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Título: Atividade neuronal do núcleo accumbens na aprendizagem associativa  

Resumo 

Para sobreviver, os indivíduos aprendem sobre o que está em seu redor e ajustam-se para gerar 

um comportamento apropriado. Este processo é mediado em parte pelo núcleo accumbens (NAc), que 

é maioritariamente constituído por neurónios espinhosos médios GABAérgicos (MSNs), que expressam 

o recetor de dopamina D1 ou D2. Classicamente, os D1-MSNs estão associados a recompensa e os D2-

MSNs a aversão; no entanto, estudos recentes questionam esta dicotomia, demonstrando que ambas as 

populações podem despoletar comportamentos associativos tanto positivos como negativos.  

Nesta dissertação, pretendemos estudar qual é a relevância dos neurónios do tipo D1 ou D2 do 

NAc na aprendizagem associativa de recompensa/aversão. Inicialmente, identificámos conjuntos 

neuronais no NAc que representam respostas de recompensa em fases iniciais versus fases mais tardias 

de aprendizagem de comportamento Pavloviano. Para isto, examinamos o padrão de expressão de c-fos, 

uma proteína codificada por um gene de ativação imediata, que é frequentemente usada como marcador 

de atividade neuronal. Em paralelo, a atividade dos neurónios do NAc foi gravada durante o 

condicionamento pavloviano usando fotometria de fibra. Esta abordagem permitiu explorar como é que 

os neurónios do NAc codificam aprendizagem associativa. 

 Os nossos dados mostram que o NAc não apresenta alterações na densidade de células c-fos+ 

durante as fases inicial e tardia de aprendizagem, em comparação com a condição controlo. Gravações 

com fotometria de fibra para medir transientes de cálcio durante o condicionamento Pavloviano 

mostraram que a atividade “bulk” dos neurónios D1 e D2 é genericamente semelhante, mas com 

algumas diferenças durante a aprendizagem. Os neurónios D1 parecem desempenhar um papel 

particularmente relevante nos estádios iniciais do condicionamento pavloviano, uma vez que a sua 

atividade durante a apresentação da pista está aumentada nos “trials” iniciais. À medida que o processo 

de aprendizagem é consolidado, a atividade dos neurónios D1 e D2 diminui em resposta à pista e à 

recompensa. Finalmente, gravações com fotometria de fibra durante o condicionamento Pavloviano 

negativo mostraram que ambas as populações aumentam sua atividade em resposta à pista à medida 

que os animais associam a pista com o choque nas patas (consequência negativa), e também aumentam 

em resposta ao choque nas patas. Os nossos dados refutam a ideia da função dicotómica dos neurónios 

D1 e D2, sugerindo que estes neurónios desempenham um papel concorrente no processamento de 

recompensa e aversão. 

Palavras-chave: aprendizagem associativa, choque na pata, estímulo condicionado, núcleo 

accumbens, sacarose  
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Title: Nucleus accumbens neuronal activity in associative learning 

Abstract 

To survive, individuals learn about their surroundings and adjust to generate appropriate 

behaviors. These processes are partially mediated by the nucleus accumbens (NAc), that is mainly 

composed by GABAergic medium spiny neurons (MSNs), that express either dopamine receptor D1 or 

D2. Classically, NAc D1-MSNs have been associated with reward, and D2-MSNs with aversion; however, 

recent studies challenge this view, showing that both populations can drive positive and negative 

associative learning.  

Here, we aim to clarify what is the relevance of D1-/D2-neurons in reward/aversive (Pavlovian) 

associative learning. We identified NAc neuronal ensembles that represent early versus late Pavlovian 

conditioning by examining the pattern of expression of endogenous c-fos, an immediate early gene and 

marker of neuronal activity in B6 wild-type mice after the Pavlovian conditioning test. After, we recorded 

the activity of NAc neurons responsive to conditioned stimuli (CS), positive outcomes (sucrose) or to 

negative outcomes (shock) during positive/negative Pavlovian conditioning using fiber photometry in 

freely behaving mice. This approach allowed us to better understand how NAc neurons respond during 

associative learning.  

Our data shows that the NAc does not present changes in c-fos+ cell density during early and late 

Pavlovian conditioning learning in comparison to control condition. Fiber photometry recordings of 

calcium transients during Pavlovian conditioning showed that D1- and D2-neurons exhibit a general 

similar pattern of bulk activity, with minor differences throughout learning. D1-neurons appear to play a 

particularly relevant role in the early stages of positive Pavlovian conditioning, as activity during CS 

presentation increases in the initial trials. As the learning process is consolidated, the activity of D1- and 

D2-neurons decreases in response to the cue and to the reward. Finally, fiber photometry recordings 

during negative Pavlovian conditioning showed that D1- and D2-neurons increase their activity in response 

to the CS as animals associate the CS with the unconditioned stimuli (US, shock), and it also increases 

in response to the US. 

Our data contradicts the proposed model of a dichotomous function of D1- and D2-neurons and 

suggest that both populations play an important role in reward and aversion processing.   

 

Key words: associative learning, conditioned stimuli, footshock, nucleus accumbens, sucrose 
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1. Introduction 

Daily, species learn and adjust their behavior according to their surroundings. Individuals use 

previously neutral environmental cues and attribute emotional/motivational value to them, if they are 

associated with a positive/rewarding or negative/aversive event (Cerri et al., 2014). These associations, 

often called Pavlovian conditioning,  allow individuals to obtain desired outcomes and increase chance of 

survival and propagation (Soares-Cunha et al., 2020). A Pavlovian conditioning involves the association 

between a cue and an unconditioned stimulus (US) that possess inherently rewarding or aversive 

properties. This transforms the cue into a conditioned stimulus (CS), that after learning have the property 

of  driving innate rewarding and aversive responses and contributes to learning (Pavlov (1927), 2010). 

Evidence shows that these processes are mediated by the brain reward circuit, and particularly by the 

nucleus accumbens (NAc) (Wise, 2002). In fact, impairment/disfunction in this brain region has been 

associated with the development of neuropsychiatric disorders such as depression or substance abuse 

(reviewed in(Xu et al., 2020)). Thus, it is fundamental to understand how the NAc functions to understand 

the pathophysiological mechanisms of disease with altered rewarding/aversive responding (Cooper et al., 

2017; Dichter et al., 2012). 

Throughout the years, much attention has been given to the NAc in reward processing since it 

integrates both cortical (glutamatergic) and limbic (dopaminergic) signals to produce appropriate 

rewarded or aversive behaviors (Berridge & Kringelbach, 2015; Carlezon & Thomas, 2009; Roitman et 

al., 2005; Wise, 2002). These signals are decoded mainly by GABAergic medium spiny neurons (MSNs), 

which account for ~95% of the accumbal neurons, being divided into those that express dopamine 

receptor D1 (D1-MSNs) or D2 (D2-MSNs) (Gerfen et al., 1990). D1-MSNs project directly to basal ganglia 

effector brain regions, such as the ventral tegmental area (VTA), forming the direct pathway. D2-MSNs, 

together with a sub-population of D1-MSNs, project to the ventral pallidum (VP), which them projects to 

the VTA, forming the indirect pathway (Kupchik et al., 2015; Soares-Cunha et al., 2018).  

MSNs were traditionally describe as having a dichotomous function in reward, with D1-MSNs 

mediating positive reinforcement/reward and D2-MSNs negative reinforcement/aversion (Hikida et al., 

2010; Kravitz et al., 2012; Lobo et al., 2010; Volman et al., 2013). However, recent studies challenge 

this view  (Cole et al., 2018; Natsubori et al., 2017; Soares-Cunha, Coimbra, David-Pereira, et al., 2016). 

Notably, optogenetic activation of either D1- or D2-MSNs in the NAc supports self-stimulation (Cole et al., 

2018). In addition, other research, and particularly work from our team, has shown that both D1- and 

D2-MSNs can drive reward and aversion (Namvar et al., 2019; Natsubori et al., 2017; Soares-Cunha, 
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Coimbra, David-Pereira, et al., 2016; Soares-Cunha et al., 2018, 2020, 2022; Steinberg et al., 2014). 

Therefore, the prevailing notion of a functional dichotomy of MSN activity in the NAc was reconsidered.  

Although it is known that NAc neurons are important for cue-reward learning, there is still 

controversial data around this topic. This emphasizes the need to investigate what is the anatomical and 

functional specificity of reward- and aversion-responsive ensembles. In this framework, we evaluated D1- 

and D2- neurons activity in the NAc during associative learning by performing fiber photometry during 

positive and aversive Pavlovian conditioning.   

 

1.1. Brain reward circuit 

In the early 1950s, James Olds and Peter Milner were the first to describe the brain’s reward 

circuit (Haber & Knutson, 2010). Through a pioneering experiment, they realized that rats repeatedly 

press levers to receive electrical stimulation, especially when this stimulation was targeted to certain areas 

of the brain like the septum and the NAc (Kringelbach & Berridge, 2010; Olds & Milner, 1954). These 

results corroborated the idea of the existence of a reward circuit, therefore, in the subsequent years, 

many researchers have intensively studied this subject.  

Reward is generally defined as any event, stimulus or object that motivates us, promoting 

pleasure or positive emotions, like food, sex, or social interactions (Hu, 2016; Pearce & Hall, 1980; 

Schultz, 1998, 2000). Reward is a central component involved in reinforcement learning since it increases 

the probability of a specific behavior in order to obtain the reward. The reward circuit is a complex neural 

network responsible for maintaining learned behavior, to mediate appropriate responses to stimuli, and 

to develop goal-directed behaviors for which individuals can evaluate reward value and risk accurately 

(Haber & Knutson, 2010; Lewis et al., 2021; Schultz, 2000; Soares-Cunha et al., 2020). Importantly, 

dysfunction of the reward circuit has been implicated in prominent neuropsychiatric disorders, including 

obsessive-compulsive disorder, depression, and drug addiction (Nicola, 2007; Sesack & Grace, 2010). 

Therefore, many studies are focused in understanding how this network works to better understand the 

pathophysiological mechanisms of patients with these disorders (Lewis et al., 2021; Soares-Cunha, 

Coimbra, Sousa, et al., 2016; Xu et al., 2020).  

The reward circuit (Figure 1) links together a variety of brain structures, including the NAc, the 

VTA (Lammel et al., 2012; Nieh et al., 2013), medial prefrontal cortex (mPFC), central nucleus of the 

amygdala (CeA) (Balleine & Killcross, 2006; Šimić et al., 2021), basolateral amygdala (BLA) (Balleine & 

Killcross, 2006; Namburi et al., 2015; O’Neill et al., 2018), hippocampus (Swanson, 1982), laterodorsal 

tegmental nucleus (LDT) (Šimić et al., 2021) and VP (Mondoloni et al., 2022). Notably, the most important 
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and best characterized reward circuit node is the mesolimbic reward pathway, that comprise 

dopaminergic projections arising from the VTA to the NAc (Koob & Le Moal, 2008; G. Mogenson et al., 

1980; Russo & Nestler, 2013). This VTA-NAc circuitry is critical for detecting environmental rewards and 

triggering their consumption; however, it is also critical for controlling responses to aversive stimuli (Russo 

& Nestler, 2013). Besides this dopaminergic projections to the NAc, VTA also innervates other regions, 

such as mPFC, CeA, BLA and hippocampus (Nieh et al., 2013; Oades & Halliday, 1987; Swanson, 1982). 

In addition, mPFC and hippocampus also modulate accumbal activity through glutamatergic innervations 

and, on the other hand, the NAc modulates VTA activity through GABAergic projections. Furthermore, VTA 

dopaminergic neurons receive glutamatergic inputs from the mPFC, LDT and LH resulting in increased 

dopamine release within the NAc, therefore, promoting reward. In turn, VTA GABAergic neurons receive 

glutamatergic inputs from the LHb which promote aversion. Finally, VTA and NAc receive direct 

cholinergic innervation from the LDT, that is predicted to induce positive reinforcement (Cooper et al., 

2017; Russo & Nestler, 2013). 

 

Figure 1- Brain reward circuit. Schematic sagittal representation of the main projections comprising the rodent brain 

reward circuit. The main reward circuit includes dopaminergic projections from the VTA to the NAc. In turn, NAc is able to 

modulate VTA through GABAergic projections (either direct or indirect through VP). In addition, NAc receives dense 

glutamatergic projections arising from the mPFC, BLA and CeA. The VTA receive such inputs from the mPFC, LDT and LH, 

promoting reward. On the other hand, receives glutamatergic projections from the LHb, which act to promote aversion. Finally, 

VTA and NAc receive cholinergic projections from the LDT, which are thought to function on positive reinforcement. NAc - 

Nucleus Accumbens; VP - Ventral Pallidum; BLA - Basolateral Amygdala; CeA - Central Amygdala; LH - Lateral Hypothalamus; 

LHb - Lateral Habenula; VTA - Ventral Tegmental Area; mPFC - medial prefrontal cortex; LDT - Laterodorsal tegmental nucleus. 

 

1.2 Cue outcome associative learning  

Every day, organisms have to learn about their environment and continually adapt their behavior 

to increase chance of survival and propagation (Day & Carelli, 2007; Soares-Cunha et al., 2020).  

Individuals use neutral environmental stimuli to perceive the availability of rewards and learn these 



5 

associations to attribute emotional value (Cerri et al., 2014). These associations, are classical cases of 

Pavlovian conditioning, in which a neutral cue is assigned to be positive/rewarding or negative/aversive 

(Day & Carelli, 2007; Hanley & Garland, 2019). Therefore, Pavlovian learning is the basis for both normal 

and maladaptive human behaviors. Thus, understanding reward-cue associative learning may help us 

better comprehend a range of human behaviors.   

Cue-outcome associative learning (Figure 2) occurs every time an individual learns to associate 

two elements in the environment. There are two branches of cue-outcome associative learning, stimulus-

outcome (classical or Pavlovian conditioning) and action-outcome (operant or instrumental conditioning).  

Classical or Pavlovian conditioning was first described by Pavlov (1927), who showed that dogs 

could be conditioned to salivate at the sound of a bell if that sound was repeatedly presented at the same 

time that they were given food (Pavlov (1927), 2010). 

Stimuli that evoke innate responses without requiring any type of learning are designated 

unconditioned stimuli (US) (Namburi et al., 2016; Pearce & Hall, 1980). For example, outcomes such as 

food, water or sexual stimuli are considered positive US since they elicit appetitive responses. On the 

other hand, outcomes like the presence of a predator or a foot shock, are considered a negative US (Day 

& Carelli, 2007; Pavlov (1927), 2010). When a neutral stimulus (cue), such as a sound, a light or an 

odor, predicts a positive or negative US, it is considered a conditioned stimulus (CS) (Galaj & Ranaldi, 

2021; Namburi et al., 2016; Pearce & Hall, 1980). Therefore, Pavlovian conditioning involves the 

repeated pairing of a CS with a US, with learning taking place when the previously neutral stimulus gains 

predictive value for the upcoming reward (Day & Carelli, 2007; Flagel, Clark, et al., 2011; Namburi et al., 

2016). Licking or nose poking in response to a tone (CS) followed by a sucrose reward (US) or freezing 

during the presentation of a tone (CS) that predicts foot shock (US) are examples of a positive and negative 

Pavlovian conditioning, respectively (Day & Carelli, 2007). 

 In operant or instrumental conditioning, animals learn associations between actions and a 

positive or negative outcome. Lever press, is an example of operant conditioning, in which the animal 

needs to performed an action (press the lever) in order to receive the outcome or avoid a negative 

outcome.   

The ability to form and use cue-outcome associations is mediated by the cooperation of many 

brain regions that integrate sensory and motivational information and alter motor output. Specially, the 

NAc, which is consider the center of this network, has received much attention in this respect (Day & 

Carelli, 2007; Russo & Nestler, 2013). Emerging evidence indicates that NAc is critical to process 

information about unconditioned rewards and to learn Pavlovian associations between these rewards and 
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external stimuli. Intraoral administration of a sucrose solution reduces NAc neuronal activity (Roitman et 

al., 2005). This inhibition was also observed when animals performed operant responses for self-

administration of sucrose (Nicola et al., 2004b) or water and food (Roitman et al., 2005). Nevertheless, 

when an aversive quinine solution was delivered intra-orally the opposite occurs (Roitman et al., 

2005). Contrary to what happens in the NAc, VP neurons show an increase in activity during consumption 

of a rewarding sucrose solution (Tindell et al., 2006), indicating that other brain regions are involved in 

reward-related behaviors, such as consumption. In addition, repeatedly exposing animals to a CS followed 

by a sucrose reward resulted in the gradual development of selective conditioned approach responses 

towards the reward predictive cue but not towards the unpaired cue (Day et al., 2006a). Moreover, CS 

elicited a greater excitation response than the reward itself. As a result, it has been proposed that such 

excitations among NAc neurons are caused by glutamatergic inputs from cortical and limbic structures, 

competing for motor resources via striatal circuits (Pennartz et al., 1994). 

 

Figure 2- Cue-outcome associative learning. a) Schematic representation of the two branches of cue-outcome 

associative learning: Pavlovian conditioning and Fear conditioning behavior (on left, blue); Operant conditioning behavior (on 

right, green). 

 

1.3. Nucleus Accumbens 

1.3.1 Neuroanatomy and neuronal populations of the NAc  

The NAc is a major component of the ventral striatum located ventrolateraly to the septal nuclei 

and ventromedial to the caudate-putamen (Setlow, 1997; Zahm & Brog, 1992; Zahm & Heimer, 1990). 

While, the NAc is the most prominent brain region for reward behavior, pioneering studies have revealed 
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that the NAc functions as a key hub of the brain reward circuit (Berridge & Kringelbach, 2015) receiving 

inputs from limbic and cortical areas (Heimer & Alheid, 1991; McGeorge & Faull, 1989; Sesack & Grace, 

2010).   

The NAc receives glutamatergic inputs (Figure 3) from the amygdala (Fuller et al., 1987; 

Heidbreder & Groenewegen, 2003; McDonald, 1991; Morgane et al., 2005; Phillipson & Griffiths, 1985; 

Stuber et al., 2011), thalamus (Heimer & Alheid, 1991; Lanciego et al., 2004; Phillipson & Griffiths, 

1985), hippocampus, (Heidbreder & Groenewegen, 2003; Kelley & Domesick, 1982; Morgane et al., 

2005), and prefrontal cortex (PFC) (Phillipson & Griffiths, 1985; Yin & Knowlton, 2006); cholinergic 

projections from the LDT (Dautan et al., 2014); and dopaminergic (Hnasko et al., 2012; Phillipson & 

Griffiths, 1985; Tritsch et al., 2012), glutamatergic (Qi et al., 2016) and GABAergic projections (Brown et 

al., 2012; Van Bockstaele & Pickel, 1995) from the VTA (Beier et al., 2015; Berrios et al., 2016; 

Tecuapetla et al., 2010; Tritsch et al., 2014). In turn, the NAc sends outputs to effector regions within 

the brainstem (Beier et al., 2015; Poulin et al., 2018), through GABAergic projections to the basal ganglia 

and some thalamic and cortical areas (Heimer & Alheid, 1991; Sesack & Grace, 2010), in particular, the 

VP (Groenewegen & Russchen, 1984; Lu et al., 1998), the VTA  (Záborszky & Cullinan, 1992; Zhou et 

al., 2003), the thalamus and the lateral hypothalamus (Groenewegen & Russchen, 1984; G. J. Mogenson 

et al., 1983; Nauta et al., 1978; Williams et al., 1977). Furthermore, studies suggest that the NAc may 

also send efferent outputs to areas such as the amygdala, globus pallidus, substantia nigra, LHb, BNST, 

substantia innominata and septum (G. J. Mogenson et al., 1983; Williams et al., 1977; Zhou et al., 2003).  

Indeed, the NAc modulates behavior to instruct individuals to gravitate their attention towards 

appetitive stimuli, such as food or sex (Hassani et al., 2001; Nicola, 2007). On the other spectrum of 

behavioral response, the NAc has also been highly implicated in aversive responses (Soares-Cunha et al., 

2020). 
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Figure 3 - Inputs and outputs of the nucleus accumbens. Schematic representation of NAc input and output regions. 

