the light zone was not altered (Figure 7g), it is possible to conclude that these animals spent 

more time immobile in the anxious arena hinting to a freezing phenotype, characteristic of anxiety-like 

behavior. The NSF test also showed a tendency to a higher latency to begin a feeding episode during the 

stimulation session; however, control animals also presented similar results, so it remains unclear if these 

changes were due to stimulation itself (Figure 8f). Surprisingly, stimulation of D1-MSN terminals in the 

VTA led to a significant increase in time spent in the center of the OF arena (Figure 6f) and number of 

entries in such arena (Figure 6h). However, neither time in ambulation (Figure 6g) nor distance traveled 

(Figure 6i) in this anxious arena were affected. So, during stimulation, animals spent more time in 

transitions between center and periphery. This result can be interpreted as an anxious phenotype once 

the increased time in the center of the arena was not spent in movement, thus being a result of constant 

entries in the zone.  

D2-VP-ChR2 group was the one showing anxiety-like behavior in all tests performed, except in the OF 

test. In EPM, the time spent and the number of entries in open arms decreased significantly with 

stimulation, and interestingly remained at lower levels after stimulation (Figure 5f and g). The absence of 

returning to basal levels after stimulation was not expected and could indicate a delayed/carry-over effect 

of the stimulation in VP activity, contributing for the anxious phenotype even after termination of 

stimulation. Results of light/dark box test demonstrated an anxious-like phenotype provoked by 

stimulation of such neurons, since both distance and time in ambulation in light zone decreased (Figure 

7j and l). Importantly, the locomotor activity was not affected (Figure 6j, k, l and m), so these results are 

not a reflex of possible motor dysfunction. It is important to highlight that over time both groups tended 

to decrease the distance, time spent, time in ambulation and number of entries in the light zone, so this 

may not be necessarily a consequence of stimulation (Figure 7j, k, l and m). A possible explanation could 

be the familiarity with the apparatus once our protocol is more extensive than the standard one (test 

duration of 10 minutes versus 15 minutes), resulting in a decrease in exploratory behavior. Finally, the 

anxious-like phenotype was also evident in the NSF test, where the stimulation session led to a higher 

latency to reach the pellet in the center of the arena and to begin a feeding episode (Figure 8h and i). 

This is a measure of anxious-like phenotype because food consumption, measured immediately after the 

test, was not affected, meaning lack of anhedonia symptoms (Figure 8j). 
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It is of relevance to relate these results with previous ones from our team showing that both MSN 

subtypes can induce reward and aversion, depending on the stimulation protocol74. In the present work, 

we used a prolonged stimulation protocol, which previously was reported to induce aversion, which is 

highly related to anxiety. If the stimulation protocol used in the present study did in fact cause an increase 

in aversive behavior, it might have significantly accounted for the decreased mobility of the animals and 

overall aversion for anxiolytic spaces. Although we did not perform any behavioral test to directly measure 

fear/avoidance, by analyzing the video camera recordings of the anxiety-like behavioral tasks, no freezing 

was observed in any of the tasks and locomotor activity was not altered by optogenetic stimulation. One 

way to control for this would be to evaluate freezing behavior of animals, and to measure innate responses 

to aversive stimuli such as heart and respiratory rate177. 

 

Role of NAc MSNs in depressive-like behavior 

Optogenetic activation of both NAc MSN subtypes in animals exposed to social stress has shown an 

opposing role in depressive-like behaviors124,125. Indeed, optogenetic stimulation of D1-MSNs ameliorates 

depressive-like phenotypes while stimulation of D2-MSNs increases depressive-like phenotypes124,125. 

Besides, D1-MSN activity was found as a predictive marker of depression susceptibility, since naïve 

animals performing a social interaction task presented increased D1-MSN activity126. 