Inputs: glutamatergic projections from the amygdala, thalamus, hippocampus, prefrontal cortex (PFC) (left, green); cholinergic 

projections from the laterodorsal tegmentum (LDT (left, blue) and dopaminergic inputs from the ventral tegmental area (left, 

purple). Outputs: GABAergic projections to regions as the thalamus, lateral hypothalamus (LH), lateral habenula (LHb), 

amygdala (Amy), ventral pallidum (VP), ventral tegmental area (VTA) and substantia nigra (SN) (right, yellow). 

 

1.3.1.1 NAc core vs shell  

The NAc is divided into two anatomically and functionally distinct sub regions – core and shell 

(Ito & Hayen, 2011; Záborszky et al., 1985). At a molecular level, they differ in the distribution of 

neuroactive substances and receptors, specifically, molecules like substance P (Prensa et al., 2003), 

calretinin (Deutch & Cameron, 1992), dopamine (Deutch & Cameron, 1992), serotonin (Deutch & 

Cameron, 1992) and serotonin receptors (Patel et al., 1995) that are enriched in the NAc shell, and 

calbindin (Prensa et al., 2003; Voorn et al., 1989; Zahm & Heimer, 1990), encephalin  (Berendse & 

Groenewegen, 1990; Caboche et al., 1993; Rogard et al., 1993) and GABAA receptors (Churchill et al., 

1992) that are more prominently expressed in the core (Ito & Hayen, 2011). In addition, these two NAc 

sub-divisions receive different inputs and outputs that might contribute for different roles in behavior. 

Particularly, NAc core (NAcc) receives inputs from the prelimbic cortex, BLA and dopaminergic projections 

from the substantia nigra, therefore, it is more related with cue-conditioned motivated behaviors 

(McFarland et al., 2003; Robbins et al., 2008; Xia et al., 2020). On the other hand, NAc shell (NAcs) 

receives glutamatergic inputs from the infralimbic cortex (Quiroz et al., 2016), ventromedial PFC, 

hippocampus, and rostral and caudal basal amygdaloid complex as well as dopaminergic projections 

from the VTA, appearing to be important in reward processing  (Ikemoto, 2007; Rodd-Henricks et al., 

2002; Sellings & Clarke, 2003; Xia et al., 2020). 

 

1.3.1.2 Neuronal population of the NAc - direct and indirect pathway  

The NAc conveys positive and aversive reward information mainly through excitatory projections 

from the cortex that are differentially shaped through dopamine signals arising from the VTA (Fiorillo, 

2013; Lammel et al., 2011, 2012; Roitman et al., 2005). The majority of these signals are decoded by 

GABAergic MSNs, which account for  about 95% of the accumbal neurons, while the remaining cells (5%) 

are interneurons (Gangarossa et al., 2013; Graveland & DiFiglia, 1985; Heiman et al., 2008).   

Traditionally, MSNs can be divided into two classes according to dopamine receptor expression: 

dopamine receptor D1 expressing neurons (D1-MSNs), projecting directly to basal ganglia effector brain 

regions such as the VTA (the direct pathway) or indirectly through the VP (the indirect pathway), while 
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dopamine receptor D2 expressing neurons (D2-MSNs) only project indirectly to effector regions of the 

brain such as the VTA through the VP (Berendse & Groenewegen, 1990; Churchill et al., 1992; Kupchik 

et al., 2015; Soares-Cunha et al., 2018). These two MSN populations present different neurochemical 

properties: D1-MSNs express substance P and dynorphin, while D2-MSNs express enkephalin and 

adenosine receptor 2a (A2aR) (Gerfen, 1992; Gertler et al., 2008; Kawaguchi, 1997; Lobo et al., 2006). 

In addition, both accumbal D1- and D2-MSNs appear to be distributed differently across the NAc. Both 

D1- and D2-MSNs are homogeneously distributed throughout the NAc core; however, D2-MSNs have been 

shown to exhibit a nonuniform distribution in the NAc shell, with higher expression in the medial and 

ventral NAc shell (Gangarossa et al., 2013).  

Additionally, it has been hypothesized that 5-15% of MSNs co-express both Drd1 and Drd2  

(Bertran-Gonzalez et al., 2008; Perreault et al., 2011; Valjent et al., 2009), which project to GPe, GPi, 

SNr and VTA  (Deng et al., 2006; H. B. Wang et al., 2006; H.-B. Wang et al., 2007), however their exact 

role is still unknown (Soares-Cunha, Coimbra, Sousa, et al., 2016).  

The remaining 5% of NAc neurons are local interneurons (Graveland & DiFiglia, 1985), that 

include large tonically active cholinergic interneurons (CINs) (Dautan et al., 2014), fast spiking (FS) 

GABAergic interneurons (Tepper & Bolam, 2004), low-threshold spiking (LTS) interneurons (Ibáñez-

Sandoval et al., 2015; Kreitzer, 2009), and tyrosine hydroxylase and calretinin striatal interneurons, less 

explored subtypes (Soares-Cunha, Coimbra, Sousa, et al., 2016). Despite their low representation they 

play a crucial role in NAc activity and response to salient stimuli and modulate reward-dependent 

behaviors (Al-Hasani et al., 2021; Lee et al., 2020; Pakhotin & Bracci, 2007; Schall et al., 2021; Threlfell 

et al., 2012).  

 

1.4. Role of D1- and D2-MSNs in reward and aversion 

Classically, MSNs have been thought to have a dichotomous function in reward, with D1-MSNs 

being associated with reward and positive reinforcement and D2-MSNs being associated with negative 

reinforcement and aversion (Hikida et al., 2010; Kravitz et al., 2012; Lobo et al., 2010; Tai et al., 2012). 

For example, Kravitz et al. (2012) demonstrated that D1-MSN optogenetic stimulation induces persistent 

reinforcement, while D2-MSN stimulation induces transient punishment in the dorsalmedial striatum 

(Kravitz et al., 2012). Similar to the previous study, activation of NAc D1-MSNs enhances cocaine-

mediated conditioning, whereas activation of D2-MSNs induced the opposite effect (Airan et al., 2009; 

Cui et al., 2013; Vicente et al., 2016). However, recently new data has put this dichotomy into question. 

As a result, one might speculate that both D1- and D2-MSNs are able to distinctively and differently code 



10 

for the several events that encompass positive reward related responses (e.g. internal states, cue 

exposure, response after cue exposure, operant response, reward delivery and consumption), as well as 

aversive events (e.g. avoidance, fear) (Al-Hasani et al., 2015; Cole et al., 2018; Natsubori et al., 2017; 

Soares-Cunha, Coimbra, David-Pereira, et al., 2016; Soares-Cunha et al., 2018, 2020; Steinberg et al., 

2014; Vicente et al., 2016). 

In the following sections, we will discuss optogenetic, electrophysiology and calcium imaging 

studies in more detail to try to clarify the biological role of NAc D1- and D2-MSNs in associative learning 

and in rewarding and aversive behaviors.  

 

1.4.1 Electrophysiology studies  

It is well accepted that the NAc plays a key role in reward and aversion, and many 

electrophysiological studies have attempted to define this involvement since this technique enables 

temporal manipulation of neuronal activity during behavioral engagement.  

Predictive cues paired with reward presentation - associative learning - are known to be processed 

by specific subsets of NAc neurons and the majority of these responses arise after learning the 

relationship between the cue (CS) and appetizing stimuli (US) (Setlow et al., 2003). Pioneering studies 

by Schultz and colleagues using electrophysiological recordings from primate ventral striatum have shown 

that MSNs revel excitations in response to cues that predict reward, that strongly depend on the predictive 

value of the cue and the magnitude and temporal proximity of the reward (Apicella et al., 1992; Hollerman 

et al., 1998; Schultz, 1998). In line with that, other electrophysiological studies in primates have shown 

also an increase in activity in response to cue-reward associations (Bowman et al., 1996; Cromwell & 

Schultz, 2003; Hassani et al., 2001).  

Another study describes that, in a Pavlovian-conditioned approach task, the majority of the 

recorded accumbal neurons (89%) exhibited significant responses during the conditioned stimulus (CS) 

and the reward (US) exposure (Wan & Peoples, 2006). Interestingly, when the sucrose (US) was presented 

in an unconditioned presentation context (innate response), the response was predominantly inhibitory 

(Nicola et al., 2004b; Roitman et al., 2005, 2010; Wheeler & Carelli, 2009). Likewise, the same response 

was verified using other rewards such as saccharin, which revealed that most neurons exhibited excitation 

following the second-order stimulus and inhibition to the primary reinforcer (Wheeler et al., 2008; Wilson 

& Bowman, 2004).  

Furthermore, NAc MSNs increase phasically during cue presentations but decrease during reward 

delivery (Ambroggi et al., 2011; Day et al., 2011; Gale et al., 2014). Similarly,  recordings during a 
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Pavlovian conditioning revealed that MSNs significantly increase their firing rate during the conditioned 

stimulus whereas the responses to reward were predominantly inhibitory (Day & Carelli, 2007; Wan & 

Peoples, 2006). In addition, evidences show that the NAc displays two subpopulations that can exhibit 

increase and/or decrease in firing rate during CS paired with a US. In contrast, when a CS is not paired 

with a US, the excitatory neurons shows a smaller increase in activity, while the inhibitory subpopulation 

exhibits no changes in firing (Day et al., 2006a). The same evidence was present in the NAc shell alone 

studies (Ghitza et al., 2003).  

Concerning aversive stimuli, the delivery of quinine (unpleasant taste stimuli) without prior 

exposure, elicits an excitatory response (Roitman et al., 2005). In agreement, increase in NAc firing rates 

was also observed in response to other aversive stimuli like air puff (Yanagimoto & Maeda, 2003). 

Moreover, data show the existence of NAc neuronal subpopulations that seemed to respond to aversion-

predictive cues. This response, like in reward, grows as learning progresses and associations between 

cue and the aversive stimuli (quinine) occur (Roitman et al., 2005; Setlow et al., 2003).   

Furthermore, different neural populations appear to have distinctive phasic inhibition and 

excitation patterns related to different operant behavior stages, such as approaching the lever and reward 

consumption (water (Carelli et al., 2000; Carelli & Deadwyler, 1994; Carelli & Wondolowski, 2003); food 

(Carelli et al., 2000); sucrose (Kravitz et al., 2006; Nicola et al., 2004a)). During a decision-making task, 

in which distinct visual cues predicted high-value (low effort/immediate) and low-value (high 

effort/delayed) rewards, electrophysiology analysis revealed distinct subgroups of NAc neurons that 

exhibit phasic patterns of activity (excitation or inhibition) relative to all stages of the task, including cue 

presentation, operant responses and reward delivery. These findings provide evidence that NAc activity 

contributes to both cost- decision-making processes and actual consumption (Day et al., 2011). In line 

with that, NAc neurons display both excitations and inhibitions to reward consumption during a 

discriminative stimulus task. However, this response was smaller when the animals made an uncued 

entry in the reward receptacle. As a result, predictive cues are a key factor in almost all phasic firing 

pattern of NAc neurons, and these firing patterns during consummatory behavior are comparable to those 

during appetitive behavior (Nicola et al., 2004b). Additionally, reward-predictive cue elicited more frequent 

and larger magnitude responses in the NAcc than in the shell. Conversely, more NAcs neurons selectively 

responded to unrewarded stimulus. This suggest that neurons with similar firing patterns in the core and 

shell may have different behavioral responses depending on their distinct projection targets (Ambroggi et 

al., 2011). 
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More recently, it was discovered that NAc D2-MSNs played a crucial role in the response to 

reward-predicting cues. Specifically, these neurons increased firing in response to cues that predicted 

lever availability for electrical stimulation of the VTA, while responses to lever pressing primarily involved 

D1-MSNs (Owesson-White et al., 2016). In agreement, our team’s research also revealed that activity of 

D2-MSNs is necessary at cue presentation, but not so much at reward delivery (Soares-Cunha et al., 

2022).  

Although these results indicate relevance for MSNs in encoding cue reward/aversion-related 

value, they lack cell specificity, thus, not allowing extrapolation for the specific role of D1- or D2-MSNs. 

 

1.4.2 Optogenetic studies  

Optogenetics is a tool that allows to selectively manipulate specific neurons in a temporally 

controlled manner using light and genetic engineering. Therefore, this technique has been shown to be 

an excellent tool to help understand the role of NAc D1- and D2-MSNs in reward. Consistent with their 

reinforcing properties, activation of D1-MSNs in the dorsal striatum was sufficient to induce an operant 

behavior in order to receive optic stimulation of these neurons (Kravitz et al., 2010). Another study 

demonstrated that unilateral stimulation of D1-MSNs shifts reward responses towards the contralateral 

side of the stimulation (Tai et al., 2012). Additionally, optogenetic inhibition of D1-MSNs suppressed 

cocaine sensitization (Chandra et al., 2013). Conversely, optical stimulation of D1-MSNs would increase 

cocaine conditioning effects whereas optical activation of D2-MSNs would decrease it (Kupchik et al., 

2015). Furthermore, optogenetic activation of dynorphin-expressing neurons (dyn; expressed in D1-

MSNs) in the distinct subregions within the NAcs drive opposing motivational behavioral states. 

Particularly, in dorsal NAcs induced place preference, whereas in the ventral NAcs it induced place 

aversion. These data show that manipulating genetically identical neuronal populations can have different, 

and even opposing, effects depending on their anatomical location (Al-Hasani et al., 2015). 

Regarding the role of D2-MSNs, its inhibition enhances cocaine motivation while optical 

stimulation suppresses cocaine self-administration (Bock et al., 2013).  In addition, activation of NAc D1-

MSNs increased alcohol intake whereas inhibiting decreased it. On the contrary, inhibiting D2-MSNs 

increase alcohol intake (Strong et al., 2020). However, evidence show that this role of D2-MSNs is too 

simplistic once stimulation of NAc D2R-expressing neurons affected neither the acquisition nor the 

expression of cocaine-induced behavioral sensitization (Song et al., 2014).  

Work from our team showed that brief optogenetic activation of either D1- or D2-MSNs within the 

NAc is sufficient to increased motivation to work towards the reward (reflected in a significant increase in 
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the breakpoint of the animals in a progressive ratio task). Conversely, inhibiting those neurons, a decrease 

in motivation was observed (Soares-Cunha, Coimbra, David-Pereira, et al., 2016). We also demonstrated 

that optogenetic modulation of D2-MSNs indirectly modulates VTA dopaminergic activity, contributing to 

increased motivation and that both Drd1 and Drd2 are required to produce this effect (Soares-Cunha et 

al., 2018). Interestingly, brief optogenetic activation of D1- and D2-MSNs induced positive reinforcement 

and increased cocaine conditioning, whereas prolonged optogenetic activation elicited negative 

reinforcement and decrease cocaine conditioning in the case of D2-MSN (Soares-Cunha et al., 2020). 

More recently, our team has also demonstrated that D2-MSN-VP projections are crucial for enhancing the 

value of a cue that predicts a future reward and increase effort to acquire the reward (Soares-Cunha et 

al., 2022). Moreover, optogenetic activation of these projections decreased preference for the lever that 

resulted in the delivery of the pellet and laser stimulation compared to the lever that resulted in the 

delivery of the pellet alone (Soares-Cunha et al., 2022). 

Supporting our data, in the ventrolateral striatum, both D1- and D2-MSNs are activated at the 

trial start cue in the PR test. However, inhibiting either MSNs population immediately after the trial start 

cue resulted in a reduction of goal-directed behavior (Natsubori et al., 2017). In addition, only D1-MSN 

selective inhibition immediately following the initial lever press reduced behavior, showing D1-MSN-

specific coding at that precise moment (Natsubori et al., 2017). In line with previous studies, optogenetic 

activation of either D1- or D2-MSNs in the NAc supports self-stimulation, but only D1-MSN activation 

would induce place preference for a location associated with optical stimulation (Cole et al., 2018). In 

agreement activation of both D1- and D2-MSNs are required to drive intra cranial self-stimulation (ICSS) 

behavior, thus contributing for positive reinforcement (Steinberg et al., 2014).  

All these results confirm that excitation of both D1- and D2-MSNs support incentive motivation, 

either this being to obtain a specific reward or to self-stimulate. 

Despite a lot of attention has been given to D1- and D2-MSNs in relation to rewarded responses, 

one has to consider its role in aversion. In a recent study, we showed that both D1- and D2-MSNs can 

drive reward and aversion (Soares-Cunha et al., 2020). Interestingly, brief stimulation of D1-MSNs (1 

second pulsed stimulation at 40Hz) caused place preference in a classical conditioned place preference 

(CPP) task. This effect was through direct inhibition of GABAergic activity within the VTA, and indirect 

disinhibition of dopaminergic activity within the same brain region. In the case of D2-MSNs, brief activation 

also caused place preference, but in this case, it was due to loss of inhibitory activity of VP neurons over 

dopaminergic neurons of the VTA. On the opposite spectrum, prolonged, high frequency-like stimulation 

(sixty seconds of pulsed 40Hz stimulation) of both accumbal D1- and D2-MSNs caused aversive 
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responses (Soares-Cunha et al., 2020). Importantly, deeper investigation on the mechanism behind these 

results revealed a relevant role of the opioid system, since both D1- and D2-MSNs are capable of co-

releasing opioids (dynorphin and encephalin, respectively) in the VTA and VP. Interestingly, blocking kappa 

opioid receptors at VTA or delta opioid receptors at VP blocked the prolonged stimulation-induced aversion 

(Soares-Cunha et al., 2020). Another recent study also reported that high frequency stimulation of D1-

MSNs induces co-release of the excitatory neurotransmitter substance P within the NAc (Francis et al., 

2019). These studies show that D1- and D2-MSNs may co-release GABA and opioids, that can have 

counteracting effects in behavior, thus contributing to explain contradictory results in the field.  

Despite these data showing evident involvement of accumbal D1- and D2-MSNs in cue-related 

motivated behaviors, they do not directly show an involvement of these neurons in classical Pavlovian 

conditioning, indicating that further investigation is needed. 

 

1.4.3 Calcium imaging studies- Fiber Photometry and miniaturized microscopes 

Calcium is a second messenger that is involved in almost every cellular function. In neurons, it 

is critical for action potential firing and synaptic input, causing a rapid change of intracellular free Ca2+. 

Therefore, tracking calcium transients offers an opportunity to monitor neuronal activity (Burgoyne, 2007).  

Indeed, there are new cutting-edge techniques such as calcium imaging with miniaturized 

microscopes or fiber photometry that can detect calcium transients in neurons, which could be used to 

helped clarify the role of NAc D1- and D2-MSNs. Calcium imaging is a tool that enables to visualize the 

activity of neurons simultaneously by taking advantage of genetically encoded calcium indicators (GECI) 

(T.-W. Chen et al., 2013; Kim & Schnitzer, 2022). The most widely used GECI, GCaMP6, is a protein 

composed by a calmodulin domain fused with a green fluorescent protein. As a result, when Ca2+ binds to 

the calmodulin domain, the protein changes conformation, switching from a weakly fluorescent to a 

strongly fluorescent state. Therefore, when GECI is expressed in neurons, it exhibits increased 

fluorescence in response to influx of calcium ions that accompanies action potentials, and this change in 

fluorescence can be recorded and used as a proxy for neuronal activity (Grienberger & Konnerth, 2012; 

Jacob et al., 2018a; Russell, 2011). Calcium imaging with miniaturized microscopes and fiber photometry 

are two examples of such system. In particular, fiber photometry allows optical imaging of bulk neural 

activity but does not provide cellular resolution, thus providing much less detailed behaviorally relevant 

information (Li et al., 2019; Resendez & Stuber, 2015). This system applies a specific wavelength of 

excitation light to a calcium (i.g. GCaMP) or neurotransmitter indicator, which is then transmitted through 

an optic fiber implanted in the brain region of interest. Subsequently, this light excites the calcium 
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indicator, which is expressed in a cell-type specific manner, and it emits its own signal, which travels back 

through the same fiber. A dichroic mirror separates the emission signals spectrally before reaching a 

sensitive photodetector that converts the information about fluorescence intensity into an analog signal. 