To assess depressive-like behavior, we performed the FST, TST and lastly the SDT to measure 

anhedonia, an important feature of this disorder. The FST and TST are based on the measurement of the 

duration of immobility when rodents are exposed to an inescapable situation178. When rodents are forced 

to swim or climb in a tight space where there is no escape, they adopt an immobile posture. This 

characteristic indicates that animals learned that it is impossible to escape and so preserve energy as if 

they have hope of escaping from this stressful situation. Subsequently, it was found that immobility is 

reduced by a wide range of clinically active antidepressants178. So, the longer the immobility time, the 

greater the depressive-like behavior. 

Here, we showed that optogenetic activation of D1-MSN terminals in the VP led to a depressive-like 

phenotype measured by the FST. Throughout the session, the time that D1-VP-ChR2 animals spent 

immobile increased. Nevertheless, not all animals behaved the same way since these values are very 

dispersed. Even so, statistical differences were observed during stimulation, when compared the 

stimulated group with the control group. Interestingly, this difference persisted after cessation of 

stimulation (Figure 9b). 
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Stimulation of D1-MSN terminals in the VTA did not show statistical differences neither in the FST nor 

in the TST (Figure 9d and e; Figure 10d and e). However, there was a tendency to increase the time spent 

immobile during the protocol of TST, being statistical different between baseline and post-stimulation 

periods (Figure 10d).  

Stimulation of D2-MSN terminals in the VP did not provoke a depressive-like phenotype neither in the 

FST nor in the TST (Figure 9f and g; Figure 10f and g). 

There are some differences in the experimental design that we used that need to be discussed. 

Typically, the FST and TST have a duration of 6 minutes, although just the last 4 minutes are analyzed in 

the FST since the immobility is more prominent in this period178. It is important to highlight that our 

protocols were more extensive than the original ones, and in the case of FST, we evaluated the time since 

the beginning, not just the last minutes. So, the lower values of time spent immobile during baseline may 

be because of this evaluation methodology. Furthermore, the fact that animals had a ferrule implanted in 

the skull, fixed with dental cement could also be a reason for the dispersion of the time spent immobile 

within each group. Some animals could have a higher amount of dental cement, resulting in a greater 

weight in their head, which conveyed in greater difficulty in staying immobile. Interestingly, TST did not 

show lower values for immobility time in the baseline. Furthermore, individual values were not so 

dispersed in the TST as in the FST, reinforcing the theory that the cement weight could influence the 

performance of each animal in the FST. One interesting approach that we could adopt would be the type 

of analyses performed in TST and FST. Specifically in the FST, time spent struggling should be 

discriminated into swimming and climbing activities. At least one study demonstrated that optogenetic 

manipulations can alter the swimming and climbing time, but not alter the immobility time179. 

Tye and colleagues showed that photoinhibition of VTA DA neurons during TST decrease the time that 

mice spent struggling114. Although we did not directly modulate VTA DA neurons, we excited D1-MSNs that 

project to VP GABAergic and VTA GABAergic neurons that, in turn, target VTA DA neurons34,63–70. Since MSN 

stimulation leads to a decrease in neuronal activity of these GABAergic neurons, it is expected that DAergic 

activity in the VTA would increase. Our TST results did not show differences caused by stimulation, 

however, D1-VP-ChR2 and D1-VTA-ChR2 groups showed a tendency to increase the time that mice spent 

immobile, a feature of depressive-like behavior. Thus, our present results may be in line with the previous 

ones reported. 

Since anhedonia is one of the most important symptoms of depression, we performed the SDT to 

measure this symptom. Our strategy to evaluate the alterations caused by stimulation of both MSN 

subtypes in the VP or VTA was to associate the stimulation to the familiar pellet. In that way, we intended 
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to increase the value of a reward that by itself presents a lower value than the sugar pellet. Stimulation 

of D2-MSN terminals in the VP was the only one that resulted in a decrease for sugar preference, which 

is translated into an anhedonic phenotype, however, the control group also presented such decrease in 

preference for sugar (Figure 11d). So, this anhedonic phenotype was not a result of the stimulation itself 

and may be related to changes in the environment of the behavioral apparatus that were not detected by 

the experimenter. Another way to assess anhedonia would be the sucrose preference test (SPT). Tye and 

co-workers implemented this behavioral procedure combined with optogenetics, showing differences in 

preference for sucrose caused by photoinhibition of VTA DA neurons114. However, this protocol had a 

duration of 90 minutes, divided in three alternating 30-minute epochs (OFF-ON-OFF), which may be a 

stimulation protocol too extensive.  