As a result, the signal detected corresponds to calcium transients (fluorescence variation, ΔF/F) (Li et 

al., 2019). Miniaturized microscopes allow to simultaneously record hundreds of neurons from deep brain 

regions in freely behaving animals. It enables the longitudinal recording of neuronal activity from a 

specific, genetically-defined population of neurons at single-cell resolution (L. Zhang et al., 2019). This 

system consists of gradient index (GRIN) lenses implanted above the brain region to be imaged, as well 

as the genetically encoded calcium indicator GCAMP6. In addition, a miniaturized microscope, which sits 

above the skull and collects images from the tissue through the implanted GRIN lens. This microscope 

includes an excitation light and a detector which captures emitted fluorescence (Jacob et al., 2018b).  

These two techniques provide the ability to track the activity of neurons over time and investigate 

how networks grow or change during learning. Fiber photometry is easier to implement; however, it does 

not allow tracking single cell activity, but the overall fluorescence emitted by a specific cell type (bulk 

activity). 

More and more studies have been trying to elucidate the role of NAc in positive and aversive 

learning using calcium imaging to track the activity of neuronal subpopulations or the involvement of 

dopamine in this brain region. Recent fiber photometry recordings of dopamine transients by Patriarchi 

and coleagues (2018) during associative learning in NAc revealed an increase dopamine signal to the US 

at the first session, as well as a significant increase in amplitude of CS response upon repeated cue-

reward pairings. On the other hand, upon US responses, a linear decrease across learning sessions was 

observed. Along with these data, it seems that accumbal dopamine response gradually shifted from US 

to CS as animals learn cue-reward association (Patriarchi et al., 2018a). In agreement, NAc dopamine 

responses to the auditory discriminative cue increased over training, whereas dopamine responses during 

sucrose retrieval (positive reward) decreased (Kutlu, Zachry, Melugin, Cajigas, Chevee, Kelley, et al., 

2021). On the contrary, dopamine responses to the auditory cue for a negative outcome did not change 

over training. Moreover, as learning progressed, dopamine response to aversive footshocks increased 

(Kutlu, Zachry, Melugin, Cajigas, Chevee, Kelley, et al., 2021).  

Additionally, other studies have been shown that dopamine signaling in different NAc subnuclei 

can have different effects on aversive and rewarding conditioning tasks. Specifically, ventral NAc medial 

shell (vNAcMed) exhibit an increase in dopamine signaling to unexpected aversive US and aversion 

predictive CS, whereas other NAc subregions, such as the lateral portion of the NAc shell (NAcLat), have 
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decreased this response. Unlike aversive conditioning tasks, dopamine responses in the NAcLat showed 

a significant increase to reward delivery and to reward predictive CS, while this response to the reward 

predictive cue is largely absent in the in vNAcMed. These findings suggest a remarkable topographic 

organization of aversive and reward dopamine signaling in the NAc (de Jong et al., 2019). In line with 

that, dopamine signaling was increased during rewarding events and decreased during aversive events 

in the dorsomedial NAcs and dorsolateral NAcs. In contrast, both rewarding and aversive stimuli evoke 

an increase in the release of dopamine in the ventromedial NAcs. These also recapitulate the distinct role 

of the mesolimbic DA system in different subregions of NAc in encoding value and salience (Yuan et al., 

2019). Although highly relevant, these studies are focused on dopamine and still do not tackle the 

involvement of MSN activity in reward and aversion. 

There are not so many studies evaluating D1- and D2-neurons in associative learning using fiber 

photometry. In a heroin CPP procedure,  fiber photometry recordings revealed that entering a heroin-

paired context was driven by activation of dMSN (direct pathway), whereas exiting a heroin-paired context 

was driven by activation of iMSN (indirect pathway) (O’Neal et al., 2022). Furthermore, D1-MSNs showed 

increased activity in response to light transitions (CS) that signaled availability of reward and to lever 

extensions that occurred when food was available, suggesting that this cell population may encode cues 

that signal the presence of rewards in the environment. In contrast, transient event-related changes in 

D2-MSN activity did not differ significantly between reward availability conditions (Lafferty et al., 2020). 

A recent study using Ca2+ fiber photometry demonstrated that acute cocaine administration 

enhances D1- and suppresses D2-MSN activity, and that cocaine-induced facilitation of D1-MSN activity 

is required for the formation of cocaine-context associations (Calipari et al., 2016). Accordingly, D1- and 

D2-MSNs showed distinct temporal activity during a cocaine CPP protocol choice session: increased D1-

MSN activity immediately preceded entry into the drug-paired context, whereas D2-MSN activity was 

suppressed only after entry into the compartment (Calipari et al., 2016). On the contrary, other study in 

ventral striatum has shown, using event-related concurrent Ca2+, activity in D1- and D2-MSNs at cue 

presentation in a motivation lever-pressing task (Natsubori et al., 2017). Thus, these results indicate that 

both D1- and D2-MSN subpopulations in the NAc positively encode food-incentive behavior and do not 

support the opposing functional roles of D1- versus D2-MSNs (Natsubori et al., 2017).  Miniaturized 

microscope calcium imaging recordings during voluntary sucrose intake showed that enkephalin-positive 

(D2-MSNs) medial NAcs neurons did not respond uniformly to sucrose consumption. Instead, different 

subpopulations with distinct response patterns were identified and classified into four clusters: onset 

activated (2%); pre-onset activated (7%); onset inhibited (15%) and non-responsive (76%). These suggest 
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that local this neuronal population is selectively recruited to improve consumptive behavior (Castro et al., 

2021). 

Importantly, recent preliminary data from our team, using calcium transient recordings with 

miniaturized microscopes, indicate that distinct D2-MSN sub-populations respond differently to the same 

behavioral events (e.g.: lever pressing; reward consumption), in a reinforced task, with some D2-MSNs 

increasing activity, while others decreased (and others did not change) (unpublished observations). 

Altogether, these findings show that, so far, there is still a lack of information about studies 

involving cue-reward associative learning or Pavlovian conditioning, as well as a clear picture about the 

temporal involvement of D1- and D2-MSNs in both positive and negative CS-US associative learning.  
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2. Objectives 

In a challenging environment, species perceive and learn about their surroundings and adjust 

their behavior to increase chance of survival and propagation. Organisms use environmental cues (CSs) 

to perceive availability of rewards or threats (USs) and learn these associations – Pavlovian conditioning 

– to optimize behavior and obtain desired outcomes or escape danger. These processes are mediated by 

the NAc; however, the anatomical distribution and functional relevance of NAc CS-US responsive neurons 

is still poorly characterized.  

We hypothesize that distinct patterns of D1- and D2-neurons activity are necessary to guide CS-

US associative learning. To test our hypothesis, we will determine which are the neuronal ensembles 

responsive to Pavlovian associations and what is their role in CS-US associative learning. Specifically, we 

aim to: 

 

1) Identify the anatomical distribution of NAc neuronal ensembles that represent early versus late learning 

associations using Pavlovian conditioning, by examining the pattern of expression of a marker of neuronal 

activity (endogenous c-fos). 

 

2) Determine the functional relevance of accumbal D1- or D2-neurons for the acquisition of CS-US (for 

both reward and punishment) associative learning, using a calcium indicator with fiber photometry.  
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3. Materials and Methods 

3.1 Animals  

Male and female wild-type C57BL/6J mice (2-3 months of age; Charles River Laboratories, 

Barcelona, Spain) and heterozygous D1-cre, D2-cre transgenic mouse lines (2-3 months of age) were 

used.  All animals were maintained under standard laboratory conditions: an artificial 12h light/dark cycle 

with lights on from 8am to 8pm; with an ambient temperature of 21±1°C and a relative humidity of 50-

60%. Mice were housed in type 2L home cage with a maximum of 6 mice per cage, with food and water 

ad libitum, unless stated otherwise.  

D1-cre allows to selectively tag D1-MSNs but D2-cre lines label both D2-MSNs and cholinergic 

interneurons (80% express D2), so we will use the terminology D1-neurons and D2-neurons in this thesis 

to be more accurate (instead of D1- and D2-MSNs).  

Behavior experiments were performed during the light period of the light/dark cycle (between 

8:00am and 4:00pm). All animals were kept divided according to gender and mouse strain from the 

postnatal day 21. 5-10 min handling was performed one week before behavioral experiments began to 

avoid anxiety and stress responses. Animals were also habituated to all behavior apparatus for 3 

consecutive days for 15 min before starting the behavior tasks.   

All procedures involving mice were performed according to the guidelines for the welfare of 

laboratory mice as described in the European Union Directive 2010/63/EU. All protocols were approved 

by the Ethics Committee of the Life and Health Sciences Research Institute (ICVS) and by the national 

authority for animal experimentation, Direção-Geral de Alimentação e Veterinária (DGAV) (approval 

reference #8332, dated of 2021-05-08). Health monitoring was carried out according to FELASA 

guidelines and all experimenters and animal facilities were accredited by DGAV. 

 

3.2 D1 and D2-cre line: mating and genotyping  

D1-cre and D2-cre mice express Cre recombinase under the control of the mouse Drd1a 

(dopamine receptor D1) or Drd2 (dopamine receptor D2) promoter. The following heterozygous mouse 

lines were used: D1-cre (Drd1a-cre, 262, Gensat), and D2-cre (Drd2-cre, ER44, Gensat). The progeny 

produced by mating a D1-cre or D2-cre heterozygous transgenic male mouse with a wild-type C57/Bl6 

female was genotyped at weaning by PCR.  

DNA was isolated from tail biopsy using the 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 
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bp), the primers Drd2 (32108) F1 (5’-GTGCGTCAGCATTTGGAGCA-3’) and CreGS R1 (5’- 

CGGCAAACGGACAGAAGCAT-3’) to amplify the D2-cre transgene (700 bp). An internal control gene 

(lipocalin 2, 500 bp) was used in the PCR (LCN_1 (5’- GTCCTTCTCACTTTGACAGAAGTCAGG-3’) and 

LCN_2 (5’- CACATCTCATGCTGCTCAGATAGCCAC-3’). Heterozygous mice were discriminated from the 

wild-type mice by the presence of two amplified DNA products corresponding to the transgene and the 

internal control gene. 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). 

 

3.3 Surgery and optical fiber implantation  

D1- and D2-cre mice (2-4 months old) were anaesthetized with 75mg kg-1 ketamine (Imalgene, 

Merial, Lyon, France), and 1mg kg-1 medetomidine (Dorbene, Cymedica, Horovice, Czech Republic), for 

stereotaxic surgeries. The animals were injected with a Cre-inducible AAV5-hSYN-FLEX-GCAMP6f-WPRE-

SV40 (300nl, Addgene, Watertown, MA, USA) and AAV1-hSYN-FLEX-tdTomato (300nl (1:10 dilution), 

Addgene, Watertown, MA, USA) virus in the NAc (stereotaxic coordinates from bregma (Paxinos & 

Franklin, 2001): +1.3mm anteroposterior (AP), 0.9mm mediolateral (ML), and -4.5mm 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 5min to allow viral diffusion.  

After viral delivery, fiber optic cannula (400 mm, 0.50NA; 5mm in length; Doric Lenses, Quebec, 

Canada) were implanted in the NAc using the injection coordinates (except of DV: -4.4) (Paxinos & 

Franklin, 2001) and were than secured to the skull with dental cement (C&B kit, Sun Medical, Shiga, 

Japan). At the end of the surgical procedures, mice were removed from the stereotaxic frame and injected 

with anaesthesia reversal (1mg kg-1 atipamezole; Antisedan). Postoperative care was carried out by 

administering analgesia (0.05mg kg-1 buprenorphine; Bupaq, Richter Pharma, Austria) 6h post-procedure, 

as well as once every 24h during three successive days. A multivitamin supplement and saline were also 

administered post-procedure when necessary. 

 

3.4 Behavioral experiments 

3.4.1 Subjects  

Both males and females were used for the D1-cre and D2-cre mice fiber photometry 

experiments, and the following number of animals was used: nD1-cre = 9, nD2-cre=7.   
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3.4.2 Pavlovian Conditioning  

Apparatus  

Behavioral sessions were performed in a custom-made operant chamber using pyControl 

(17.8cm length x 19cm width x 23cm height) within a sound-attenuating box. The chamber is composed 

by a central magazine, to provide access to 20ul of sucrose solution (20% wt/vol in water) delivered by a 

solenoid (for liquid dispenser), a cue-sound (70dB 5kHz), a house-light (100mA, 2.8W) installed on the 

top, and metallic floor.  A computer was used to control the equipment and record the data, and a 

webcam (CMOS OV2710, ELP, Shenzhen, China) was used to acquire video.  

 

Sucrose consumption  

Mice were first habituated to the behavior apparatus (3 days) with the fiber placed, in which they 

were introduced to a chamber and allowed to freely explore for about 15min. At the end of the second 

day of the habituation period, animals receive a bottle of 20% sucrose in their home cage (that stayed for 

16hours) to avoid neuronal activation due to the novelty of the sucrose flavor. 48h before the initiation of 

the task, mice were food restricted to 2g per day of standard laboratory chow and maintained at 85-90% 

of their initial body weight. Following that, mice were put on the behavior apparatus and were allowed to 

freely explore while 20ul of 20% sucrose was delivered every 30 seconds during a 30min session (60 

deliveries) so that animals could learn the position of the sucrose receptacle. This habituation session 

was repeated for each mouse until they showed a robust nose poke activity (all animals received 1-3 

sessions).  

 

Cue-reward associative learning (Pavlovian conditioning) 

After sucrose consumption, mice started the Pavlovian Conditioning (schematic representation of 

the Pavlovian conditioning task is illustrated in the results section in Figure 7B) in which a conditioned 

stimulus (CS) consisting of a 70dB 5kHz tone and a house-light (100mA, 2.8W) were turned on for 10 

seconds with a variable inter-trial interval (ITI) of 20-35 seconds (randomly assigned).  Unconditioned 

stimulus (US) was 20ul of 20% sucrose solution, available at the 7th second after each CS onset. CS-US 

pairings were repeated 35 times per session (±25min for each session). Mice underwent a total of 12 

sessions of Pavlovian Conditioning. The behavior apparatus and the sucrose receptacle were disinfected 

with 10% ethanol between animals to remove any odor. For all sessions nose poke data and photometry 

recordings were simultaneously obtained. To quantify CS-triggered behavior, number of nose pokes were 
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recorded during the CS presentation; nose pokes were also registered during the ITI period (Protocol 

adapted from (Patriarchi et al., 2018a)).  

 

3.4.3 Pavlovian aversive conditioning 

Behavioral sessions were performed in an operant chamber (same size of the Pavlovian 

Conditioning one) within a sound-attenuating box. The chamber contained a house-light (100mA, 2.8W) 

installed on the top of the chamber, a cue-sound (80dB 3kHz) and a cue-light installed in one side of the 

walls, a shocker and a grid floor. A computer was used to control the equipment and record the data, 

and webcams (CMOS OV2710, ELP, Shenzhen, China) were used to acquire video to analyze freezing 

behavior.  

Mice were first familiarized to the behavior apparatus (3 days) with the fiber connected, in which 

they were introduced to the chamber and allowed to freely explore for about 15min. Following, mice 

started a Pavlovian aversive conditioning (schematic representation of the Pavlovian aversive conditioning 

task is illustrated in the results section in Figure 17A) protocol of 3 days. Three sessions were performed 

across three days. All sessions started with 60s of habituation period, with house light on and a 30s extra 

period with the house light off. Conditioned stimuli (CS) consisted of an 80dB, 3kHz tone plus a cue-light. 

Unconditioned stimuli (US) was a mild foot shock (0.5mA, over 1s). During the first conditioning session, 

mice were exposed to 10 CS-US pairings. Each trial consisted of a random ITI (45-50 sec) followed by a 

10s tone, which was immediately followed by electric foot shock delivered through the stainless-steel grid 

floor. On the second day, mice performed 30 trials, in order to further examine the effects of shock 

omission: 10 out of 30 tones (randomly assigned) were not followed by an electric foot shock. On the 

third day animals received a US extinction session, in which they received 30 trials with only CS exposure, 

but without US delivery (protocol adapted from (de Jong et al., 2019)). All sessions were recorded with 

webcams and photometry recordings were simultaneously obtained. To assess CS-triggered aversion, we 

measured freezing during the CS period from all sessions. The freezing response was defined as the time 

(seconds) that mice spent immobile (lack of any movement including sniffing) except respiration during 

the tone period and calculated as percentage of total cue time ((freezing time x 100)/cue duration).  

This behavior was performed after all other experiments, since such aversive stimuli can induce 

sustained fear and anxiety to the context.  
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3.4.4. Locomotor behavior  

Briefly, mice were placed in the center of an open field arena for 10 min and fiber photometry 

recordings were performed simultaneously. This allows to track basal neural activity that is related with 

locomotion and exploration. 

 

3.5 Fiber Photometry recordings  

After four weeks of viral expression, we start to record NAc D1- and D2-neurons activity during 

positive Pavlovian and Pavlovian aversive conditioning, using an open-source Python-based hardware and 

software for fiber photometry data acquisition (Akam & Walton, 2019). Fiber optic cables (1m long; 400 

μm core; 0.50 NA; Doric Lenses, Quebec, Canada) were coupled to implanted optic fibers with zirconia 

sleeves. Black heat shrink material was placed around the fiber coupling to prevent external sources of 

light from interfering with recordings. The system used two LEDs (CLED_465; CLED_560; Doric Lenses, 

Quebec, Canada) via an LED driver circuit built into the system (with an adjustable 0-100 mA output). 

Excitation light with two different wavelengths of 465nm for GCaMPf6 (green) and 560nm for tdTomato 

(red), and an emission light were passed through a minicube (FMC5_E1(450–490) _F1(500–540) 

E2(550-580)_F2(600-680)_S; Doric Lenses, Quebec, Canada). GCaMP signal and a movement control 

signal from co-expressed tdTomato were recorded using the ‘2 colour time-division’ acquisition. Light 

emitted by the indicators is transmitted back through the same optic fiber, separated from the illumination 

light and fluorescence from other indicators by optical filters, and converted to electrical signals by two 

separate high sensitivity photoreceivers (Newport 2151 with lensed FC adapter; Doric Lenses, Quebec, 

Canada). Next a Micropython Pyboard, with two analog and two digital inputs receives the fluorescence 

signals as analog voltage signals at 130Hz (time division), which are then convert to digital signal via an 

RC lowpass filter. The digital inputs are read at the same sampling rate as the analog signals to enable 

post hoc synchronization of the photometry data with the behavioral hardware. The system uses one 

digital input to receive synchronization pulses from the behavioral hardware and the other to receive a 

TTL each time a behavioral event of interest (reward delivery of foot shock) occurs. The average response 

to the event of interest can be visualized online, and the response to other behavioral events are calculated 

offline by using the sync pulse times to align behavioral and photometry data. Data were saved 

as .csv files (Akam & Walton, 2019). 

 



26 

3.6 Fiber photometry data analysis  

Initial analysis was performed in GuPPy, Guided Photometry Analysis in Python, a free and open-

source package (Sherathiya et al., 2021). First step was to remove artifacts, to allow to select portions of 

the recordings to include and exclude from the analysis. GuPPy uses a control channel (red) that includes 

smaller movement artifacts and photobleaching artifacts that are subtracted from the signal and used to 

normalize the data to determine changes from baseline fluorescence (ΔF/F). After established a control 

channel, a fitted control channel is used to calculate ΔF/F by subtracting the fitted control channel from 

the signal channel, and dividing by the fitted control channel: 

 

∆𝐹
𝐹 =

𝑆𝑖𝑔𝑛𝑎𝑙 − 𝐹𝑖𝑡𝑡𝑒𝑑	𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝐹𝑖𝑡𝑡𝑒𝑑	𝐶𝑜𝑛𝑡𝑟𝑜𝑙  

 

A standard z-score was calculated for the entire data stream by subtracting the mean value from each 

data point and dividing by the standard deviation.  