 

In general, the control groups did not show differences across time, which was expected since the 

virus injected in these animals did not contain any opsin. 

Notably, some issues were identified after all behavioral task assessments, namely the lack of 

sensitivity to perform tests divided in two sessions in a counterbalanced manner (specifically in the NSF 

and SDT). That way, external factors that could influence our results would be eliminated (e.g., different 

conditions in the vivarium, namely more noise, which could lead to higher levels of stress experienced by 

the mice). 

Since some behavioral results are not completely clear, being more complicated to conclude about 

the influence of the optogenetic stimulation in anxiety- and depressive-like behavior, one possible 

alternative would be to use a different optogenetic experimental design. Although we used an experimental 

design previously validated114,139,161, other studies used different optogenetic timelines, such as a higher 

number of alternating epochs139,180, or three alternating epochs with a higher duration180 (for example 5-

minute epochs instead of 3-minute epochs). Switching the epoch presentation (ON-OFF-ON instead of 

OFF-ON-OFF that we used) could also help to understand the influence of optogenetic stimulation in the 

behavioral phenotype and exclude some biased results. 

 

Neuronal correlates of optical stimulation 

We also performed electrophysiological recordings in order to understand the impact of MSN terminal 

stimulation in downstream regions. Our data showed a general decrease in the activity of VP and VTA 

neurons with stimulation of both D1- and D2-MSN terminals (Figure 13 and Figure 14), which is consistent 

with the release of GABA by these neurons.  
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With the D1-MSN stimulation protocol we used, it appears that we directly inhibit VTA GABAergic 

neurons (Figure 14e’ and e’’), being the DAergic neurons activated later. Important to refer, a study using 

optogenetic stimulation of D1-MSN terminals in the VTA during ex vivo whole-cell recordings showed that 

D1-MSNs target non-dopaminergic neurons of the VTA181. Moreover, Kupchik and colleagues showed a 

preferential innervation of VTA GABAergic neurons by D1-MSNs from the NAc core region64. However, 

Yang and co-workers showed that different NAc shell subregions can preferentially innervate either VTA 

GABAergic or DAergic neurons34. Since we observed a decrease in the activity of VTA pGABAergic neurons, 

it is possible that we stimulated D1-MSN terminals from both NAc core and shell subregions, leading to 

both increase and decrease in activity of the same neuronal population. 

Optogenetic stimulation of both MSN subtype terminals in the VP led to a decrease in pGABAergic 

neuronal activity (Figure 13e, e’, g and g’), which is an expected result since GABA is an inhibitory 

neurotransmitter that causes a delayed action potential of the target neurons. 

Not so expected were the results obtained in the NAc: stimulation of both MSN subtypes in the NAc 

led to a tendency to decrease the neuronal activity of MSNs and CINs (Figure 12e’, e’’, g’ and g’’). Since 

channelrhodopsin led to a depolarization of the target neurons, it was expected to see an increase in 

neuronal activity of MSNs. Nonetheless, our electrophysiological approach does not allow us to specifically 

determine if the recorded neurons expressed ChR2 or not, so it is possible that the neurons recorded 

were not those that were stimulated. Thus, the decreased activity observed in these neurons could be 

due to lateral inhibition caused by stimulation of neighboring MSNs185. CINs receive inhibitory inputs from 

MSNs93, which could be observed in our electrophysiological data. It is important refer that the number of 

neurons recorded in the NAc is low, being the percentage of MSNs recorded below of the known 95% of 

NAc population, so these results might be biased towards a non-representative population. 

Previous studies have shown alterations in morphology of NAc MSNs in animals exposed to chronic 

stress. In fact, anhedonia induced by CMS was associated with dendritic hypertrophy and increased spine 

density of MSNs186. Furthermore, animals exposed to CSDS presented NAcs MSN spines with lower 

synaptic responses187 and reduced levels of neuroligin 2 – an inhibitory synapse-specific protein – 

specifically in D1-MSNs188.  

Our electrophysiological data reveal some flaws that harden the interpretation of the results. In order 

to reduce the number of animals used, each mouse was submitted to a maximum of 5 recordings of 10 

minutes each (2 recordings in the VP and VTA, in 2 different AP coordinates, and 1 recording in the NAc, 

being this performed always last), which could lead to a carry-over effect caused by consecutive 

stimulations. This stimulation overload might alter the basal activity of the cells, so the firing patterns 
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observed may not correspond specifically to modulation by optogenetic stimulation. The best solution 

would be to increase the number of animals used in order to perform only one recording per animal. 

However, it is important to bear in mind that this option would require a very high number of animals, 

which could be considered unethical. 

 

Until now, several studies have shown impairments in the VTA activity in anxiety- and depressive-

related disorders. For example, it has been reported a decrease in the VTA DAergic activity in animals 

exhibiting anxiety-like behaviors68,114. Besides that, a recent study showed that photoactivation of VTA 

GABAergic neurons induce anxiety-like behaviors in mice158. These could indicate that the reduction of the 

VTA DAergic activity may be mediated by VTA GABAergic lateral disinhibition34,65. Less concordant are the 

depressive-like studies showing that phasic activation of VTA DAergic neurons could increase the 

depressive-like phenotype in animals exposed to social defeat stress117, or decrease this phenotype in 

animals exposed to chronic mild stress114. Previously, it was shown that chronic social defeat stress causes 

an increase in the firing rate of VTA DAergic neurons116,127,172,173 and no change in the firing rate of VTA non-

dopaminergic neurons, being these alterations specific for chronic social defeat116. Furthermore, D1-MSNs 

were found as predictors of depression, once their activity increased during a social interaction task 

performed in mice before exposure to a stress protocol126. Also, it is known that active avoidance leads to 

an increased activity of the NAc that is related to an increase in anxiety133. A recent study showed that 

optical stimulation of glutamatergic projections from the hippocampus to the NAc increase depressive-

like behavior189. Furthermore, anhedonia and active coping were found to be associated with increased 

synaptic strength of ventral hippocampus excitatory synapses onto D1-MSNs in the NAc medial shell 

(NAcmSh)190. Thus, optogenetic activation of NAc should also increase depressive-like behavior. Our 

results showed an increase of the anxiety-like behavior caused by stimulation of D1-MSN terminals in the 

VTA, and a decrease in the firing rate of VTA pGABAergic neurons. These results can be explained by the 

preference of D1-MSNs to target GABAergic neurons of the VTA181. Since MSNs are GABAergic neurons, 

excitation of their terminals provokes inhibition of VTA GABAergic neurons. Regarding DAergic activity in 

this brain region, it would be expected an increase in their firing rate, since VTA DAergic neurons receive 

GABAergic projections from VP and VTA. Once we stimulated D1-MSN terminals that project to VTA 

GABAergic neurons, and we observed a decrease in the firing rate of these cells, DAergic neurons should 

increase their firing rate, as seen in a recent study from our team74. However, such observation was not 

replicated in the present study.  Important to refer, the stimulation protocol used was not the same: in 

the present study we stimulated MSN terminals for 3 minutes, while in the study referred the stimulation 
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was performed in the MSN somas for 60 seconds. The hyperactivity of VTA DAergic neurons has been 

shown as a hallmark for depressive-like behavior114,117,127,172, that might be caused by the decrease of VTA 

GABAergic neuronal activity, that was observed in our electrophysiological data. Thus, our 

electrophysiological data in VTA neurons may reflect a depressive-like phenotype caused by stimulation.  