 

𝑧 − 𝑠𝑐𝑜𝑟𝑒 =
ΔF/F − (𝑚𝑒𝑎𝑛	𝑜𝑓	ΔF/F)

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	ΔF/F 

For peak detections, the average amplitude and frequency of transients in the z-score trace were 

calculated for the whole session. High amplitude events, defined as those with amplitudes greater than 

three times the median absolute deviation (MAD) above the median of the moving window, are filtered 

out and the median of the resulting trace is calculated. Transients are defined as peaks with amplitudes 

greater than three MADs of the resultant trace. After baseline correction, post-stimulus histogram (PSTH) 

is then calculated based on a user-defined window set around each event timestamp (Sherathiya et al., 

2021). The PSTH's area under the curve (AUC), mean fluorescence activity (average of the fluorescence 

signal) and peak amplitude (X. Zhang & Li, 2018) in specific periods of time were then calculated and 

plotted by a custom-made script. The intervals used for this analysis were: for Pavlovian conditioning data: 

pre-CS period (-10, -7); CS period: (-7, -4); pre-US period (-3, 0); US period: (0, 3); and for Pavlovian 

aversive conditioning data: pre-CS period (-13, -10); CS period: (-10, -7); pre-US period (-3, 0); US period: 

(0, 3). Next, to determine group differences, a group analysis was performed to average together results 

from multiple animals or multiple recording sessions (analysis adapted from (Sherathiya et al., 2021)). 

Additionally, to determine whether a neuron is significantly (p < 0.05) excited or inhibited by a stimulus, 

and thus be classified as “responsive” to the stimulus, the Wilcoxon signed-rank test was used to compare 



27 

the mean ΔF/F values in the 3 s immediately after stimulus onset with those in the 3 s immediately 

before stimulus onset, using the same intervals as describe above (X. Zhang & Li, 2018).  

3.7 Histology 

3.7.1. Sacrifice and brain sectioning  

At the end of all behavior procedures, mice were deeply anesthetized by a mixture of 

ketamine/medetomidine. Animals were then transcardially perfused with 0.9% saline, followed by 4% 

paraformaldehyde (PFA) solution. Brains were carefully removed and immersed for 24h in 4% PFA for 

fixation, and then rinsed and stored in 30% sucrose at 4°C until sectioning. In the case of fiber implanted 

mice, after transcardial perfusion, whole heads were immersed for 48h in 4% PFA so that the fiber track 

is clearly visible for histological analysis. Sectioning was performed coronally, in 40µm slices, on a 

vibrating microtome (VT1000S, Leica, Germany) and slices were stored at 4ºC on 12-well plates (or long-

term storage in cryoprotectant solution at -20°C) until use. Slices from the area of interest (NAc) were 

selected using the Mouse Brain Atlas (Paxinos & Franklin, 2001).  

 

3.7.2. Immunostaining 

IHC for c-fos 

In order to identify neuronal ensembles responding to early versus late learning, we examined 

the pattern of expression of endogenous c-fos, an immediate early gene and marker of neuronal activity 

(Krukoff, 1999) in B6 wild-type mice, after the Pavlovian conditioning test. At early learning, the animals 

were subjected to two days of Pavlovian conditioning and were sacrificed at the end in order to detect 

cells that respond to early cue-reward associative learning (Early learning; n = 5; no Early learning as 

control, n=5). For the cells that respond to late cue-reward associative learning, animals were subjected 

to 12 days of Pavlovian conditioning and were also sacrificed at the end (Late learning; n = 6; no Late 

learning as control, n=5). The corresponding control groups did not perform the Pavlovian conditioning 

task. All animals were sacrificed 90 min (peak of expression 60-90 min after neuronal activation) after 

the beginning of the task for assessment of endogenous c-fos expression.  

Brain slices containing all NAc were washed first with phosphate buffered saline (PBS), and then 

permeabilizated with PBS/Triton-X100 (0.3%) (PBS-T). Blocking, to avoid unspecific binding, was 

executed for 1h using 5% fetal bovine serum (FBS; Invitrogen, MA, USA) in PBS-T at room temperature 

(RT). The primary antibody anti-c-fos, was incubated overnight at RT with agitation (1:750; rabbit anti-c-

fos; Merck Millipore, Burlington, MA, USA, ABE457), followed by PBS-T washes and subsequent 

incubation with the secondary fluorescent antibody Alexa Fluor® 488 donkey anti-rabbit (1:500; 
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Invitrogen, Carlsbad, CA, USA, A21206). All antibodies were diluted in PBS-T with 2% FBS. Slices were 

washed with PBS-T, incubated with 4’,6-diamidino-2-phenylindole (DAPI; 1:1000; Thermo ScientificTM, 

62248), washed with PBS and mounted using Permafluor (mounting media; Invitrogen, MA, USA). Slides 

were stored at 4°C and kept protected from light. 

 

Immunofluorescence for GFP 

To assess GCaMPf6 expression in D1-cre and D2-cre mice, brain slices containing NAc sections 

with fiber tracks were washed with PBS, and then permeabilizated with PBS-T (0.3%). Blocking was 

performed for 1h using 5% FBS (Invitrogen, MA, USA) in PBS-T at RT. The primary antibody goat anti-

GFP, was incubated overnight at 4ºC with agitation (1:750; ABCAM, Cambridge, UK, ab6673), followed 

by PBS-T washes and subsequent incubation with the secondary fluorescent antibody Alexa Fluor® 488 

donkey anti-goat (1:500; Invitrogen, Carlsbad, CA, USA, A11055). All antibodies were diluted in PBS-T 

with 2% FBS. Slices were washed with PBS-T, incubated with DAPI (1:1000; Thermo ScientificTM, 62248), 

washed with PBS and mounted using Permafluor (mounting media; Invitrogen, MA, USA). Slides were 

stored at 4°C and kept protected from light. 

 

3.7.3 Image acquisition and analysis 

Images from the brain regions of interest (NAc) of WT animals were collected and analysed by 

confocal microscopy (Olympus FluoViewTMFV1000). About 10-12 slices per animals were used for each 

analysis. Slices were classified in terms of stereotaxic coordinates using the Mouse Brain Atlas (Paxinos 

& Franklin, 2001) and the evaluated regions (i.e. NAc subregions, core and shell) were drawn and 

measured in terms of area (mm2) using Fiji (ImageJ) software (Schindelin et al., 2012).  

Quantification of neuronal activation (c-fos+ cell density) was performed using the Cell Counter 

plugin in the Fiji (ImageJ) software (Schindelin et al., 2012). Cell densities were presented as cells per 

mm2. For the c-fos+ cell counting the Nac was divided into 3 subregions: NAc core (NAcc), Nac medial 

shell (NAcsMed) and Nac lateral shell (NAcsLat) according to (Paxinos & Franklin, 2001). 

Images from the NAc of D1-cre, D2-cre and A2A-cre mice were collected in inverted fluorescence 

microscopy (Olympus Widefield Inverted Microscope IX81). About 10-12 slices per animals were used for 

each analysis. Optic fiber placement was assessed to confirm if the activity detected was from the 

intended NAc region. For that, slices where the optic fiber was detected were classified according to 

(Paxinos & Franklin, 2001) to estimate the stereotaxic coordinates. 
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3.8. Statistical analysis 

Statistical analysis was performed in GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, 

USA). Normality was assessed in all data analysed by using the Shapiro–Wilk test and outliers were 

removed when applicable (Grubbs’ test; a standard test in univariate data sets) (data not shown). If 

normality assumptions were not met, Non-parametric analysis (Mann-Whitney or Wilcoxon test) was 

performed. Statistical analysis between two groups was made using Student’s t-test. In particular, a paired 

Student’s t-test  was used for fiber photometry analysis to compare mean activity, area under the cure 

(AUC) and peak activity between baseline period and CS or US period, and between day 1 and day 12 or 

day 3; and for freezing analysis, to compare % of freezing in first and last trials on day 1 and 3; an 

unpaired Student´s t-test was used to access the effect of c-fos expression in early and late learning. To 

access learning in Wild-type, and in D1- and D2-cre mice, a Repeated measures ANOVA was performed. 

If statistically significant differences were found, Bonferroni’s post hoc multiple comparison test was used 

for group differences determination. Additionally, a linear regression was also performed to see the 

correlation between number of nose pokes and days of training. To determine if a neuron was significantly 

“responsive” to a stimulus, a Wilcoxon signed-rank test was used (analyses performed with Matlab 

(MathWorks, Natick, MA)). All data analyses are presented as mean ± standard error of mean (SEM). 

Individual points are shown in the graphs. Statistical significance was accepted for p ≤ 0.05. All statistical 

comparisons are presented in the results section.  
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4. Results 

The nucleus accumbens has been shown to play an important role in rewarding and aversive 

events, and particularly in mediating Pavlovian conditioning associations. Although in vivo 

electrophysiological recordings in the NAc have shown the involvement of MSNs in encoding cue-outcome 

associations (Roitman et al., 2005), this approach did allow the distinction between D1- and D2-MSN 

activity. Thus, it remains unclear the anatomical distribution and functional role of D1- and D2-MSNs in 

cue-reward/aversive (Pavlovian) associative learning.  

To identify the anatomical distribution of NAc neuronal ensembles that represent early versus late 

learning cue-reward associations in Pavlovian conditioning, we examined the pattern of expression of 

endogenous c-fos protein, encoded by an immediate early gene that is considered a marker of neuronal 

activity.  

To determine the functional relevance of accumbal D1- and D2-neurons in cue-outcome 

associations, we imaged the neuronal activity of NAc neurons responsive to CSs, positive outcome 

(sucrose) and to negative outcome (shock) during cue-reward/aversion associative learning using calcium 

imaging with fiber photometry. 

 

4.1 NAc neuronal ensembles responding to early versus late associative learning 

In order to identify NAc neuronal ensembles responding to early versus late cue-reward 

associative learning (or Pavlovian conditioning), C57/Bl6J wild-type mice were submitted to a Pavlovian 

conditioning test in which a CS (tone and a house-light) turned on for 10 seconds was paired with a US 

(delivery of 20ul of 20% sucrose solution). The US was available at the 7th second after CS onset, with a 

total of 30 CS-US pairings in one single session (Figure 4A). To evaluate endogenous c-fos expression 

at early learning, animals performed two days of Pavlovian conditioning and were euthanized 90 min after 

the beginning of the second session (Pav_d2 group). To evaluate endogenous c-fos expression at late 

learning, animals were subjected to 12 days of Pavlovian conditioning and were euthanized 90 min after 

the beginning of the last session (Pav_d12 group) (Figure 4B). The corresponding control groups 

(noPav_d2, noPav_d12) were placed in the operant box for the same amount of time per day as the test 

groups, but no CS-US pairings were presented. These groups were also euthanized 90 min after the 

beginning of the 2nd or the 12th session, respectively.  

To confirm that animals acquired behavioral conditioning to the CS-US pairings, the number of 

nose pokes in the sucrose receptacle performed during CS presentation and during inter-trial interval (ITI) 

period were recorded. All statistical data are summarized in Table S1. 
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Animals that performed two sessions of conditioning (Pav_d2 group), present a statistically 

significant difference between number of nose pokes/min during CS presentation and ITI period on day 

1 (Figure 4C; post hoc analysis, p = 0.0155). However, there is no significant correlation between the 

total number of nose pokes performed during CS and day of training (Figure 4D). 

After 12 days of the Pavlovian conditioning, animals successfully learned to associate the CS with 

the US, as shown by the significant increase in the number of nose pokes/min during the CS presentation 

compared with the ITI period (Figure 4C; F (1,5) = 8.687, p = 0.0320). A statistically significant difference 

is present from the 6th day on of Pavlovian Conditioning (Figure 4C; day 6: p = 0.0087; day 7: p = 

0.0026; day 8: p = 0.0074, day 9: p = 0,0019, day 10: p < 0.0001, day 11: p < 0.0001, day 12: p < 

0.0001). In addition, there is a significant positive correlation between number of pokes during the CS 

period and day of training (Figure 4D; r2 = 0.1892, s = 190, p = 0.0002). No correlation was observed 

between number of nose pokes during the ITI and day of training (data not shown; r2 = 0.001206, s = 

254.1, p = 0.3655). 

 

Figure 4 – Animals learn the association between cue and reward throughout training. A) Schematic 

representation of the Pavlovian conditioning task in which animals learn to associate a CS (70dB 5kHz tone and house-light) 

with a US (20µl of 20% sucrose). B) Experimental design. Mice went through a Pavlovian conditioning test. In the early learning 

group (Pav_d2, n = 5), mice were euthanized 90 min after the beginning of the second session, and in the late learning group 

(Pav_d12, n = 6) animals were euthanized 90 min after the beginning of the 12th session. Control groups did not receive CS-

US pairings, and were euthanized 90 min after the beginning of the 2nd or the 12th session. C) Number of nose pokes/min 

across days during CS and ITI period for the early learning group (yellow) and for the late learning group (blue). D) Number of 

nose pokes during CS presentation across the 12 days of training. Data are represented as mean ± SEM #*p≤0.05, **p≤0.01, 

***p≤0.001. 
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We then calculated the c-fos+ cell density in the NAc core (NAcc), Nac medial shell (NAcsMed) 

and Nac lateral shell (NAcsLat) (Paxinos & Franklin, 2001) in the early learning (Pav_d2 group) and late 

learning (Pav_d12 group) animals. All statistical data are summarized in Table S2. As it can be seen by 

the c-fos+ cell density, at early learning there is no significant difference in neuronal activation between 

Pav_d2 group and the control group (noPav_d2) neither in the NAcc (Figure 5C) nor the NacsLat 

(Figure 5G); a trend for an increase was observed in NacsMed (Figure 5E; t(6) = 2.133, p = 0.0769; 

noPav_d2: 18.00±3.592 cells/mm2; Pav_d2: 44.67±15.81 cells/mm2). In addition, NAcc (Figure 5D, 

F(5,17) = 3.518, p = 0.0230), NAcMed (Figure 5F, F(4,10) = 11.15, p = 0.0010) and NAcLat (Figure 5H, 

F(4,11) = 4.936, p = 0.0159) exhibit a heterogeneous distribution among anterior-posterior axis of the 

coordinates from Bregma. No statistical differences were found for c-fos+ cell density between groups; 

however, a trend was observed in NAcc in the coordinate (1-0.9) (post hoc analysis, p = 0.0765); and a 

statistically significant difference is present in NAcMed in (1-0.9) (post hoc analysis, p = 0.0430) and in 

NAcLat in (1.7-1.5) (post hoc analysis, p = 0.0181). 

 
Figure 5 – Quantification of c-fos+ cell density in the NAc of mice at early learning (day 2). Representative c-fos 

immunofluorescence image showing endogenous c-fos expression in the NAc of A) control group (noPav_d2) and B) in the 
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Pavlovian conditioning group (Pav_d2); (20x mosaic - left; 40x - right). Arrows point to a few examples of c-fos+ cells; Scale bar: 

200µm – left; 20 µm - right. c-Fos+ cell density (cells/mm2) in the C) NAcc, E) NAcsMed and G) NAcsLat (noPav_d2, n = 5; 

Pav_d2, n = 3). c-Fos+ cell density along the anterior-posterior coordinate from the Bregma in the D) NAcc, F) NAcsMed and 

H) NAcsLat. Data are represented as mean ± SEM *p≤0.05. 

 

All statistical data are summarized in Table S3. At late learning, no significant differences were 

found in c-fos+ cell density for the Pav_d12 group in the NAcc (Figure 6C), the NAcsMed (Figure 6E) 

and the NAcLat (Figure 6G). Additionally, no differences were found in the c-fos+ cell density between 

noPav_d12 and Pav_d12 groups, however there is a heterogeneous distribution among anterior-posterior 

axis of the coordinates from Bregma in NAcc (Figure 6D, F (5,25) = 2.947, p = 0.0317), and in NAcMed 

(Figure 6F, F (4,20) = 3.489, p = 0.0257). 

 

Figure 6 - Quantification of c-fos+ cell density in the NAc of mice at late learning (day 12). A) Representative c-

fos immunofluorescence images showing endogenous c-fos expression in the NAc of A) control group (noPav_d12) and B) in 

the Pavlovian conditioning group (Pav_d12); (20x mosaic - left; 40x - right). Arrows point to a few examples of c-fos+ cells. Scale 

bar: 200µm - left; 20 µm - right. c-Fos+ cell density (cells/ mm-2) in the C) NAcc, E) NAcsMed and G) NAcsLat (noPav_d12, n 
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= 5; Pav_d12, n = 6). c-Fos+ cell density along the anterior-posterior coordinate from the bregma in the D) NAcc, F) NAcsMed 

and H) NAcsLat. Data are represented as mean ± SEM. 

 

4.2 Distinct patterns of activity of D1- and D2-neurons in associative learning  

We next aimed to evaluate the neuronal activity of NAc D1- and D2-neurons during the acquisition 

of reward or aversive associative learning. To do so, we used fiber photometry to register calcium 

transients in either MSN subtype in response to CSs and USs. We injected an adeno-associated virus 

expressing the cre-dependent genetically-encoded calcium indicator (GECI) GCaMP6f in the NAc of D1-

cre or D2-cre mice, in combination with an AAV carrying expression of a fluorescent tag, tdTomato that 

was used for motion correction. After viral delivery, an optic fiber was implanted in the NAc. Animals 

without expression or whose fiber placement was outside the brain region of interest (NAc) were excluded 

from the analysis. 

 

4.2.1 D1-neurons respond to positive Pavlovian conditioning  

D1-cre animals were injected in the NAc with AAV5-hSYN-FLEX-GCaMP6f-WPRE-SV40 and AAV1-

hSYN-FLEX-tdTomato for motion correction (Figure 7A). GCaMPf6 expression was assessed by GFP 

immunostaining and fiber placement was checked for all animals in all the groups. Two animals were 

excluded from the analysis due to fiber misplacement. Four weeks after surgery, animals were subjected 

to the Pavlovian conditioning test, which involves 35 pairings of a CS (10s tone and house-light) with a 

US (delivery of 20µl of 20% sucrose solution). At the 7th second of CS, the US was delivered. After reward 

delivery, trial entered on a variable ITI period (20-35 seconds, randomly assigned) (protocol adapted from 

(Patriarchi et al., 2018a)) (Figure 7B). The number of nose pokes during CS presentation and during 

ITI period were quantified. All statistical data are summarized in Table S4. 

Mice successfully learned to associate CS to the US, as shown by the increased number of nose 

pokes/min during CS presentation compared with the ITI period (Figure 7C; F (1,8) = 4.633, p = 0.0635). 

We observed a significant difference from the 7th day of the Pavlovian Conditioning task (Figure 7C; day 

7: p = 0.0045; day 8: p = 0.0430; day 9: p = 0.0001; day 10: p < 0.0001; day 11:  p = 0.0005; day 12: 

p < 0.0001). No significant correlation regarding the number of nose pokes during the CS presentation 

across days of training was found (Figure 7D). 
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Figure 7 – Behavior of D1-cre mice injected with GCaMP6f during positive Pavlovian conditioning. A) Injection 

of AAV5-hSYN-FLEX-GCaMP6f-WPRE-SV40 and AAV1-hSYN-FLEX-tdTomato in the NAc of D1-cre mice (n = 7). Representative 

image of GFP immunostaining showing expression of GCaMPf6 and fiber placement; Scale bar = 2mm. B) Schematic 

representation of the Pavlovian conditioning test. The CS (70dB 5kHz tone and house-light) was turned on for 10s and paired 

with a US (20µl of 20% sucrose solution) that was available 7 seconds after CS onset, followed by a random ITI period (20-

35s). C) Number of nose pokes/min across the 12 days of training during CS and ITI periods, showing that animals learn to 

associate the CS with US throughout training. D) Number of nose pokes during CS presentation across the 12 days of training. 

Data are represented as mean ± SEM *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 

During behavior, fiber photometry recordings in the NAc of D1-cre mice was done in all days of 

Pavlovian conditioning. Because the first trials within a session may be different from the last trials, we 

present the average activity of the first 5 trials, last 5 trials, and all trials.  

We compared the activity during the first 3 seconds of the CS period [from -7 to -4s; considering 

reward delivery at 0s] with the 3 seconds of baseline activity immediately before the CS onset [-10 to -

7s]. For simplification, we only present data from days 1, 6 and 12 of Pavlovian conditioning. All statistical 

data are summarized in Table S5.  

On day 1, the activity of D1-neurons during CS period is increased comparatively to the baseline, 

considering the average of all trials (Figure 8A-B; all trials: W = 0, p < 0.0001). Interestingly, there are 

differences in the pattern of bulk activity between the first and last 5 trials. 
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On days 6 and 12 the activity of D1-neurons during CS decreases compared to the baseline 

period, when considering all trials (Figure 8C-D; day 6 all trials: W = 58, p < 0.0001; Figure 8E-F; day 

12 all trials: W = 17445, p < 0.0001). 