Furthermore, stimulation of both D1- and D2-MSN terminals in the VP or VTA caused an anxious-like 

phenotype that is in accordance with a study showing increased activity of the NAc in anxiety133, since 

optogenetic activation of MSNs is translated into increased neuronal activity.  

Regarding the involvement of the VP in anxiety and depression, as far as we know, no studies have 

been performed to dissect the role of MSN projections from NAc to this brain region, highlighting the 

importance of performing additional studies in order to understand the relevance of these projections for 

depressive-like behaviors.  

 

Our results highlight the distinct roles of D1- and D2-MSNs in mental disorders, being urgent a detailed 

anatomical and electrophysiological characterization of NAc-to-VP and NAc-to-VTA neurons in this context. 

The major results obtained from this work are summarized in Table 2. 

 

 

Table 2. Summary of the results obtained by assessment of anxiety- and depressive-like behaviors and in vivo 
electrophysiological recordings with stimulation of D1- and D2-MSN terminals in the VP, and stimulation of D1-MSN terminals 
in the VTA. 
= - no changes observed; ↑ - anxious- or depressive-like phenotype observed; ↓ - decrease in the neuronal activity observed 
 

 Behavioral Test D1-VP-ChR2 D1-VTA-ChR2 D2-VP-ChR2 

An
xi

et
y-

lik
e 

be
ha

vi
or

 

EPM = = ↑ 

Light/Dark Box ↑ ↑ = 

NSF = = ↑ 

D
ep

re
ss

iv
e-

lik
e 

be
ha

vi
or

 

FST ↑ = = 

TST = = = 

SDT = = = 

  pGABAergic pDAergic pGABAergic pGABAergic 

 Neuronal Activity ↓ = ↓ ↓ 
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6. Conclusion 

Increasing evidence has shown the involvement of brain regions of the reward circuit, namely the 

NAc, VP and VTA, in mood disorders like anxiety and depression. Herein, we showed that optical 

stimulation of D1- and D2-MSNs provokes different phenotypes in mice exposed to behavioral tasks used 

to assess anxiety- and depressive-like behaviors. In fact, optical stimulation of D1-MSNs-to-VP and D1-

MSNs-to-VTA caused an anxious-phenotype, measured by light/dark box, and a depressive-phenotype, 

measured by FST and TST, respectively.  

Optical stimulation of D2-MSNs-to-VP neurons induced an anxious-phenotype, measured by EPM, 

light/dark box and NSF; however, it has no impact on depressive-like behavior, although the hedonic 

component, measured by SDT, was altered. Neuronal activity in NAc, VP and VTA generally decreased 

during stimulation, being more prominent for GABAergic VP neurons receiving inputs from D2-MSNs.  

Altogether, our results suggest distinct, but in some cases partially overlapping, roles for D1- and D2-

MSNs in anxiety- and depressive-like behaviors.  
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7. Future Perspectives 

Further studies are needed to deepen the knowledge about the role of the direct and indirect pathways 

of the reward system in anxiety and depression disorders. It is crucial to repeat all the experimental design 

to confirm this data. Since these are preliminary results, further studies are necessary to better 

understand the differences between these pathways in anxious and depressive phenotypes. Furthermore, 

I believe it would be very interesting to replicate these studies using a group of animals in which we 

optically inhibit either MSN subtype using halorhodopsin (eNpHR). Also, a freely-moving 

electrophysiological setup combined with an optogenetic approach will be interesting to deepen the 

knowledge about the electrophysiological alterations caused by optogenetic stimulation of specific MSN 

subtypes and how these alterations influence the behavioral performance of the animals. Another asset 

could be the real-time measurement of dopamine release upon stimulation of NAc MSNs using fast-scan 

cyclic voltammetry (FSCV) combined with optogenetics17. 
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