Next, we compared the reward (US) period [0 to 3s] with the activity immediately before the 

reward delivery [-3 to 0s] (baseline before US). During days 1 and 12, the average activity of D1-neurons 

during US decreased when compared to the baseline before US period (Figure 8A-B; day 1 all trials: W 

= 0, p < 0.0001; Figure 8E-F; day 12 all trials: W = 799, p < 0.0001). However, on day 6, the average 

activity during US increases compared to the baseline before US period (Figure 8C-D; all trials: W = 

22779, p < 0.0001). 

In summary, the activity of D1-neurons during CS presentation increases at early stages of 

learning an then it decreases as learning is consolidated. Additionally, the activity of D1-neurons in 

response to reward fluctuates across learning days (decrease – increase – decrease).  

 

Figure 8 – Activity of D1-neurons during Pavlovian conditioning. Normalized activity (z-score) of D1-neurons 

evaluated by measuring GCaMP6f signals with fiber photometry. The activity of the first 5 trials is shown in red, the last 5 trials 

in blue, and average of all 35 trials in black. A) Normalized activity of day 1; B) Boxplot showing the normalized activity 

between the period before CS (pre-CS) [-10, -7] and during CS period (CS) [-7, -4] and between the period before US (pre-US) 

[-3 to 0s] and US period (US) [0 to 3s] during day 1; C) Same as in A) for day 6; D) Same as in B) for day 6; E) Same as in 
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A) for day 12; F) Same as in B) for day 12. Data are represented as mean ± SEM for A), C) and E); Data are represented as 

median ± Min to Max for B), D) and F) ***p ≤ 0.0001. 💧- Sucrose delivery;      - Cue start;       - Cue stopped.  

 

Next, we performed complimentary analysis of the photometry data, namely we calculated the 

mean activity, area under the curve (AUC) and Peak fluorescence activity. This allowed us to compare 

side by side the activity of D1-neurons in response to the CS or US (same periods in the analysis as 

describe above). All statistical data are summarized in Table S6. 

The mean activity of D1-neurons during CS presentation is higher in the first days of training, but 

it decreases as the learning process is consolidated, as shown by the significant negative correlation of 

the mean activity (Figure 9A; r2 = 0.07561, s = 0.2134, p = 0.0124). No statistical differences were 

observed comparing the mean activity of baseline and CS periods (Figure 9B; Day1: t (6) = 1.874, p = 

0.1101; Day6: t (6) = 1.672, p = 0.1456; Day12: t (5) = 1.089, p = 0.3259). 

 Similarly, the AUC also presents a significant negative correlation with days of training (Figure 

9C; r2 = 0.07561, s = 0.6386, p = 0.0124). No significant differences between baseline period and CS 

period are observed for days 1, 6 and 12 of Pavlovian conditioning (Figure 9D).  

Regarding Peak fluorescence activity, there is no correlation across days of training (Figure 9E). 

Similarly, no significant differences are observed between baseline and CS period on days 1, 6 and 12 of 

Pavlovian conditioning (Figure 9F). 
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Figure 9 – Activity of D1-neurons decreases in response to the CS across days of training in the Pavlovian 

conditioning. A) Negative correlation between mean activity during CS period and days of training. B) Mean activity between 

baseline period [-10, -7] and CS period [-7, -4] during day 1, day 6, and day 12 of training. C) Negative correlation between 

AUC during CS period and days of training. D) Same as in B) for AUC. E) Correlation between peak activity during CS period 

and days of training. F) same as in B) for peak activity. Data are represented as mean ± SEM. 

 

Next, we compared the activity of D1-neurons in response to the US. All statistical data are 

summarized in Table S7. The mean activity during US delivery is higher on the first days of training, but 

it decreases as the learning process is consolidated, as shown by the significant negative correlation 

(Figure 10A; r2 = 0.1186, s = 0.2495, p = 0.0016). 

No significant differences were found on days 1, 6 and 12 for mean activity during US period, 

though there is a trend for a decrease in the last day of training (Figure10B; Day1: t (6) = 1.045, p = 

0.3364; Day6: t (6) = 0.279, p = 0.7897; Day12: t (6) = 2.038, p = 0.0877). 
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 Similarly, the AUC also presents a significant negative correlation with days of training (Figure 

10C; r2 = 0.1185, s = 0.7464, p = 0.0017). No significant differences between baseline period and US 

period for days 1, 6 and 12 of Pavlovian conditioning are observed (Figure 10D). 

Regarding the Peak activity, we found no differences in the correlation across days of training 

(Figure 10E); and no significant differences between baseline period and US period (Figure 10F).  

 

Figure 10 - Activity of D1-neurons decreases in response to the US across days of training in the Pavlovian 

conditioning. A) Negative correlation between mean activity during US period across days of training. B) Mean activity 

between baseline period [-3, 0] and US period [0, 3] during days 1, 6 and 12 of Pavlovian conditioning. C) Negative correlation 

between AUC during US period and days of training. D) same as in B) for AUC. E) Correlation between peak activity during 

US period and days of training. F) same as in B) for peak activity. Data are represented as mean ± SEM.  

 

Finally, to understand the evolution of D1-neurons activity throughout training, we compared the 

average activity during CS period and US period between days 1 and 12. All statistical data are 

summarized in Table S8. As shown in Figure 11A, on day 1 the activity increases immediately after the 

CS onset and then begins to decrease until the reward is delivered. On the contrary, on day 12 the activity 
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is decreased from the beginning of the CS onset and continues to decrease until the reward is delivered. 

Overall, the activity of D1-neurons significantly decreases from day 1 to day 12 in response to CS (Figure 

11A; W =100, p < 0.0001).  

In agreement, comparison of mean activity and AUC between day 1 and day 12 revealed that the 

activity of D1-neurons significantly decreases in response to the CS (Figure 11B; t (6) = 2.370; p = 

0.0500; Figure 11C; t (6) = 2.370; p = 0.0500). However, peak activity shows no significant difference 

between day 1 and day 12 (Figure 11D).  

Furthermore, there is a substantial decrease in mean activity and AUC of D1-neurons in response 

to the US from day 1 to day 12 (Figure 11E; t (6) = 2.573; p = 0.0422; Figure 11F; t (6) = 2.572, p = 

0.0422). Peak activity shows no significant difference between day 1 and day 12 (Figure 11G). 

 

Figure 11 –D1-neurons activity decreases in response to CS and US from day 1 to day 12 of Pavlovian 

conditioning. A) Average of fluorescence during day 1 (black) and day 12 (red) of Pavlovian conditioning. B) Mean activity 

between day 1 and day 12 during CS period. C) same as in B) for AUC and D) peak activity. E) Mean activity between day 1 
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and day 12 in during US period. F) same as in E) for AUC and G) peak activity. Data are represented as mean ± SEM *p≤0.05, 

**p≤0.01, ***p≤0.001. 

 

In sum, the activity of D1-neurons during CS presentation is increased at the early stages of 

learning and then decreases as learning is consolidated. In response to reward delivery, D1-neurons 

activity is decreased, but this decrease becomes even more pronounced at late stages of learning. 

 

4.2.2 D2-neurons respond to positive Pavlovian conditioning 

Next, we evaluated the neuronal activation pattern of D2-neurons in response to CS and US in a 

Pavlovian conditioning task. Viral injection and optic fiber implantation were done similarly to what is 

describe above but using D2-cre mice. GCaMP6f expression was assessed by GFP immunostaining and 

fiber placement was checked for all animals (Figure 12A). No animals were excluded. 

D2-cre mice were subjected to the Pavlovian conditioning test, as described before (Figure 

12B). All statistical data are summarized in Table S9. Mice successfully learned to associate CS to the 

US, as shown by the increased number of nose pokes/min during CS presentation compared with the ITI 

period (Figure 12C; F (1,6) = 2.584, p = 0.1591). Particularly, the association is evident from the 10th day 

of training (Figure 12C; Day 10: p = 0.0147; Day 11: p =0.0017; Day 12: p =0.0012). In addition, this 

is also shown by the positive correlation between the number of nose pokes during the CS presentation 

and days of training (Figure 12D; r2 = 0.07348, s = 94.27, p = 0.0132).  

 

Figure 12

0 1 2 3 4 5 6 7 8 9 10 11 12
0

100

200

300

400

500

Days of Training 

No
se

 P
ok

es
 d

ur
in

g 
CS

D2-cre

1 2 3 4 5 6 7 8 9 10 11 12
0

10

20

30

40

Days of Training 

No
se

 P
ok

es
/m

in
ut

e

CS
ITI *

** **

C DB

A

(10’)
CSITI

(20-35’)

! 3’

D2-MSNs

Motion 
correction

2mm

GC
aM

Pf
6

AAV5.CAG.FLEX.GCaMP6f.WPRE.SV40
+ AAV1.FLEX.tdTomatoFiber 

Photometry

D2-creNAc core
NAc shell



43 

Figure 12 – Behavior of D2-cre injected with GCaMP6f during positive Pavlovian conditioning. A) Injection of 

AAV5-hSYN-FLEX-GCaMP6f-WPRE-SV40 and AAV1-hSYN-FLEX-tdTomato in the NAc of D2-cre mice (n = 7). Representative 

image of GFP immunostaining showing expression of GCaMPf6 and fiber placement; Scale bar = 2mm. B) Schematic 

representation of the Pavlovian conditioning test. The CS (70dB 5kHz tone and house-light) was turned on for 10s and paired 

with a US (20µl of 20% sucrose solution) that was available 7 seconds after CS onset, followed by a random ITI period (20-

35s). C) Number of nose pokes/min across the 12 days of training during CS and ITI period, showing that animals learn to 

associate the CS with US throughout training. D) Number of nose pokes during CS presentation across the 12 days of training. 

Data are represented as mean ± SEM *p≤0.05, **p≤0.01. 

 

Next, we performed fiber photometry recordings of calcium transients of D2-neurons in the NAc. 

Analysis was done exactly the same as for D1-neurons. All statistical data are summarized in Table S10. 

During days 1, 6 and 12, the activity of D2-neurons in response to the CS decreases 

comparatively to the baseline period (Figure 13A-B; day 1 all trials: W = 0, p < 0.0001; Figure 13C-

D; day 6 all trials: W = 0, p < 0.0001; Figure 13E-F; day 12 all trials: W = 0, p < 0.0001), except for 

the last 5 trials on day 12, where the activity was increased (last 5 trials: W = 28294, p < 0.0001). 

The activity of D2-neurons was decreased in response to reward delivery in comparison to the 

baseline period during days 1, 6 and 12 (Figure 13A-B; day 1 all trials: W = 0, p < 0.0001; Figure 

13C-D; day 6 all trials: W = 0, p < 0.0001; Figure 13E-F; day 12 all trials: W = 7040, p < 0.0001).  

Overall, the activity of D2-neurons during CS presentation and reward delivery decreases during 

Pavlovian conditioning acquisition.  
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Figure 13 – Activity of D2-neurons during Pavlovian conditioning. Normalized activity (z-score) of D2-neurons 

evaluated by measuring GCaMP6f signals with fiber photometry. The activity of the first 5 trials is shown in red, the last 5 trials 

in blue, and average of all 35 trials in black. A) Normalized activity of day 1; B) Boxplot showing the normalized activity 

between the period before CS (pre-CS) [-10, -7] and during CS period (CS) [-7, -4], and between the period before US (pre-US) 

[-3 to 0s] and US period (US) [0 to 3s] during day 1; C) Same as in A) for day 6; D) Same as in B) for day 6; E) Same as in 

A) for day 12; F) Same as in B) for day 12. Data are represented as mean ± SEM for A), C) and E); Data are represented as 

median ± Min to Max for B), D) and F) ***p ≤ 0.0001. 💧- Sucrose delivery;      - Cue start;       - Cue stopped.  

 

Next, we compared the mean activity, AUC and peak activity of D2-neurons in response to the 

CS. All statistical data are summarized in Table S11. The mean activity of D2-neurons in response to 

the CS is higher on the first days of training, but it decreases as the learning process is consolidated, as 

shown by the significant negative correlation with days of training (Figure 14A; r2 = 0.06563, s = 0.1934, 

p = 0.0218). In addition, on day 1 of training, the mean activity during CS period is significantly lower 

than baseline activity (Figure 14B; t (5) = 2.959, p = 0.0315). On day 6, the mean activity during CS 

presentation presents a trend for a decrease relative to the baseline (Figure 14B; t (6) = 2.212, p = 

0.0689). On day 12, no differences were found (Figure 14B). 

 No correlation was found between AUC and days of training (Figure 14C). Additionally, on days 

1 and 6 of Pavlovian conditioning there is a significant decrease in the AUC during CS period relative to 



45 

baseline period. On day 12 no significant differences were found (Figure 14D; Day1: t (5) = 2.962, p = 

0.0314; Day6: t (5) = 3.034, p = 0.0289; Day12: W = -11, p = 0.3125).  

Regarding fluorescence peak activity, there is no statistically significant difference across days of 

training (Figure 14E), and no significant differences between baseline and CS period on days 1, 6 and 

12 of Pavlovian conditioning were found (Figure 14F).  

 

Figure 14 – Activity of D2-neurons decreases in response to the CS across days of training in the Pavlovian 

conditioning. A) Negative correlation between mean activity during CS period and days of training. B) Mean activity between 

baseline period [-10, -7] and CS period [-7, -4] during day 1, day 6, and day12 of training. C) Negative correlation between 

AUC during CS period and days of training. D) same as in B) for AUC. E) Correlation between peak activity during CS period 

and days of training. F) same as in B) for peak activity. Data are represented as mean ± SEM *p≤0.05.  

 

Afterwards, we compared the mean activity, AUC and peak activity of D2-neurons in response to 

the US. All statistical data are summarized in Table S12. The mean activity of D2-neurons in response 

to the US appears to be decreased as learning process is consolidated, as reflected by a trend for a 

negative correlation (Figure 15A; r2 = 0.03835, s = 0.2528, p = 0.0778). In addition, no significant 

differences were found on days 1, 6 and 12 for mean activity during US period (Figure 15B). 
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 No correlation between AUC of CS period and days of training (Figure 15C), and no significant 

differences between baseline and US period for days 1, 6 and 12 of Pavlovian conditioning were found 

(Figure 15D). 

Regarding peak activity, there are no differences across days of training (Figure 15E), and no 

significant differences between baseline and US period on days 1, 6 and 12 (Figure 15F).  

 
Figure 15 - Activity of D2-neurons decreases in response to the US across days of training in the Pavlovian 

conditioning. A) Negative correlation between mean activity during US period and days of training. B) Mean activity between 

baseline period [-3, 0] and US period [0, 3] during day 1, day 6 and day 12 of Pavlovian conditioning. C) Negative correlation 

between AUC during US period and days of training. D) same as in B) for AUC. E) Correlation between peak activity during 

US period and days of training. F) same as in B) for peak activity. Data are represented as mean ± SEM. 

 

Finally, we compared the average activity of D2-neurons during CS and US periods between day 

1 and day 12 of training. All statistical data are summarized in Table S13. As shown in figure 16A, the 

activity on both days decreases in response to the CS and to reward delivery. A statistically significant 

difference between the two days appears for both CS and US periods (Figure 16A; W =150, p < 0.0001). 
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Comparison between day 1 and day 12 regarding mean activity, AUC, and peak activity revealed no 

significant difference in response to the CS (Figure 16B-D).  

Furthermore, the activity of D2-neurons in response to the US is similar when comparing the 

mean activity, AUC and peak activity of day 1 with day 12 (Figure 16E-G).  

 

Figure 16 – D2-neurons activity decreases in response to CS and US from day 1 to day 12 of Pavlovian 

conditioning. A) Average of change in fluorescence during day1 (black) and day 12 (orange) of Pavlovian conditioning. B) 

Mean activity between day 1 and day 12 during CS period. C) same as in B) for AUC and D) peak activity. E) Mean activity 

between day 1 and day 12 during US period. F) same as in E) for AUC and G) peak activity. Data are represented as mean ± 

SEM. 

 

Overall, while animals learned to associate CS to the US as Pavlovian conditioning progressed, 

the activity of D2-neurons during CS presentation and reward delivery decreased.  
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4.2.3 D1-neurons activity changes in Pavlovian aversive conditioning 

Next, we wanted to track the activity of D1-neurons during Pavlovian aversive conditioning. For 

that, D1-cre mice injected with GCaMP6f were subjected to 3 days of test in which a CS (tone plus a cue-

light) was paired with a US (mild foot shock; 0.5mA for 1 sec) (Figure17A). Freezing during the CS 

period was calculated for each day. All statistical data are summarized in Table S14. 

On the first conditioning session, mice were exposed to 10 CS-US pairings, and an increase in 

freezing over the trials was developed (Figure 17B; F (4.0,27.8) = 7.991, p < 0.0001). In addition, significantly 

higher percentage of freezing in the last trial is observed when compared with the first trial (Figure 17C; 

t (5) = 5.641, p = 0.0024).  

On the second day of test, mice received 30 trials – 20 CS-US and 10 trials of CS only, i.e., that 

were not followed by an electric foot shock; CS-US and CS trials were randomly assigned. Mice do not 

show any difference in freezing behavior between the trials with or without foot shock (Figure 17D). 

On the third day, animals went through an extinction session in which they were exposed to 30 

trials of CS only. Mice do not show a significant difference in percentage of freezing between the first trial 

and last trial (Figure 17E). Finally, no difference is detected in the percentage of freezing between day 

1 and day 3 (Figure 17F).  

 

Figure 17 – Behavior of D1-cre mice injected with GCaMP6f during Pavlovian aversive conditioning. A) 

Schematic representation of the Pavlovian aversive conditioning. Each trial consisted of a random ITI period (45-50s) followed 

by a 10s CS (80dB, 3kHz tone plus a cue-light), co-terminated with a foot shock (US; 0.5mA, 1s). B) Percentage of freezing 

FIGURA 17
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response across trials on the first conditioning session (day 1); C) Percentage of freezing response in the first trial versus the 

last trial on day 1. D) Percentage of freezing response between trials without shock and trials with shock on day 2. E) 

Percentage of freezing response in the first trial versus last trial on day 3. F) Percentage of freezing response between day 1 

(first conditioning session) and day 3 (extinction session). (D1-cre mice n = 6). Data are represented as mean ± SEM **p≤0.01.  

 

During behavior, fiber photometry recordings of NAc D1-neurons were performed. The average 

activity of the CS period [-10 to -7s] was compared with the activity immediately before CS onset, baseline 

[-13 to -10]. All statistical data are summarized in Table S15. 

During days 1, day 2 (both noshock and shock trials) and day 3, the average activity of D1-

neurons during CS period increased when compared to the baseline period considering the average of all 

trial (Figure 18A-B; all trials: W = 30959, p < 0.0001; Figure 18C-D; all trials: W =0, p < 0.0001; 

Figure 18E-F; all trials: W = 0, p < 0.0001; Figure 18G-H; all trials: W = 0, p < 0.0001).   

Next, the average activity of the US period [0 to 3s] was compared with the activity immediately 

before the foot shock, baseline [-3 to 0s]. The average activity of D1-neurons increased in response to the 

shock on the sessions with shock delivery (Figure 18A-B; all trials: W = 1431, p < 0.0001; Figure 

18C-D; all trials: W = 0, p < 0.0001). On trials where the shock was omitted, the activity of D1-neurons 

during US period is decreased comparatively to the baseline considering the average of all trials (Figure 

18E-F; all trials: W = 2469, p < 0.0001; Figure 18G-H; all trials: W = 0, p < 0.0001); except for the 

first trial on day 2_noshock (W = 2729, p < 0.0001) and on day 3 (W = 14116, p < 0.0001) where the 

activity was increased. 

Overall, the activity of D1-neurons during CS presentation and shock delivery is increased. 
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Figure 18 – Average activity of D1-neurons during Pavlovian aversive conditioning. Normalized activity (z-score) 

of D1-neurons evaluated by measuring GCaMP6f signal with fiber photometry. The activity during the first trial is marked in 

red, the last trial in blue, and average of all trials in black. A) Normalized activity of day 1; B) Boxplot showing the normalized 

activity between the period before CS (pre-CS) [-13 to -10s] and CS period (CS) [-10, to -7s], and between the period before 

US (pre-US) [-3 to 0s] and US period (US) [0 to 3s] during day 1; C) Same as in A) for day 2_shock; D) Same as in B) for day 

2_shock; E) Same as in A) for day 2_noshock; F) Same as in B) for day 2_noshock; G) Same as in A) for day 3); H) Same 

as in B) for day3. Data are represented as mean ± SEM for A), C), E) and G); Data are represented as median ± Min to Max 

for B), D), F) and H) *p ≤ 0.0001.     – shock;      - noshock;       - cue start;      - cue stopped. 

 

During the first conditioning session, the activity of D1-neurons remains close to the baseline 

during CS onset. However, this activity increases as animals associate the CS with the US, as shown by 

the increase in the activity over day 2 and day 3 (Figure 19). D1-neurons exhibit an evident increase in 

the activity immediately after the foot shock delivery (CS-US group) in day 1 and day 2. On the contrary 
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on day 3, the activity of D1-neurons decreases after the period when foot shock was expected but was 

omitted. 

 

Figure 19 – Activity of D1-neurons during Pavlovian aversive conditioning. Normalized activity of D1-neurons 

evaluated by measuring GCaMP6f signal with fiber photometry. The average of all trials with CS-US pairings are marked in 

red, and with CS only in black. A) Normalized activity of day 1, 2 and 3 during Pavlovian aversive conditioning. Data are 

represented as mean ± SEM.     – shock;      - cue start;      - cue stopped. 

 

Next, the mean activity, AUC and peak activity of D1-neurons in response to the CS was compared 

with the baseline period (same periods in the analysis as describe above). All statistical data are 

summarized in Table S16. 

No significant differences between mean activity during baseline period and CS period was found, 

though there is a trend on day 3 to increase in response to the CS (Figure 20A; Day 3: t (5) = 2.072, p = 

0.0930). 

 Similarly, the AUC exhibits no significant differences between baseline and CS periods, and the 

same trend was observed on day 3 (Figure 20B; Day 3: t (5) = 2.072, p = 0.0932). 

 Regarding peak activity, there is no significant difference between baseline and CS period (Figure 

20C). 
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Figure 20 – Activity of D1-neurons increases in response to the CS. A) Mean activity between baseline period [-13, 

-10] and CS period [-10, -7] during day 1, day 2_noshock, day 2_shock and day 3. B) Same as in A) for AUC. C) Same as in 

A) for peak activity. Data are represented as mean ± SEM.  

 

Afterwards, we compared the mean activity of D1-neurons in the US period with the baseline 

period. All statistical data are summarized in Table S17. No significant differences between mean 

activity during baseline period and US period were found (Figure 21A). Similarly, the AUC presents no 

significant differences between baseline and US periods (Figure 21B).  

 Regarding peak activity, no statistically significant differences between the baseline and US period 

were found, with the exception of day 3, where the peak activity in response to the US decreases 

compared to the baseline period (Figure 21C; Day 1: t (5) = 1.323, p = 0.2430; Day 2_noshock: t (5) = 

0.4979, p = 0.6397; Day 2_shock: t(5) = 1.563, p = 0.1788; Day 3: t(5) = 3.030, p = 0.0291).  
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Figure 21 – Activity of D1-neurons increases in response to foot shock. A) Mean activity between baseline period 

[-3, 0] and US period [0, 3] during day 1, day 2_noshock, day 2_shock and day 3. B) Same as in A) for AUC. C) Same as in 

A) for peak activity. Data are represented as mean ± SEM *p≤0.05.  

 

Finally, we compared D1-neurons activity in response to the CS and to the US between day 1 

(trials with CS paired with shock) and day 3 (trials with only CS exposure) of Pavlovian aversive 

conditioning. All statistical data are summarized in Table S18. The mean activity (Figure 22A), the 

AUC (Figure 22B) and peak activity (Figure 22C), show no significant differences in response to the 

CS between days. The mean activity (Figure 22D), the AUC (Figure 22E) and peak activity (Figure 

22F), show no significant differences in response to the US between Day 1 and Day 3.  
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Figure 22 – D1-neurons activity in day 1 and day 3 in response to CS and to US (shock). A) Mean activity between 

day 1 and day 3 during CS period. B) same as in A) for AUC and C) for peak activity. D) Mean activity between on day 1 and 

day 3 during US period. E) same as in D) for AUC and F) for peak activity. Data are represented as mean ± SEM. 

 

In sum, D1-neurons increases their activity during CS onset as animals associate the CS with the 

US and it also increases in response to the shock, for the sessions where the shock was delivered.  

 

4.2.4. D2-neurons respond to Pavlovian aversive conditioning 

Next, we wanted to follow the activity of D2-neurons during Pavlovian aversive conditioning. For 

that D2-cre mice were subjected to 3 days of fear conditioning test as described for D1-cre mice (Figure 

23A). All statistical data are summarized in Table S19. 

On the first conditioning session, mice show a significant increase in the percentage of freezing 

over trials (Figure 23B; F (2.45,13.07) = 10.77, p = 0.0012). In addition, a significantly higher percentage of 

freezing is observed in the last trial when compared to the first trial (Figure 23C; t (6) = 8.634, p = 

0.0001).  

On the second day, mice were exposed to 20 CS-US trials and 10 CS only trials, (randomly). Mice 

do not show any difference in freezing between the trials with or without foot shock (Figure 23D). On 
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day 3, CS only, mice do not show a significant difference in percentage of freezing between the first and 

last trials (Figure 23E). No difference in the percentage of freezing between day 1 and day 3 were found 

(Figure 23F).  

 

Figure 23- Behavior of D2-cre mice injected with GCaMP6f during Pavlovian aversive conditioning. A) 

Schematic representation of the Pavlovian aversive conditioning. Each trial consisted of a random ITI period (45-50s) followed 

by a 10s CS (80dB, 3kHz tone plus a cue-light), co-terminated with a foot shock (US; 0.5mA, 1s). B) Percentage of freezing 

response across trials on the first conditioning session (day 1); C) Percentage of freezing response in the first trial versus the 

last trial on day 1. D) Percentage of freezing response between trials without shock and trials with shock on day 2. E) 

Percentage of freezing response in the first trial versus last trial on day 3. F) Percentage of freezing response between day 1 

(first conditioning session) and day 3 (extinction session). (D2-cre mice n= 7). Data are represented as mean ± SEM **p≤0.01, 

***p≤0.001. 

 

Fiber photometry recordings were performed every day for D2-neurons. Analysis was done exactly 

the same as for D1-neurons. All statistical data are summarized in Table S20. 

During the 3 sessions, the average activity of D2-neurons during the CS period increases (Figure 

24A-B; all trials: W = 29237, p < 0.0001; Figure 24C-D; all trials: W = 0, p < 0.0001; Figure 24E-F; 

all trials: W = 0, p < 0.0001; Figure 24G-H; all trials: W = 0, p < 0.0001 ), except for the first trial during 

the first conditioning session, where the activity decreases (Figure 24A-B; first trial: W = 22020, p < 

0.0001).  
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The average activity of D2-neurons in the US increases only in sessions with shock delivery 

(Figure 24A-B; all trials: W = 768, p < 0.0001; Figure 24C-D; all trials: W = 2680, p < 0.0001). On 

the contrary, in the sessions where the shock was omitted the average activity of D2-neurons during the 

US period decreases (Figure 24E-F; all trials: W = 0, p < 0.0001; Figure 24G-H; all trials: W = 0, p < 

0.0001). 

 
Figure 24 – Average activity of D2-neurons during Pavlovian aversive conditioning.  Normalized activity (z-score) 

of D2-neurons evaluated by measuring GCaMP6f signal with fiber photometry. The activity during the first trial is marked in 

red, the last trial in blue, and average of all trials in black. A) Normalized activity of day 1; B) Boxplot showing the normalized 

activity between the period before CS (pre-CS) [-13 to -10s] and CS period (CS) [-10 to -7s], and between the period before US 

(pre-US) [-3 to 0s] and US period (US) [0 to 3s] during day 1; C) Same as in A) for day 2_shock; D) Same as in B) for day 

2_shock; E) Same as in A) for day 2_noshock; F) Same as in B) for day 2_noshock; G) Same as in A) for day 3); H) Same 
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as in B) for day3. Data are represented as mean ± SEM for A), C), E) and G); Data are represented as median ± Min to Max 

for B), D), F) and H) ***p ≤ 0.0001.     - shock;      - noshock;       - cue start;      - cue stopped.  

 

During the first conditioning session, the activity of D2-neurons increases immediately after the 

CS onset but returns to baseline before shock delivery (Figure 25). On the contrary, on day 2 and day 

3, the activity of D2-neurons increases immediately after the CS onset and continues high during the 

entire CS period. In addition, D2-neurons exhibit an evident increase in the activity immediately after the 

shock is delivery (CS-US in day 1 and day 2). 

 

Figure 25 – Activity of D2-neurons during Pavlovian aversive conditioning.  Normalized activity of D2-neurons 

evaluated by measuring GCaMP6f signal with fiber photometry. The average activity of all trials with CS-US pairings is marked 

in red, and with CS only in black. A) Normalized activity of day 1, 2 and 3 during Pavlovian aversive conditioning. Data are 

represented as mean ± SEM.     – shock;      - cue start;      - cue stopped. 

 

Next, the mean activity, AUC and peak activity of D2-neurons in response to the CS was compared 

with the baseline period. All statistical data are summarized in Table S21. 

On day 2_shock, there is a significant increase in activity during the CS period compared with 

the baseline period (Figure 26A; Day 2_shock: W = 24, p = 0.0469). No significant differences between 

the mean activity during baseline period and CS period were found for the other sessions (Figure 26A). 
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 Similarly, no significant differences between baseline and CS periods were found for the AUC, 

except for day 2_shock (Figure 26B Day 1: t (6) = 0.2355, p = 0.8217; Day 2_noshock: t (6) = 1.829, p = 

0.1172; Day 2_shock: W = 24, p = 0.0469; Day 3: W = 13 p = 0.1562). 

 Regarding peak activity, there are no statistically significant difference between baseline and CS 

period, with the exception of day 2_shock, where the peak activity in response to the CS increases 

compared to the baseline period (Figure 26C Day 1: W = 3, p = 0.5000; Day 2_noshock: t(5) = 1.749, 

p = 0.1407; Day 2_shock: W  = 26, p = 0.0312; Day 3: t(6) = 0.2570, p = 0.8058).  

 

Figure 26 – Activity of D2-neurons increases in response to the CS. A) Mean activity between baseline period [-13, 

-10] and CS period [-10, -7] during day 1, day 2_noshock, day 2_shock and day 3. B) Same as in A) for AUC. C) Same as in 

A) for peak activity. Data are represented as mean ± SEM *p≤0.05. 

 

After, the activity of D2-neurons in response to the US was compared with the baseline period. 

All statistical data are summarized in Table S22. 
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The mean activity of D2-neurons significantly increases in response to the shock on day 1, but 

not on other days (Figure 27A; Day 1: t (6) = 2.783, p = 0.0319; Day 2_noshock: t (6) = 1.846, p = 0.1242; 

Day 2_shock: t (5) = 1.680, p = 0.1538; Day 3: t (5) = 2.062, p = 0.0941). 

 The AUC is similar between baseline and US periods, except for day 1 which shows a significant 

increase when compared to the baseline (Figure 27B; Day 1: t (6) = 2.791, p = 0.0315; Day 2_noshock: 

t (5) = 1.844, p = 0.1245; Day 2_shock: t(5) = 1.672, p = 0.1554; Day 3: t(5) = 2.064, p = 0.0940).  

 Regarding peak fluorescence activity, there is no statistically significant difference between 

baseline and US period (Figure 27C).  

 

Figure 27 – Activity of D2-neurons increases in response to foot shock. A) Mean activity between baseline period 

[-3, 0] and US period [0, 3] during day 1, day 2_noshock, day 2_shock and day 3. B) Same as in A) for AUC. C) Same as in 

A) for peak activity. Data are represented as mean ± SEM *p≤0.05. 
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Finally, D2-neurons activity in response to the CS and to the US between day 1 (trials with CS-

US) and day 3 (CS only) was compared. All statistical data are summarized in Table S23. 

 D2-neurons mean activity (Figure 28A), the AUC (Figure 28B), and peak activity (Figure 

28C) show no significant differences in response to the CS between day 1 and 3.  

Regarding the US period, comparisons of mean activity (Figure 28D; t (5) = 2.530, p = 0.0500) 

and AUC (Figure 28E; t (10) = 2.536, p = 0.0500) between day 1 and 3 revealed that the activity of D2-

neurons significantly decrease. Peak activity (Figure 28F; W= 24, p = 0.0469) show an increase in the 

activity on day 3.  

 
Figure 28 – D2-neurons activity in day 1 and day 3 in response to CS and to the US (shock). A) Mean activity 

between day 1 and day 3 during CS period. B) Same as in A) for AUC and C) for peak activity. D) Mean activity between day 

1 and day 3 during US period. E) Same as in D) for AUC and F) for peak activity. Data are represented as mean ± SEM 

*p≤0.05. 

 

Similar to D1-neurons, the activity of D2-neurons increases during CS onset as animals learned 

to associate the CS with the US, and it also increases in response to the shock, particularly during the 

first conditioning session.   
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5.1 Discussion 

Associations between natural rewards or aversive outcomes and predictive environmental cues 

are crucial for survival in an external environment (Day & Carelli, 2007; Soares-Cunha et al., 2020; Zessen 

et al., 2021). These are classical cases of Pavlovian conditioning, in which a neutral cue is assigned to 

predict something to be either positive/rewarding or negative/aversive (Day & Carelli, 2007; Hanley & 

Garland, 2019). As a result, Pavlovian learning is the basis for both normal and maladaptive human 

behaviors. Thus, understanding cue-outcome associative learning may help us better comprehend a wide 

range of human behaviors.  

Evidence has shown that NAc plays an important role in mediating Pavlovian associations (Day 

et al., 2006a; Day & Carelli, 2007; Roitman et al., 2005; Wan & Peoples, 2006). Thus, the present work 

focuses on identifying what are the NAc neurons that are responsive to cue-outcome associations. 

 

NAc neuronal ensembles responding to early versus late learning during Pavlovian conditioning 

associations 

The NAc is involved in processing information about USs and to learn associations between these 

rewards and external stimuli. Intraoral administration of a sucrose solution (Roitman et al., 2005), self-

administration of sucrose (Nicola et al., 2004c) or water and food (Roitman et al., 2005) during an operant 

task results in a reduction of NAc neuronal activity (Roitman et al., 2005). In addition, these firing patterns 

are thought to be differentially distributed in the NAc core and shell, suggesting that these subregions 

play different roles in this process (Ikemoto, 2007; McFarland et al., 2003; Robbins et al., 2008; Rodd-

Henricks et al., 2002; Sellings & Clarke, 2003; Xia et al., 2020).  

A common strategy used to understand how neuronal populations responding to certain stimuli 

or behavior are anatomically distributed is the examination of the pattern of expression of immediately 

early genes (IEG) and markers of neuronal activity such as for example the evaluation of endogenous c-

fos+ cells. Due to its rapid mRNA accumulation (around 30-45min) and peak of protein expression (60-

90min after the onset of stimulation) c-fos is frequently used to identify neuronal activation after a stimulus 

or behavioral conditioning  (Bullitt, 1990; Perrin-Terrin et al., 2016; Zangenehpour & Chaudhuri, 2002).  

In this work we first aimed to identify the anatomical distribution of NAc neuronal ensembles that 

are activated in early versus late learning of Pavlovian conditioning. To achieve that, B6 wild-type mice 

were subjected to a Pavlovian conditioning test and were sacrificed 90 min after the second session (day 

2) or the last session (day 12), and then endogenous c-fos labelling was done to quantify neuronal 

activation in the NAc core, medial shell, and lateral shell. 
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Our data showed that at early learning (Pav_d2 group), there are no statistical differences in c-

fos+ cells when compared to the control group (noPav_d2 group) for neither NAc subregion. However, c-

fos+ cells tend to increase during early learning, whereas in late learning (Pav_d12 group), c-fos+ cells 

tend to decrease, though no statistically significant effect was found. Although this decrease is not 

significant in this present work, this result was previously reported by another study, in where authors 

found lower c-Fos density in the NAcs and NAcc of mice that performed a classical conditioning in 

comparison to the control groups. Additionally, this decrease was also observed when other IEG from the 

same family was analysed (Fos B) (Noye Tuplin et al., 2018). On the contrary, other study shows an 

increase in the number of c-fos+ cells in NAc after exposure to sucrose (Koekkoek et al., 2021). 

Furthermore, cues associated with rewarding foods, which have acquired incentive value, have shown to 

induce c-fos mRNA and c-Fos protein expression within the NAc (Figlewicz et al., 2011; Flagel, Cameron, 

et al., 2011). This may suggest that c-fos is not the best marker for neuronal activation within the NAc 

during cue-reward associations, and that others IEGs, such as Arc or Zif268, may be more sensitive to 

this type of activity expression pattern (Gore et al., 2015; Lv et al., 2011; Noe et al., 2019; J.-J. Wang et 

al., 2014). 

Interestingly, if we observe our fiber photometry data, we also find a decrease in the activity of 

NAc D1-and D2-neurons in response to the CS and to the US from day 1 to day 12, which somehow 

matches the observed trend for decreased c-fos+ cells in day 12. One could assume that there is no 

significant neuronal recruitment within the NAc during Pavlovian conditioning, which does not fit the 

electrophysiological data available to date (Carelli et al., 2000; Carelli & Deadwyler, 1994; Carelli & West, 

2014; Carelli & Wondolowski, 2003). Or one could hypothesize that at late stages of Pavlovian 

conditioning, neurons in the NAc are inhibited, which is reflected by a decrease in c-fos expression. 

Therefore, one question arises: is there any correlation between the decrease in activity of NAc ensembles 

across learning and c-fos expression? This is a question that remains to be answered in future studies. 

Electrophysiological studies revealed that the majority (79%) of NAc responses to reward, as well 

CS responses, were inhibitory (Wan & Peoples, 2006). Similarly, other Pavlovian conditioning study that 

examined accumbal activity at reward exposure shows that NAc neurons were typically inhibited by 

sucrose (75% of cells) (Roitman et al., 2005); or revealed both increase or decrease in firing rate during 

the CS presentation (Day et al., 2006a). However, so far, there has been no study showing how neuronal 

inhibition is correlated with c-fos expression. According to the literature, simultaneous NAc activation and 

inhibition may occur during cue-reward associations (Carlezon & Thomas, 2009; Day et al., 2006b; Kutlu, 
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Zachry, Melugin, Cajigas, Chevee, Kelly, et al., 2021; Patriarchi et al., 2018b), which could explain the 

variety of c-fos expression patterns existing in different studies.  

Thus, one should increase the number of animals, since using a low number may mask some 

potential differences regarding c-fos+ cells density in the NAc. Furthermore, c-fos analysis performed in 

animals in which neuronal activity was recorded using fiber photometry, could be helpful to understand 

what is the correlation between neuronal activity and c-fos expression.  

Finally, it is also important to consider that the NAc is composed by a variety of neuronal sub-

populations – MSNs, cholinergic interneurons and several sub-groups of GABAergic interneurons. Thus, 

it would be important to determine if c-fos expression is different between these genetically-distinct 

neuronal populations.  

 

Functional relevance of D1- and D2 neurons responding to Pavlovian conditioning associations 

We next aimed to determine the functional relevance of accumbal D1- and D2-neurons for the 

acquisition of CS-US associative learning, by recording the activity in real time of these specific accumbal 

population during Pavlovian conditioning. We used D1-cre and D2-cre lines to drive expression of the 

GECI. Though D1 are apparently restricted to D1-MSNs, D2 receptor is also expressed in cholinergic 

interneurons, this is the reason why we do not state D2-MSNs but opted for D2-neurons (and 

concomitantly D1-neurons). 

Before proceeding the analysis of neuronal activity, we confirmed that the animals exhibit, as 

expected, an increase in the number of nose pokes during CS presentation, showing that animals 

distinguish the CS-US paired period from the ITI period and that association between CS and reward 

delivery was learned. Accordingly, the same behavior outcome was observed in Patriarchi et al. by 

showing an increase in the numbers of licks during CS over the course of training (Patriarchi et al., 

2018a). Additionally, this present work extend that this behavioral effect was accompanied by a gradual 

decrease in D1 and D2-neurons activity as animals learned the associations between CS and US, 

suggesting that these two NAc subpopulations of neurons are involved in mediating Pavlovian 

associations. 

Traditionally, these subpopulations have been assigned two opposite functions: D1-MSNs were 

associated with reward and positive reinforcement and D2-MSNs with aversion and negative 

reinforcement (Hikida et al., 2010, 2016; Kravitz et al., 2012; Volman et al., 2013). However, our data 

showed that D1 and D2-neurons exhibit a similar pattern of activity during Pavlovian conditioning. As the 

learning process is consolidated, the activity of D1- and D2 neurons decreases in response to the cue 
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and to the reward. In addition, their activity appears to have a particularly relevant role in the early stages 

of cue-reward acquisition. There is an increase in the activity of D1-neurons during the CS in the first day, 

and a decrease over the rest of the sessions. This effect observed in day 1 is not evident in D2-neurons, 

suggesting different activity dynamics during Pavlovian learning. Interestingly, the activity of D1- or D2-

neurons in day 12 is more similar than in day 1. 

Furthermore, there is also significant difference between day 1 and day 12. In agreement with 

our data, in ventrolateral striatum, D1- and D2-MSNs exhibit event-related concurrent Ca2+ activities during 

food-incentive and goal-directed behavior. Both types of MSNs in the VLS positively encode the action 

initiation, but only D1-MSNs positively encode the sustainment of goal directed behavior (Natsubori et al., 

2017). Thus, both D1- and D2-MSNs positively encode food-incentive behavior and do not support the 

opposing functional roles of D1- versus D2-MSNs. These results show a similar encoding profile for D1- 

and D2-MSNs in food-incentive and goal-directed behaviour, similarly to what we report in this study for 

Pavlovian conditioning associative learning. 

On the contrary, another study using Ca2+ fiber photometry demonstrated distinct patterns of D1- 

and D2-MSNs signaling in NAc during cocaine reward learning. Acute cocaine administration enhances 

D1- and suppresses D2-MSN activity, and cocaine-induced facilitation of D1-MSN activity is required for 

the formation of cocaine-context associations. Accordingly, D1- and D2-MSNs display distinct temporal 

profile of activity during a cocaine conditioned place preference (CPP) protocol choice session: increased 

D1-MSN activity immediately preceded entry into the drug-paired context, whereas D2-MSN activity was 

suppressed only after entry into the compartment (Calipari et al., 2016). Despite these opposing results, 

it is important to point out that Calipari et al used a drug reward (cocaine), which, by itself causes 

significant and opposing changes in the activity of accumbal D1- and D2-MSNs (Creed et al., 2016), 

potentially contributing for the pronounced opposing function of these two neuronal sub-types.  

However, fiber photometry data are not robust enough to reveal possible individual neuronal 

subtype differences within NAc MSNs. Indeed, a study using single cell RNA sequencing revealed a 

tremendous diversity in neuronal subtypes with distinct molecular and spatial features. In addition, they 

were also able to link gene expression and spatial distribution of these neuron subtypes to the anatomic 

and functional complexity of the NAc, providing insights into how NAc achieves its observed structural 

and functional diversity despite having an apparently simple neuronal composition (D1 and D2 MSNs) (R. 

Chen et al., 2021). Thus, it is plausible to assume that the mild changes in bulk activity recorded in our 

study using fiber photometry result from the opposing contribution of distinct sub-populations within 

D1/D2 neurons for Pavlovian conditioning. 
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 In sum, although D1- and D2-MSNs have classically been described as having a dichotomous 

function in reward, this work showed similar patterns of bulk activity between the two populations during 

Pavlovian conditioning. These results are in fact in accordance with previous data using optogenetics in 

which we showed that increasing the activity of either D1- or D2-neurons results in increased motivational 

levels (Soares-Cunha et al., 2020).  

 

Functional relevance of D1- and D2 neurons responding to Pavlovian aversive conditioning  

We next aimed to determine the functional relevance of accumbal D1- and D2-neurons for the 

acquisition of cue-aversive associative learning. For that the same animals were subjected to a Pavlovian 

aversive conditioning test and the activity of D1- and D2-neurons was measured during response to the 

cue (CS) and to the shock (US). As expected (de Jong et al., 2019), animals exhibit more freezing behavior 

in response to the cue after conditioning (last shock trial) than before conditioning session (first shock 

trial), showing that cue predicts foot shock delivery.  

Our data showed again a similar pattern of activity between D1- and D2-neurons for cue-aversive 

learning. A gradually increase across sessions in the activity of both D1- and D2-neurons in response to 

CS and a prominent increase following shock delivery.  

In agreement with our data, electrophysiological recordings in the NAc show that the delivery of 

quinine (unpleasant taste stimuli) without prior exposure, elicits an excitatory response in NAc neurons 

(Roitman et al., 2005). In addition, increase in NAc firing rates was also observed in response to other 

aversive stimuli like air puff (Yanagimoto & Maeda, 2003). Moreover, data shows the existence of NAc 

neuronal subpopulations that respond to aversion-predictive cues. This response grows as learning 

progresses and associations between cue and the aversive stimuli (quinine) occur (Roitman et al., 2005; 

Setlow et al., 2003). Thus, electrophysiological recordings reflect similarly what we saw with fiber 

photometry recordings. Still, in our work, we went one step further and showed that this encoding occurs 

in both D1- and D2-neurons.  

These results, in parallel with results from the Pavlovian conditioning further corroborate the 

premise of a coexisting role of D1- and D2-MSNs in encoding aversion, since both populations show 

similar patterns of activity during Pavlovian aversive conditioning. Again, our results further support data 

from our group that shows that NAc D1- and D2-neurons can contribute for both reward and aversion 

(Soares-Cunha et al., 2020), depending on their patterns of activity.  Thus, together, these studies reveal 

a more complex role played by accumbal D1- and D2-MSNs in encoding reward and aversion than the 

initial model.   
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5.2 Conclusion  

Evidence so far strongly suggests that NAc is involved in processing information about 

unconditioned rewards and to learn associations between these rewards and CSs. Here, we showed that 

c-fos expression does not significantly change during Pavlovian conditioning at early and in late phases of 

training. However, a trend for increased c-fos expression at early learning and decrease at late learning 

was observed. This trend was previously reported, but contradicting reports also exist.  

 Fiber photometry analysis of D1- and D2-neurons activity in the NAc during cue-outcome 

associations reveal a decrease in activity in response to the cue and to the reward delivery as Pavlovian 

learning occurs. Additionally, there is a gradual increase in the activity of both D1- and D2-neurons in 

response to CS across sessions, as well as a significant increase following shock delivery, during cue-

aversive associations. These results show that both D1- and D2-neurons activity contributes to reward 

and aversion processing and that these genetically-distinct populations show similar patterns of bulk 

activity. Important to refer that most likely this is not the case if we look to individual neurons. Preliminary 

data from our team using GCAMP6f with miniscopes has shown that at least 3 subpopulations of D1- and 

D2-MSNs exist in terms of responses to Pavlovian conditioning (Soares-Cunha, Domingues et al, 

unpublished observations). 

In conclusion, our data support the notion that a dichotomous function of D1- and D2-MSNs is 

too simplistic and that these neurons are co-activated during both positive and negative associative 

conditioning (results summarized in Table 1).  

 

Table 1 - Summary of the main results obtained from c-fos expression in NAc neurons responding to early versus late learning, 

and bulk activity of NAc D1- and D2-neurons during Pavlovian conditioning and Pavlovian aversive conditioning, recorded with 

fiber photometry. = no changes; ≈# tendency to increase; ≈$ tendency to decrease; # increase; $ decrease  

NAc 
subregions 

c-fos+ cell density 

Early learning Late learning 
NAcc = = 

NAcsm ≈# = 

NAcsl = = 

NAc 
neurons 

Pavlovian conditioning Pavlovian aversive conditioning 

CS Sucrose CS Shock 
Day1 Day6 Day12 Day1 Day6 Day12 Day1 Day2 Day3 Day1 Day2 Day3 

        noshock shock   noshock shock  

D1 # $ $ $ # $ # # # # # $ # $ 

D2 $ $ $ $ $ $ # # # # # $ # $ 
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5.3 Future perspectives 

Although our results allowed to go one step further in understanding if/how D1- and D2-neurons 

within the NAc encode CS-US associations, additional studies are still necessary to answer some 

questions raised during the course of the work: 1) what is the relationship between neuronal inhibition 

and c-fos expression?; 2) Is the pattern of bulk activity of accumbal neurons a reflex of what is happening 

at the single cell level? (apparently not); 3) are D1- and D2-neurons responsive to rewarding or aversion 

events anatomically and functionally segregated in the NAc? These are all open questions that we will 

tackle in the future. 

One possible strategy that could be used to investigate how neuronal inhibition is reflected in c-

fos expression could be correlating neuronal recruitment/activation with c-fos expression after Pavlovian 

conditioning. In addition, it would also be interesting to determine the patterns of c-fos expression in the 

distinct neuronal sub-populations of the NAc. The use of specific markers of accumbal neurons and c-fos 

could allow elucidate if genetically-distinct neurons within the NAc are similarly or differentially recruited 

for appropriate behavioral performance. Finally, it would also be relevant to assess neuronal recruitment, 

through c-fos expression, in mice exposed to Pavlovian aversive conditioning (negative cue-outcome 

association) and to compare with patterns of expression in mice exposed to Pavlovian conditioning 

(positive cue-outcome association). 

In recent years, many methodological advances in brain imaging have been made, allowing for 

more accurate and clear identification of neuronal activity. In addition to the fiber photometry data, it 

would be very interesting to map the neuronal activity of the NAc with electrophysiological recordings in 

awake animals to obtain a higher temporal resolution regarding the patterns of activity of MSNs. Coupling 

electrophysiological recordings with Photostimulation-assisted Identification of Neuronal Populations 

(PINP) would enable the tagging/identification of genetically-defined neuronal populations during in vivo 

electrophysiological recordings (Lima et al., 2009).  

While fiber photometry neural activity analysis is restricted to an average bulk Ca2+ signal across 

NAc, the application of in vivo calcium imaging using miniaturized microscopes (miniscopes) would 

enable to have, not only single cell resolution, but also spatial and temporal resolution. The application 

of this technique would allow to determine the involvement of single neurons in processing of rewarding 

and aversive associative learning. In continuation of this work, this technique would be a better approach 

since it would allow the identification of the recruitment of individual D1- and D2-neurons in precise 

moments of CS-US reward and aversive-cue related behaviors. Interestingly, recent preliminary data from 

our team, using calcium transient recordings with miniscopes, indicate that distinct D1- and D2-MSN sub-
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populations respond differently to the same behavioral events (e.g.: cue, outcome), with some neurons 

increasing activity, while others decreased (and others did not change).  

Finally, it would also be very important to define the genetic traits of neuronal ensembles of 

positive and negative associative learning, though, for example, the use of single-cell RNA sequencing 

(scRNA-seq). This tool allows genetic characterization of single cells from a wide transcriptome after 

obtaining mRNA from single cells, providing detailed molecular profiling of distinct cell types present in 

any brain region (R. Chen et al., 2021; Kolodziejczyk et al., 2015; Ziegenhain et al., 2017). Results 

obtained could be useful for identification of the neuronal populations involved in rewarding or aversive 

behaviours and for generation of new genetic tools to target/study these specific ensembles. 
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Supplementary information 

 
Table S1. Summary of statistical data from the main figures 

Figure 4 – Animals learn the association between cue and reward throughout training 

Figure Statistical test Test Value Post hoc 

Figure 4C Two-way ANOVA Pav_d2 - CS vs ITI: F (1,5) = 15.49, p = 0.0110* 

 

 

Pav_d12 - CS vs ITI: F (1,5) = 8.687, p = 0.0320* 

Pav_d2-CS vs ITI, day 1: p=0.0155*; day 2: 

p=0.0876 

 

Pav_d12-CS vs ITI, day 1: p>0.9999; day 2: 

p>0.9999; day 3: p>0.9999; day 4: p=0.0763; day 

5: p=0.1819; day 6: p=0.0087*; day 7: p=0.0026*; 

day8: p=0.0074*, day 9: p=0,0019*; day 10: p 

<0.0001*; day 11: p <0.0001*; day 12: p < 

0.0001* 

Figure 4D Linear regression Pav_d2_CS: r2 = 0.0273, s = 67.08, p = 0.6081 

Pav_d12_CS: r2 = 0.1892, s = 190, p = 0.0002* 

Pav_d12_ITI: r2 = 0.0012, s = 254.1, p = 0.3655 

 

 

Table S2. Summary of statistical data from the main figures 

Figure 5 – Quantification of c-fos+ cell density in the NAc of mice in early learning (day 2) 

Figure Statistical test Test Value Descriptive statistics 

Figure 5C Unpaired t-test t (6) = 1.239, p = 0.2615 noPav_d2: 23.80±5.389 cells/mm2;  

Pav_d2: 37.33±11.26cells mm2 

Figure 5E Unpaired t-test t (6) = 2.133, p = 0.0769 noPav_d2: 18.00±3.592 cells/mm2;  

Pav_d2: 44.67±15.81 cells/mm2 

Figure 5G Unpaired t-test t (6) = 0.413, p = 0.6937 noPav_d2: 18.20±7.151 cells/mm2;  

Pav_d2: 22.67±6.960 cells/mm2 

   Post hoc 

Figure 5D Two way ANOVA Coordinates: F (5,17) = 3.518, p = 0.0230* 

 

1.9-1.8: p > 0.9999 
1.7-1.5: p > 0.9999 
1.4-1.3: p = 0.9591 
1.2-1.1: p = 0.7941 
1-0.9: p = 0.0765 
0.7-0.6: p > 0.9999 

Figure 5F Two way ANOVA Coordinates: F (4,10) = 11.15, p = 0.0110* 

 

1.9-1.8: p > 0.9999 
1.7-1.5: p > 0.9999 
1.4-1.3: p > 0.9999 
1.2-1.1: p = 0.5873 
1-0.9: p = 0.0430* 

Figure 5H Two way ANOVA Coordinates: F (4,11) = 4.936, p = 0.0159* 1.7-1.5: p = 0.0181* 
1.4-1.3: p > 0.9999 
1.2-1.1: p > 0.9999 
1-0.9: p = 0.0621 
0.7-0.6: p > 0.9999 

 

Table S3. Summary of statistical data from the main figures 

Figure 6 - Quantification of c-fos+ cell density in the NAc of mice in late learning (day 12) 

Figure Statistical test Test Value Descriptive statistics 

Figure 6C Unpaired t-test t (10) = 0.6303, p = 0.5426 noPav_d12: 31.40±10.03cells mm-2; Pav_d12: 

24.14±6.646 cells/mm2 
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Figure 6E Unpaired t-test t (10) = 0.0886, p = 0.9312 noPav_d12: 29.40±6.454 cells/mm2; Pav_d12: 

28.57±6.399 cells/mm2 

Figure 6G Unpaired t-test t (10) = 0.1138, p = 0.9117 noPav_d12: 15.60±4.718 cells/mm2; Pav_d12: 

15.00±2.952 cells/mm2 

   Post hoc 

Figure 6D Two way ANOVA Coordinates: F (5,25) = 2.947, p = 0.0317* 

 

1.9-1.8: p > 0.9999 
1.7-1.5: p > 0.9999 
1.4-1.3: p > 0.9999 
1.2-1.1: p > 0.9999 
1-0.9: p > 0.9999 
0.7-0.6: p > 0.9999 

Figure 6F Two way ANOVA Coordinates: F (4,20) = 3.489, p = 0.0257* 

 

1.9-1.8: p > 0.9999 
1.7-1.5: p > 0.9999 
1.4-1.3: p > 0.9999 
1.2-1.1: p > 0.9999 
1-0.9: p > 0.9999 

Figure 6H Two way ANOVA Coordinates: F (4,20) = 1.492, p = 0.2422 1.7-1.5: p = 0.1931 
1.4-1.3: p = 0.7112 
1.2-1.1: p > 0.9999 
1-0.9: p > 0.9999 
0.7-0.6: p > 0.9999 

 

Table S4. Summary of statistical data from the main figures 

Figure 7 - Behavior of D1-cre mice during positive Pavlovian conditioning 

Figure Statistical test Test Value Post hoc 

Figure 7C Two-way ANOVA CS vs ITI: F (1,8) = 4.633, p = 0.0635* day 1: p>0.9999 
day 2: p>0.9999 
day 3: p>0.9999 
day 4: p>0.9999 
day 5: p>0.9999 
day 6: p=0.1259 
day 7: p = 0.0045* 
day 8: p = 0.0430* 
day 9: p = 0.0001* 
day 10: p < 0.0001* 
day 11: p = 0.0005* 
day 12: p < 0.0001* 

Figure 7D Linear Regression r2 = 0.02094, s = 123.6, p = 0.1370  

 

Table S5. Summary of statistical data from the main figures 

Figure 8 – Activity of D1-neurons during Pavlovian conditioning  

Figure Statistical test Test Value 

  CS US 

Figure 8A-B Wilcoxon signed rank first 5 trials: W = 0, p < 0.0001* 

last 5 trials: W = 0, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

first 5 trials: W = 0, p < 0.0001* 

last 5 trials: W = 35037, p = 0.1660 

all trials: W = 0, p < 0.0001* 

Figure 8C-D Wilcoxon signed rank first 5 trials: W = 26950, p < 0.0001* 

last 5 trials: W = 0, p < 0.0001* 

all trials: W = 58, p < 0.0001* 

first 5 trials: W = 9640, p < 0.0001* 

last 5 trials: W = 0, p < 0.0001* 

all trials: W = 22779, p < 0.0001* 

Figure 8E-F Wilcoxon signed rank first 5 trials: W = 22983, p < 0.0001* 

last 5 trials: W = 11933, p < 0.0001* 

all trials: W = 17445, p < 0.0001* 

first 5 trials: W = 0, p < 0.0001* 

last 5 trials: W = 17211, p < 0.0001* 

all trials: W = 799, p < 0.0001* 
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Table S6. Summary of statistical data from the main figures 

Figure 9 – Activity of D1-neurons decreases in response to the CS 

Figure Statistical test Test Value 

Figure 9A Linear Regression r2 = 0.07561, s = 0.2134, p = 0.0124* 

Figure 9B Paired t-test Day1: t (6) =1.874, p = 0.1101 

Day6: t (6) =1.672, p = 0,1456 

Day12: t (5) =1.089, p = 0.3259 

Figure 9C Linear Regression r2 = 0.07561, s = 0.6386, p = 0.0124* 

Figure 9D Paired t-test Day1: t (6) =1.873, p = 0.1102 

Day6: t (6) =1.672, p = 0.1456 

Day12: t (5) =1.083, p = 0.3281 

Figure 9E Linear Regression r2 = 0.00461, s = 0.4510, p = 0.5419 

Figure 9F Paired t-test Day1: t (6) =0.418, p = 0.6903 

Day6: t (6) =0.143, p = 0.8909 

Day12: t (6) =1.519, p = 0.1796 

 

Table S7. Summary of statistical data from the main figures 

Figure 10 – Activity of D1-neurons decreases in response to the US  

Figure Statistical test Test Value 

Figure 10A Linear Regression r2 = 0.1186, s = 0.2495, p = 0.0016* 

Figure 10B Paired t-test Day1: t (6) = 1.045, p = 0.3364 

Day6: t (6) = 0.279, p = 0.7897 

Day12: t (6) = 2.038, p = 0.0877 

Figure 10C Linear Regression r2 = 0.1185, s=0.7464, p=0.0017* 

Figure 10D Paired t-test Day1: t (6) =1.046, p = 0.3358 

Day6: t (6) = 0.280, p = 0.7888 

Day12: t (6) = 2.034, p = 0.0882 

Figure 10E Linear Regression r2=0.04277, s=0.4062, p=0.0674 

Figure 10F Paired t-test Day1: t (6) =0.112, p=0.9143 

Day6: t (5) =0.274, p=0.7953 

Day12: t (5) =1.563, p=0.1789 

 

Table S8. Summary of statistical data from the main figures 

Figure11- D1-neurons activity decreases in response to CS and US from day 1 to day 12 of 

Pavlovian conditioning 

Figure Statistical test Test Value 

Figure 11A Wilcoxon signed rank W=100 p < 0.0001* 

Figure 11B Paired t-test Day 1 vs Day 12: t (6) = 2.370; p = 0.0500* 

Figure 11C Paired t-test Day 1 vs Day 12: t (6) = 2.370; p = 0.0500* 

Figure 11D Paired t-test Day 1 vs Day 12: t (6) = 0.759, p = 0.4764 

Figure 11E Paired t-test Day 1 vs Day 12: t (6) = 2.573; p = 0.0422* 

Figure 11F Paired t-test Day 1 vs Day 12: t (6) = 2.572, p = 0.0422* 

Figure 11G Paired t-test Day 1 vs Day 12: t (6) = 0.765, p = 0.4730 
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Table S9. Summary of statistical data from the main figures 

Figure 12 - Behavior of D2-cre during positive Pavlovian conditioning 

Figure Statistical test Test Value Post hoc 

Figure 12C Two-way ANOVA CS vs ITI: F (1,6) = 2.584, p = 0.1591 day 1: p > 0.9999 
day 2: p > 0.9999 
day 3: p > 0.9999 
day 4: p > 0.9999 
day 5: p > 0.9999 
day 6: p > 0.9999 
day 7: p = 0.2345 
day 8: p = 0.0990 
day 9: p = 0.1549 
day 10: p = 0.0147 
day 11: p = 0.0017 
day 12: p = 0.0012 

Figure 12D Linear Regression r2 = 0.07348, s = 94.27, p = 0.0132*  

 

Table S10. Summary of statistical data from the main figures 

Figure 13 – Activity of D2-neurons during Pavlovian conditioning  

Figure Statistical test Test Value 

  CS US 

Figure 13A-B Wilcoxon signed rank first 5 trials: W = 1482, p < 0.0001* 

last 5 trials: W = 0, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

first 5 trials: W = 8889, p < 0.0001* 

last 5 trials: W = 14086, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

Figure 13C-D Wilcoxon signed rank first 5 trials: W = 10558, p < 0.0001* 

last 5 trials: W = 9630, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

first 5 trials: W = 0, p < 0.0001* 

last 5 trials: W = 0, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

Figure 13E-F Wilcoxon signed rank first 5 trials: W = 26324, p < 0.0001* 

last 5 trials: W =28294, p < 0.0001* 

all trials: W = 0 p < 0.0001* 

first 5 trials: W = 4967, p < 0.0001* 

last 5 trials: W = 16248, p < 0.0001* 

all trials: W = 7040, p < 0.0001* 

 

Table S11. Summary of statistical data from the main figures 

Figure 14 – Activity of D2-neurons decreases in response to the CS  

Figure Statistical test Test Value 

Figure 14A Linear Regression r2 = 0.06563, s = 0.1934, p = 0.0218* 

Figure 14B Paired t-test Day 1: t (5) = 2.959, p = 0.0315* 

Day 6: t(6) = 2.212, p = 0.0689 

Day 12: W = -11, p = 0.3125 

Figure 14C Linear Regression r2 = 0.03223, s = 0.5642, p = 0.1134 

Figure 14D Paired t-test Day 1: t (5) = 2.962, p = 0.0314* 

Day 6: t (5) = 3.034, p = 0.0289* 

Day 12: W = -11, p = 0.3125 

Figure 14E Linear Regression r2 = 7.789e-005, s = 0.3550, p = 0.9365 

Figure 14F Paired t-test Day 1: t (6) = 0.2689, p = 0.7970 

Day 6: t (5) = 0.0408, p = 0.9690 

Day 12: t (5) = 1.438, p = 0.2099 
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Table S12. Summary of statistical data from the main figures 

Figure 15 – Activity of D2-neurons decreases in response to the US 

Figure Statistical test Test Value 

Figure 15A Linear Regression r2 = 0.03835, s = 0.2528, p = 0.0778 

Figure 15B Paired t-test Day 1: t (6) = 0,6741, p = 0.5254 

Day 6: t (6) = 1.971, p = 0.0962 

Day 12: t (6) = 0.9326, p = 0.3870 

Figure 15C Linear Regression r2 = 0.02961, s = 0.7192, p = 0.1222 

Figure 15D Paired t-test Day 1: t (6) = 0.6762, p = 0.5241 

Day 6: t (5) = 0.9676, p = 0.3777 

Day 12: t (6) = 0.9291, p = 0.3887 

Figure 15E Linear Regression r2 = 1.405e-005, s = 0.3560, p = 0.9735 

Figure 15F Paired t-test Day 1: t (4) = 1.395, p = 0.2355 

Day 6: t (6) = 2.069, p = 0.0840 

Day 12: t (5) = 0.300, p = 0.7763 

 

Table S13. Summary of statistical data from the main figures 

Figure16- D2-neurons activity decreases in response to CS and US from day 1 to day 12 of 

Pavlovian conditioning 

Figure Statistical test Test Value 

Figure 16A Wilcoxon signed rank W=150 p < 0.0001 

Figure 16B Wilcoxon test Day 1 vs Day 12: W = -3, p = 0.8438 

Figure 16C Wilcoxon test Day 1 vs Day 12: W = -3, p = 0.8438 

Figure 16D Paired t-test Day 1 vs Day 12: t (6) = 0.9340, p = 0.3863 

Figure 16E Paired t-test Day 1 vs Day 12: t (6) = 1.218; p = 0.2690 

Figure 16F Paired t-test Day 1 vs Day 12: t (6) = 1.214, p = 0.2703 

Figure 16G Paired t-test Day 1 vs Day 12: t (5) = 0.3441, p = 0.7448 

 

Table S14. Summary of statistical data from the main figures 

Figure 17 – Behavior of D1-cre mice during Pavlovian aversive conditioning 

Figure Statistical test Test Value Post hoc 

Figure 17B Two-way ANOVA F (4.035,27.80) = 7.991, p = 0.0002* Trial 1 vs Trial 2: p > 0.9999 
Trial 1 vs Trial 3: p > 0.9999 
Trial 1 vs Trail 4: p = 0.0430* 
Trial 1 vs Trail 5: p = 0.0035* 
Trial 1 vs Trial 6: p = 0.0110* 
Trial 1 vs Trial 7: p = 0.0895 
Trial 1 vs Trial 8: p = 0.0130* 
Trial 1 vs Trial 9: p = 0.0844 
Trial 1 vs Trial 10: p = 0.0010* 
Trial 2 vs Trial 3: p > 0.9999 
Trial 2 vs Trial 4: p = 0.0726 
Trial 2 vs Trial 5: p = 0.0069* 
Trial 2 vs Trial 6: p = 0.0204* 
Trial 2 vs Trial 7: p = 0.1432 
Trial 2 vs Trial 8: p = 0.0238* 
Trial 2 vs Trial 9: p = 0.1356 
Trial 2 vs Trial 10: p = 0.0022* 
Trial 3 vs Trial 4: p > 0.9999 
Trial 3 vs Trial 5: p > 0.9999 
Trial 3 vs Trial 6: p >0.9999 
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Trial 3 vs Trial 7: p >0.9999 
Trial 3 vs Trial 8: p >0.9999 
Trial 3 vs Trial 9: p >0.9999 
Trial 3 vs Trial 10: p = 0.4740 
Trial 4 vs Trial 5: p > 0.9999 
Trial 4 vs Trial 6: p > 0.9999 
Trial 4 vs Trial 7: p > 0.9999 
Trial 4 vs Trial 8: p > 0.9999 
Trial 4 vs Trial 9: p > 0.9999 
Trial 4 vs Trial 10: p > 0.9999 
Trial 5 vs Trial 6: p > 0.9999 
Trial 5 vs Trial 7: p > 0.9999 
Trial 5 vs Trial 8: p > 0.9999 
Trial 5 vs Trial 9: p > 0.9999 
Trial 5 vs Trial 10: p > 0.9999 
Trial 6 vs Trial 7: p > 0.9999 
Trial 6 vs Trial 8: p > 0.9999 
Trial 6 vs Trial 9: p > 0.9999 
Trial 6 vs Trial 10: p > 0.9999 
Trial 7 vs Trial 8: p > 0.9999 
Trial 7 vs Trial 9: p > 0.9999 
Trial 7 vs Trial 10: p > 0.9999 
Trial 8 vs Trial 9: p > 0.9999 
Trial 8 vs Trial 10: p > 0.9999 
Trial 9 vs Trial 10: p > 0.9999 

 

Figure 17C Paired t-test t (5) = 5.641, p = 0.0024*  

Figure 17D Paired t-test t (5) = 1.742, p = 0.1420  

Figure 17E Paired t-test t (5) = 0.08219, p = 0.9377  

Figure 17F Paired t-test t (10) = 0.6736, p = 0.5304  

 

Table S15. Summary of statistical data from the main figures 

Figure 18 – Average activity of D1-neurons during Pavlovian aversive conditioning 

Figure Statistical test Test Value 

  CS Shock 

Figure 18A-B Wilcoxon signed rank first trial: W = 37025, p = 0.6222 

last trial: W = 5281, p < 0.0001* 

all trials: W = 30959, p < 0.0001* 

first trial: W = 1120, p < 0.0001* 

last trial: W = 11680, p < 0.0001* 

all trials: W = 1431, p < 0.0001* 

Figure 18C-D Wilcoxon signed rank first trial: W = 0, p < 0.0001* 

last trial: W = 36764, p = 0.5419 

all trials: W = 0, p < 0.0001* 

first trial: W = 0, p < 0.0001* 

last trial: W = 0, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

Figure 18E-F Wilcoxon signed rank first trial: W = 2612, p < 0.0001* 

last trial: W = 16382, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

first trial: W = 2729, p < 0.0001* 

last trial: W = 1659, p < 0.0001* 

all trials: W = 2469, p < 0.0001* 

Figure 18G-H Wilcoxon signed rank first trial: W = 7771, p < 0.0001* 

last trial: W = 0, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

first trial: W = 14116, p < 0.0001* 

last trial: W = 25493, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

 

Table S16. Summary of statistical data from the main figures 

Figure 20 – Activity of D1-neurons increases in response to the CS 

Figure Statistical test Test Value 

Figure 20A Paired t-test Day 1: t (5) = 0.05574, p = 0.9577 

Day 2_noshock: t (5) = 1.349, p = 0.2352 

Day 2_shock: t (5) = 1.804, p = 0.1311 
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Day 3: t (5) = 2.072, p = 0.0930 

Figure 20B Paired t-test Day 1: t (5) = 0.05438, p = 0.9587;  

Day 2_noshock: t (5) = 1.348, p = 0.2355;  

Day 2_shock: t (5) = 1.804, p = 0.1310;  

Day 3: t (5) = 2.072, p = 0.0932 

Figure 20C Paired t-test Day 1: t (5) = 0.0463, p = 0.9649;  

Day 2_noshock: t (5) = 0.1845, p = 0.8608;  

Day 2_shock: t (4) = 1.905, p = 0.1296;  

Day 3: t (5) = 1,550, p = 0.1819 

 

Table S17. Summary of statistical data from the main figures 

Figure 21 – Activity of D1-neurons increases in response to foot shock 

Figure Statistical test Test Value 

Figure 21A Paired t-test Day 1: t (5) = 1.501, p = 0.1937  

Day 2_noshock: t (5) = 1.061, p = 0.3373  

Day 2_shock: W = 9, p = 0.4375  

Day 3: t (5) = 1.366, p = 0.2300 

Figure 21B Paired t-test Day 1: t (5) = 1.504, p = 0.1929  

Day 2_noshock: t (5) = 1.054, p = 0.3403  

Day 2_shock: W = 9, p = 0.4375 

Day 3: t (5) = 1.370, p = 0.2290 

Figure 21C Paired t-test Day 1: t (5) = 1.323, p = 0.2430  

Day 2_noshock: t (5) = 0.4979, p = 0.6397  

Day 2_shock: t (5) = 1.563, p = 0.1788  

Day 3: t (5) = 3.030, p = 0.0291* 

 

Table S18. Summary of statistical data from the main figures 

Figure22- D1-neurons activity in day 1 and day 3 in response to CS and to US (shock) 

Figure Statistical test Test Value 

Figure 22A Paired t-test Day 1 vs Day 3: t (5) = 1.608, p = 0.1688 

Figure 22B Paired t-test Day 1 vs Day 3: t (5) = 1.609, p = 0.1686 

Figure 22C Paired t-test Day 1 vs Day 3: t (5) = 0.8470, p = 0.4356 

Figure 22D Paired t-test Day 1 vs Day 3: t (5) = 1.313, p = 0.2461 

Figure 22E Paired t-test Day 1 vs Day 3: t (5) = 1.316, p = 0.2453 

Figure 22F Paired t-test Day 1 vs Day 3: t (5) = 0.442, p = 0.6768 

 

Table S19. Summary of statistical data from the main figures 

Figure 23 – Behavior of D2-cre mice during Pavlovian aversive conditioning 

Figure Statistical test Test Value Post hoc 

Figure 23B Two-way ANOVA F (2.45,13.07) = 10.77, p = 0.0012* Trial 1 vs Trial 2: p > 0.9999 
Trial 1 vs Trial 3: p > 0.9999 
Trial 1 vs Trial 4: p > 0.9999 
Trial 1 vs Trial 5: p > 0.9999 
Trial 1 vs Trial 6: p > 0.9999 
Trial 1 vs Trial 7: p = 0.0030* 
Trial 1 vs Trial 8: p = 0.0995 
Trial 1 vs Trial 9: p = 0.0021* 
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Trial 1 vs Trial 10: p = 0.0060* 
Trial 2 vs Trial 3: p > 0.9999 
Trial 2 vs Trial 4: p = 0.6623 
Trial 2 vs Trial 5: p > 0.9999 
Trial 2 vs Trial 6: p > 0.9999 
Trial 2 vs Trial 7: p = 0.0168* 
Trial 2 vs Trial 8: p = 0.0818 
Trial 2 vs Trial 9: p = 0.0249* 
Trial 2 vs Trial 10: p = 0.0125* 
Trial 3 vs Trial 4: p > 0.9999 
Trial 3 vs Trial 5: p > 0.9999 
Trial 3 vs Trial 6: p > 0.9999 
Trial 3 vs Trial 7: p = 0.1512 
Trial 3 vs Trial 8: p > 0.9999 
Trial 3 vs Trial 9: p = 0.7350 
Trial 3 vs Trial 10: p = 0.1199 
Trial 4 vs Trial 5: p > 0.9999 
Trial 4 vs Trial 6: p > 0.9999 
Trial 4 vs Trial 7: p > 0.9999 
Trial 4 vs Trial 8: p > 0.9999 
Trial 4 vs Trial 9: p > 0.9999 
Trial 4 vs Trial 10: p > 0.9999 
Trial 5 vs Trial 6: p > 0.9999 
Trial 5 vs Trial 7: p = 0.0884 
Trial 5 vs Trial 8: p > 0.9999 
Trial 5 vs Trial 9: p = 0.1160 
Trial 5 vs Trial 10: p = 0.0469* 
Trial 6 vs Trial 7: p = 0.8794 
Trial 6 vs Trial 8: p > 0.9999 
Trial 6 vs Trial 9: p > 0.9999 
Trial 6 vs Trial 10: p = 0.1783 
Trial 7 vs Trial 8: p > 0.9999 
Trial 7 vs Trial 9: p > 0.9999 
Trial 7 vs Trial 10: p > 0.9999 
Trial 8 vs Trial 9: p > 0.9999 
Trial 8 vs Trial 10: p > 0.9999 
Trial 9 vs Trial 10: p > 0.9999 

Figure 23C Paired t-test t (6) = 8.634, p = 0.0001*  

Figure 23D Paired t-test t (4) = 0.9286, p = 0.4057  

Figure 23E Paired t-test t (5) = 0.9159, p = 0.4017  

Figure 23F Paired t-test t (12) = 1.301, p = 0.2411  

 

Table S20. Summary of statistical data from the main figures 

Figure 24 – Average activity of D2-neurons during Pavlovian aversive conditioning 

Figure Statistical test Test Value 

  CS Shock 

Figure 24A-B Wilcoxon signed rank first trial: W = 22020, p < 0.0001* 

last trial: W = 21611, p < 0.0001* 

all trials: W = 29237, p < 0.0001 

first trial: W = 18869, p < 0.0001*  

last trial: W = 0, p < 0.0001*  

all trials: W = 768, p < 0.0001* 

Figure 24C-D Wilcoxon signed rank first trial: W = 0, p < 0.0001* 

last trial: W = 4032, p < 0.0001*  

all trials: W =0, p < 0.0001 

first trial: W = 0, p < 0.0001*  

last trial: W = 13262, p < 0.0001* 

all trials: W = 2680, p < 0.0001* 

Figure 24E-F Wilcoxon signed rank first trial: W = 0, p < 0.0001*  

last trial: W = 21832, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

first trial: W = 0, p < 0.0001*  

last trial: 891, p < 0.0001*   

all trials: W = 0, p < 0.0001* 

Figure 24G-H Wilcoxon signed rank first trial: W = 0, p < 0.0001*  

last trial: W = 0, p < 0.0001* 

all trials: W = 0, p < 0.0001* 

first trial: W = 4685, p < 0.0001*  

last trial: W = 7327, p < 0.0001*  

all trials: W = 0, p < 0.0001* 
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Table S21. Summary of statistical data from the main figures 

Figure 26 – Activity of D2-neurons increases in response to the CS 

Figure Statistical test Test Value 

Figure 26A Paired t-test Day 1: t (6) = 0.2367, p = 0.8207  

Day 2_noshock: t (6) = 1.828, p = 0.1173 

Day 2_shock: W = 24, p = 0.0469* 

Day 3: W = 18, p = 0.1562 

Figure 26B Paired t-test Day 1: t (6) = 0.2355, p = 0.8217 

Day 2_noshock: t (6) = 1.829, p = 0.1172 

Day 2_shock: W = 24, p = 0.0469* 

Day 3: W = 18, p = 0.1562 

Figure 26C Paired t-test Day 1: W = 3, p = 0.5000 

Day 2_noshock: t (5) = 1.749, p = 0.1407 

Day 2_shock: W = 26, p = 0.0312* 

Day 3: t (6) = 0.2570, p = 0.8058 

 

Table S22. Summary of statistical data from the main figures 

Figure 27 – Activity of D2-neurons increases in response to foot shock 

Figure Statistical test Test Value 

Figure 27A Paired t-test Day 1: t (6) = 2.783, p = 0.0319* 

Day 2_noshock: t (5) = 1.846, p = 0.1242 

Day 2_shock: t (5) = 1.680, p = 0.1538  

Day 3: t (5) = 2.062, p = 0.0941 

Figure 27B Paired t-test Day 1: t (6) = 2.791, p = 0.0315*  

Day 2_noshock: t (5) = 1.844, p = 0.1245  

Day 2_shock: t (5) = 1.672, p = 0.1554  

Day 3: t (5) = 2.064, p = 0.0940 

Figure 27C Paired t-test Day 1: W = -9, p = 0.3125  

Day 2_noshock: t (6) = 0.5947, p = 0.5738  

Day 2_shock: t (6) = 0.1889, p = 0.8564  

Day 3: t (6) = 0.2645, p = 0.8003 

 

Table S23. Summary of statistical data from the main figures 

Figure 28- D2-neurons activity in day 1 and day 3 in response to CS and to US (shock) 

Figure Statistical test Test Value 

Figure 28A Wilcoxon test Day 1 vs Day 3: W = 14, p = 0.2969 

Figure 28B Wilcoxon test Day 1 vs Day 3: W = 14, p = 0.2969 

Figure 28C Wilcoxon test Day 1 vs Day 3: W = 22, p = 0.0781 

Figure 28D Paired t-test Day 1 vs Day 3: t (5) = 2.530, p = 0.0500* 

Figure 28E Paired t-test Day 1 vs Day 3: t (5) = 2.536, p = 0.0500* 

Figure 28F Wilcoxon test Day 1 vs Day 3: W = 24, p = 0.0469* 
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